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Abstract: Most nuclear generation sites worldwide have mbams bne reactor in operation. This should be
taken into account when assessing the risk relaatiese installations, in particular, when assesgne
consequences in terms of impacts on the healtth@fppopulation and on the environment. Generally
speaking, to date mainly models relating to a singlit have been developed by operators. The peargbs
this paper is to present possible solutions or atttogical options, suggested by EDF R&D divisiam,
order to switch from a risk assessment for the tna risk assessment for the site. The case ¢ avigh
two units is addressed here. A review of practares standards showed that the specific aim of a &ShAe
level was to deal with the dependencies existingvéen the units on that site. The risk calculafionthe
site is therefore proposed for six configuratioesulting from the combination of two types of sc@sand
three types of systems which are defined. Thenreat of CCF events and the adaption of the assetshe
the Human Errors Probabilities to the case of migltunits are also addressed in this paper. Theogeu
approach is illustrated using a simplified casgiresl by the EDF 900MWe units level 1 PSA model.
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1. INTRODUCTION

Most nuclear generation sites worldwide have mbas tone reactor in operation. This should be taktn
account when assessing the risk related to thesallations, in particular, when assessing the egusnces

in terms of impacts on the health of the popula@gma on the environment. However, to date only PSA
models relating to a single unit have been develdme operators, particularly because the eventsund
consideration were mainly internal events. A revigwpractices and existing standards [1] showetl tthex
specific aim of a PSA at site level was to deahvtite dependencies existing between the units ansite.
These dependencies may stem from various sources:

* Both units are on the same site and are therefobged to the same environmental stresses,
particularly in terms of external hazards.
* Systems may exist that are shared by both uniiss@Bhared systems may be of three types:
0 identical systems in each unit;
0 systems that are shared on a site level,

o standardised systems where interconnections axistaasystem on one unit can be backed
up by the same system on the other unit.

» There may be shared or inter-connecting rooms leghilee two units.
* There may be shared resources in terms of operatidgnaintenance teams.

The figure 1 gives a representation of such a gkeinit level 1 PSA model is often developed bgumsing
that there is only one unit on the site considefiégds case can therefore be summarized as folldwe:
initiating events emerge and/or are applied tonglsiunit and the consequences are therefore asstss
this unit only. The frequency of the initiating eng (internal events and internal and external riaglas
expressed as /unit.year, as is the associated Arsk.systems shared on the "site" level and all &am
resources, are credited entirely for this unit. Aragkup of one unit by a twin unit may be evaludiaded
on the assumption that it is systematically avéglab

The question that can be asked is the followingukh the risk associated to the unit model simpdy b
multiplied by 2 to obtain the risk for a site witlvo units? Strictly speaking, the answer is noekd] a unit
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model, as previously described, can overestimage rtek by not correctly taking into account the
standardization of certain systems. Converseyndterestimates the risk by:

» fully crediting the site shared systems for thd studied,

* not taking into account any sharing of human resesion the site in the event of accident scenarios,
» forgetting initiating events generated in a unit &mat propagate to the other unit,

* not taking into account any impact of the presesfd®vo units on the frequency of certain initiating

events.
M& D Standardized Systems
-n_-—‘-‘- [:] Site Shared System
- A Identical Systems
- Shared room
Site M‘k Shared Team

Figure 1: Representation of a site with two units with its dependencies

It is difficult to actually foresee the impact dfelse opposite effects on the overall risk. The cdsihe
Seabrook PSA [2] [3] shows a risk of core meltdawthe site level that is slightly lower than twibe risk

at the unit level. But can this be generalized?bBbdy not. Thus, the limits of a unit PSA model, as
previously defined, need to be extended in ordeotoectly assess the risk for the site. Thesddimi fact
relate to three aspects of the PSA model: initiggaents, modelling of common systems (and releed)
and consideration of the human factor. The purmbdbis paper is to propose solutions or methodoédg
options, depending on the situation, in order tackwirom a risk assessment for the unit to a askessment
for the site. Only the case of a site with twotsin considered here.

The section 2 of this paper presents the generaiuia of evaluating the risk for a site and a psaiof
classification of initiating events and common sgs$ existing between the units on the site. In@e&, we
propose the methodological options to switch a B&A model to a site model with the consideratibthe
existing dependencies between the units. The imgrimtion of these proposed solutions is illustrated
section 4 by using a computerized PSA model in K&ctrum software, on a simplified example. Some
conclusions and perspectives are given in section 5

2. RISK ASSESSMENT FOR THE SITE

When a site with two units A and B is considerdig tisk may be represented in the figure 2. This
representation shows that some scenarios only nonogt A (respectively B) with no impact on unit B
(respectively A) and that conversely, some scemsdrave an impact on both units at the same tinveitbin

a short period of time. The calculation for theecareltdown risk for the site is therefore expredsed

P(meltdowi, ) = P(meltdown 0 meltdowr) = P(meltdown ) + P(meltdowr) — P(meltdown n meltdowg) (1)

Meltdown Meltdown

on Unit A on Unit B

Figure 2: Representation of the core meltdown risk for a site with two units
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To model this risk at site level, it should thereftoe possible to correctly identify and treat iorat PSA
model:
- The initiating events that may only affect one watita time. These events will be called type |
initiating events throughout the rest of this paper
- The initiating events that have the potential tte@tfone or both units at the same time. These
events will be called type Il initiating events.
Furthermore, the accident scenarios produced setimgtiating events may require the use of thgp8g of
common systems, as defined in section 1. Theretbeedependencies produced through the use of these
systems should be modelled correctly and included(meltdowry) and P(meltdown ) . Given the above-
defined 2 types of initiating events and 3 types@hmon systems, 6 standard scenarios can be define
similar concept of classification of events andeys related to multi-unit PSA aspects is alsoudised and

proposed in [4]. Finally, the management of shasmburces in terms of operating and maintenancestea
needs to be taken into account specifically in &imait PSA.

In the following paragraphs, the distribution okets by type of initiating event (I or Il) are dissed based
on their origin (internal events, internal hazardgternal hazards), the types of common systems are
presented in more detail.

2.1 Initiating events

The above-defined two types of initiating eventsyrhave various origins: internal events, interaat
external hazards.

- Internal events

These initiating events emerge in a given unitaiorintrinsic cause (equipment failure, human eraod are
not propagated to the twin unit. Thus, this catggacludes all of the initiating events for theléling
families. These internal events only cause typdibting events.

* Loss of Coolant Accident » Steam Generator Tube Rupture
* Loss of Low Voltage Power Supplies » Feedwater Pipe Rupture
* Loss of High Voltage Power Supplies » Steam Pipe Rupture

excluding total loss of offsite power « Secondary Transients

globally affecting a site . Primary Transients

- Internal and External hazards

Internal hazards mainly include fires and intefft@bding. Fire or internal flooding scenarios nraynain
confined to the unit studied. Therefore, thesetgpe | initiating events. This may also apply teefor
internal flooding scenarios that propagate from ameto the other. Therefore, there are two polgssis:

» fire or flooding occurs in unit A with no conseques on this unit then propagates to unit B with an
initiating event occurring on this second unitiiis case, this is a type | initiating event ontugi

» fire or flooding occurs in unit A with an initiatinevent occurring on this unit, then propagates to
unit B with an initiating event occurring on thigcend unit. Therefore, these will be type I
initiating events.

External hazards may potentially affect both uaitthe same time. Therefore, these will be typeitiating
events. The hazards to be considered for a gitenase identified via a screening stage during kvhine
potentiality of the occurrence of the event and@ssequences on the site are assessed [5].

2.2 Common systems
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As indicated in section 1, three types of commosiesys are considered: identical systems, stanéalrdiz
systems and shared systems.

- ldentical systemsin both units

These systems are present in each unit. They ddana# any possible interconnections. They may be
required by each unit, for the mitigation of artiating event affecting both units, and as theyideatical,

this makes them potentially sensitive to “interturdommon-cause failures, in addition to “intratlini
common-cause failures that are usually modelledyetems with redundancy. The main diesel geneyator
the units constitute an example of such a typeystesn. Each unit has two redundant diesel generdiamr
which an “intra-unit” CCF (common-cause failurepgp of 2 is generally modelled. The diesel genesato
are identical for both units, so in the event dfltdoss of offsite power affecting these two uniise
potentiality of a CCF affecting the 4 diesel geters and thus leading potentially to "simultaneous"
meltdown of both units should be studied.

- Standardized systems

These systems are identical and present in eathinterconnections exist and a system on oneaamtbe
backed up by the same system on the other unitthése standardized systems, two cases are pogsible
the first case, the system on one unit is in fasighed to support both units, for example, theicemvater
supply system. In the second case, the systemcbf @ait has redundancies that can be used to bableup
neighbouring unit. This type of case can be illatsd via the RCV (CVCS charging pump) system od@ 9
MW unit, which under certain circumstances, caruded to backup the twin unit. In this case, théd@m

of potential inter-unit CCF should be studied, laswudd the impact of the respective operating mddeoth
units on the success criteria to be taken intowadon the modelling.

- Site shared systems

These systems are unique for the site. They canpally be used by one or both units at the same,t
providing that they are designed to do so. The Beray Diesel Generator for the 900 MW units of EDF'
unit constitutes an example of such a type of systa this particular case, this shared systemazdy be
used by one unit at a time.

3 CALCULATIONOF THE RISK FOR THE SITE ACCORDING TO THE SCENARIO
ANALYZED

As indicated in section 1, in order to evaluaterikk for the site from the existing the unit mo@SA, the
existing unit PSA model needs to be modified angraged to take into account the dependencies betwee
the units. This upgraded PSA model needs to belojgse for each unit. In this section, we propoz@e
methodological solutions for each scenario. A dpeanethodology for the assessment of HEPs is also
proposed.

3.1 Upgraded unit PSA model for the site given atype | initiating event

A type | initiating event cannot (or with an extrelyn low probability) cause meltdown on the two arat
the same time. Thus, the conditional probability lbéving "simultaneous” meltdowns of both

unitsP(meltdown n meltdowR) , given this event, can be considered negligible.

- ldentical system (Typei)

It is assumed that the type | initiating event thaturs on unit A, requires the operation of aesysg, that

is identical on unit B (§. It is assumed that each systema®d $ has n identical redundant components
(Figure 3). As the initiating event only affectseounit and the systems &nd $ are not interconnected,
only S\ "intra-unit" failures will be taken into accoumrmt the modelling. Therefore, only potential CCF
between identical components located on the santéaatied intra-unit CCF) needs to be considered i
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n components n components
Failure on component i

Unit A Unit B

Figure 3: Representation of identical systems Figure 4: Failure of component i of a Typei system

unit PSA model (figure 4). The failure of a compohé for the system of a given unit, consists loé t
intrinsic failure of this component and the intnaittcommon-cause failure shared with the other comepts
of the same unit. In comparison of a traditionait PSA model, there is no modification in modedliof
this system to be made in this case.

- Standardized systems

It is assumed that the type | initiating event adag on unit A, requires the operation of a stadid=d
system. This system comprises a systgninSunit A and a systemgSn unit B, that can be interconnected
(Figure 5). In this case, even if the initiatingeav only affects unit A, as all or part of systegic@n be used

as backup, the potential for two types of CCF nimesstudied, i.e. intra-unit CCF usually taken iat@ount

and inter-unit CCF (figure 6). The latter is defin@as the common-cause failure shared between the
components of systemg @nd $ located on two units.

n components n components Failure on

component i

Unit A Unit B cce CeF

Figure 5: Standardized system Figure 6: Failure of a component all causes

If it appears that inter-units CCF can occur, then failure of standardised systen (8Sg) will therefore

be modelled considering a CCF group of m=2n. Depgndn the design basis of each system and the
respective operating mode of both units, we mayeharious success criteria for the standardizetesys
Actually, in some situations, it may occur that theckup of unit A's system £p by unit B's system @
becomes impossible due to the fact that the latetally required in the operating mode of unit B

To generalize, we can say that depending on theaildesunit operating modes, a certain number of
components are required for each unit. In thigecse calculation of the risk for each unit or fbe site
depend on the success criterion of each systgnanl $. Let us callX (x<n=m/2) the number of
components required for the normal operation of Bnwhich is not affected by the IE. This giv€s, (x out

of m) possible mutually exclusive cases. Normatly,design, unit B needs n components located an thi
unit for the operation. In this case, this gi¥$ possible cases (mutually exclusive). In each pssiase,
when X components are reserved for unit B—X =2n-X components remain available in order to
mitigate the accident condition (IE) on unit A. tles cally (y<n=m/2) the number of components

required for unit A out of ifi—-x) available components. The standardized systemwnSa unit affected by the
IE fails when at leastni— x—y +1) components out ofnj—x) are out of order. To illustrate the proposed

modeling that needs to be integrated in a unit Rflel, the following example is used:
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Failure of system 5,
taking possible backup
into account
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used by unit B

Failure of at least
3 components out of 4
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used by unit B

Failure of at least
3 components out of 4
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used by unit B

Failure of at least
3 components out of 4
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- i z 2 s: : 5 5 SRERE 6
O AH H LH LH. LH AH AH LH A AH A

Figure 7: Failure of system S, taking into account possible backup by neighbouring unit

It is assumed that each unit has 3 components (nFBrefore, this gives in total m=2n=6 componets
two systems. Unit B, which is not affected by Eyeneeds x=2 components for normal operation. ghies

Cx :Q,Z =3 possible and mutually exclusive cases. In eadsiple case, when x=2 components are

reserved for unit Bm-x=4 components remain available for unit A, which feeeted by the IE. It is
assumed that unit A needs y= 2 components to retifp@ accident condition (IE). The standardizestay
(Sa) on the unit affected by the IE fails when at téasomponentsni—x—-y+1=3) out of 4 fails. Figure 7

shows the fault tree for the standardized systgtaléng into account possible backup for this exi@np

- Shared systems

In the case where a type | initiating event ocautly on unit A, site shared system is consideretb&sly
available for this unit.

3.2 Upgraded unit PSA model given a type Il initiating event

A type Il initiating event may cause a core meltdhoan at least one of the two units. Thus, the dirthl
probability of having two unit meltdowns at the satime, given this event, could be not zero. Thealiag
of common systems for a type Il initiating eventlescribed hereafter.

- ldentical systems

It is assumed that the type Il initiating eventeafs unit A and unit B at the same time or withishert
period of time and requires the operation of syst&nand g (see figure 3). Given the similarity of systems
Sa and $, the potential for intra-unit CCF and inter-uniCE must be studied (see figure 6). As in the case
of standardized systems, the inter-unit CCF impliee common-cause failure shared between the
components of systemg @&nd $ located on two units.

In order to model the intra-unit CCF and inter-uBiCF in a unit PSA model, there are two possibles
solutions. The first solution consists of considgria CCF group of m=2n components by taking into
account all possible combinations of failures nfcd@mponents. The second solution which is praghdse
[1] considers the intra-unit CCF and only the irteit CCF affecting all 2n components. Therefore, i
comparison to the first solution, some possible lwimetions of inter-units CCF are excluded in trégsand
solution. Based on the availability of operatinggdback data or the expert's jugement, an apprepriat
solution can be adopted. In general, the firsttgmuwill give more conservative results in ternigiek.

- Standardized systems

It is assumed that the type Il initiating event wtimg on units A and B, requires the operationaof
standardized system. As in the case of a typetikiimig event, as all or part of the twin unit'areiardized
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system can be used as backup, this requires stydya potential for two types of CCF in the system’
modelling: intra-unit CCF and inter-unit CCF. Thaildire of this system would therefore be modelled
considering a CCF group of m=2n. As in the previoase, depending on the design basis of each system
and the respective operating mode of both unitsmag have various success criteria for the starizbatd
system. In this case, the risk for the site isudated in the same way as for a type | initiativgre except

that the conditional probability of having "simultous" meltdowns of both units, could be differfentn

zero.

- Shared systems

If the type Il initiating event affects both unidsand B and requires the operation of a site shaystem,
then an analysis must be carried out on the sheyse@m's ability to be used by one or both unith@tsame
time. Thus, for each shared system, a study musbheucted to check its ability to fulfill its s@yemissions
if initiating events (internal or hazards) occurasBd on the results of this analysis, two casesbean
distinguished for modelling such a system. In thgecwhere the shared system is able to supplyumitt at
the same time (e.g. case of the SER (conventictehd dematerialized water distribution systemk}an
then this system will be credited for each unit.

However; if it is demonstrated that the sharedesysis not large enough, then a conservative assetsh
the risk will involve not crediting it for eithemits. A more realistic assessment will involve étiad the
shared system for one of the units taking accofittie® respective operating modes of both unitseéudit
may exist some specific reactor operating modegevtiee shared system cannot be used. For example, |
us suppose that the shared system is requiredvatrp@P) but not in shutdown mode (AR). If unit A
(respectively unit B) is at power and unit B (respely unit A) in shutdown, then the shared systeithbe
credited entirely for unit A (respectively unit BY. both unit are at power, an availability facteill be
introduced in the model to represent the casesemingit A (resp. B) needs the shared system thaltéady
used by unit B (resp. A). The fault tree preseritetigure 8 shows a way to take account of the afireg
modes of both units.

Meltdown on site

aa

Meltdown on unit A Meltdown on unit B

Unit B at power UnitBin Unit A at power Unit Ain
{RP) shutdown (AR) (RP) shutdown (AR)
i Failure of shared Failure of shared
system P system P

availability Failure of shared availability Failure of shared
factor system P factor system P

Figure 8: Fault tree for shared system given the reactor operating modes

3.3 Consider ation of the human factor in thelevel 1 PSA

Consideration of the sharing of human resourcessaca particular site can have two types of coresetps:

* An impact on certain assumptions associated wghPSA model, particularly repair times, mission
durations or success criteria.
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* An impact on the assessment of the probabilityhef failure of the missions carried out by these
shared teams.

These two points will be addressed only for typeénitiating events. They are explained in the sawi
below.

- Impact of the consideration of shared teams on assumptions of the PSA model

The existence of shared maintenance teams may drau@pact on the way in which the type Il initiatin
events are modelled. This is because if the sametenance team needs to work on items of equipinent
both units, the operations will take longer to céetgn This may have an impact on the repair timhdisey

are explicitly modelled. There could also be anaatpn other assumptions. Even if the repair tiaresnot
explicitty modelled, they may be subject to modhgliassumptions or may even be concealed behind
corrective factors.

- Human reliability assessments

A specific process for determining and analyzing HEPs is proposed. The idea is to apply a fixathlhe

to the critical HEPs in the PSA, linked to the "#idthal human and organizational workload" involweten
two accidents are handled at the same time (evdimeie is no exact association between the opgratin
modes of the reactors and the actions requiretdeatihits concerned). This fixed penalty must beliapp
unit by unit, and only if the analysis of HEP shotisat one or more “function” of the team (action
implementation, monitoring and coordination, indepent checking) are diminished. This penalization
overcomes the HRA method (particularly in ordeestimate multi-units impacts in the PSA level 2).

The process proposes four steps as below.

Step 1 : selection of critical HEPs
Given a specific Initiating event, critical HEPS donsider are identified using qualitative sequeartalyses
(QSAs). The suggestion is to focus only on the mHEJePs, and to carry out screening as follows:

* Risk increase factor RIF 1%
* Risk decrease factor RDF 1.0 E-05

Step 2 : analysis of each critical HEPs selected accgrtlinthe context of hazard
The actions to be taken within each of the HF roissiare identified according to the following categs:
0 State-oriented approach management actions in &ie control room;
0 Local state-oriented approach management acti@astar building), using the compendium of
local electrical equipment sheets or the compendainocal alignment sheets for the state-
oriented approach;

0 Additional specific incident management actionsted to the context of the hazard (e.g. fuel
handing and storage system / fuel building);

o0 Equipment recovery actions required by the staiented approach instructions, to be carried
out by on-call staff, using the compendium of oli-sleets.

Step 3 : determine the generic assumptions for the site

Organizational and staffing assumptions must berdehed, as functions that are normally providedhfm
or more units and presence and/or arrival timeiten s

0 Operations Manager and Supervisor: number of unétsaged / supervised;
Safety Engineer: on site or on call, arrival time...;

Number of control room operators and field opematoy unit;

Time rigging for on-call staff (recovery actions)

O O O ©

Step 4 : fixed penalty for each HEPs
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We could apply a penalty for the HEPs, in exadily $ame way for each of the units, for the follayvin
reasons:

0 The overall hazard context at the site is taken mtcount, as it is assumed that the hazard
initiating event will cause the same initiating evat each unit (i.e. overall degradation: need for
inter-unit communication, coordination between contooms, etc.);

0 Asingle "unit" PSA model is used.

To do this, the HEPs are given penalties on thaeel$ (figure 9), according to the roles definedhxy state-
oriented approach policy, taking into account thtadf steps 2 and 3 :

o0 Permanent supervision (SPE), the management stratetependent checking" function, by the
Operations Manager or the Safety Engineer;

0 Incident/accident management supervision, the mnm@nagt strategy "monitoring &
coordination” function, by the Supervisor;

0 The "action implementation” function, in the comttmom and in the area/room involved.

C_or_]t_ex_t of hazard Reference PSA1 Number of units/site
initiating event HEPs Generic assumptions

Control room Supervision and Local reactor Additional specific
management monitoring - management actions actions
strategy Recovely actions
State-oriented Compendium of on- Compendium of local FHSS |, fire, etc.
approach procedures call sheets electrical equipment
sheets, Compendium of
local alignment sheets

Penalisation Boiler Penalisation Penalisation
status permanent = ) = f (Nbr of actions & priorities / Field Officer)
supervision check = f f(hazard/Supervisor
(Operations context)

Three levels of penalisation, on expert judgement:

x 2 (low) (e.g. one impaired function only)
x 5 (medium) (e.g. two impaired functions)
x 10 (high) (e.g. three impaired functions)

Figure 9: HEP penalization process

4 PRACTICAL EXAMPLE

The aims of this section are to show how to settioetabove-mentioned methodological recommendations
in practical terms and illustrate how a "usual" P@Adel for a unit can be converted into a modelafaite

and to draw particular lessons from it on the strgatto be implemented. To ensure that all stagethef
construction and development of the model are sstaly managed, implementation in PSA RiskSpectrum
software is based on a simplified case, whichpsagentative of a real situation.

4.1 Presentation of the case
In the case studied, a site with two units is akvagnsidered. The units may be in two operating esod

power operation for 80% of the time and outage 0% of the time. These units are affected by two
initiating events only:
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* An EL_I type | initiating event, with a frequencygwal to 1E-05/yr, requiring the completion of the
following missions:

0 an LP mission, specific to each unit, with a fadlyprobabilityy, » equal to 1E-03;

o if the LP mission fails, an S| mission supportedttan A of the Sl system, which is identical in
each unit;

o if the Sl mission fails, an SP mission supportecab\sP system shared at site level and requiring
an HF mission;

o if the SP system mission fails, an SB mission sujggoby an SB system standardised for both
units. The two systems are assumed to be conndbtedgh the same human mission as
previously;

* an EL_Il type Il initiating event, with a frequenegual to 1 E-4/yr, requiring the completion of the
same missions with the exception of LP. The Slesgamission, in this case, involves making one of
the two componentg bperate in redundancy mode for one unit.

The features and data associated with each ofy#terss in question are as follows:

* The shared system SP comprises a single componeriti€h has a failure probability equal to 1
E-03. When the unit is at power, this system isuimegl to deal with type | and Il initiating events.
However, it cannot be used during unit outage.

» Each unit's SI system comprises two componenits tedundancy mode. The failure probability of
each componeny is equal to 1 E-03. Intra-unit common cause fetumay affect this system's
components; the corresponding alpha faatois equal to 1 E-02. Inter-unit common cause fasur
are possible and it is assumed that they are apwlde of generating an order 4 component failure.
The associated probability Q4 it taken to be etual E-07, i.e. around 1% of the probability ofbbot
Sl system components experiencing a common cailseefat a given unit.

 The standardised system SB comprises three comfmoienn redundancy mode at each of the
units. The failure probability of each compongptis equal to 1 E-03. Intra-unit common cause
failures may affect this system's components; treesponding alpha factoes andog are equal to 1
E-02 and 1 E-03 respectively. Inter-unit commonseafailures are possible and an order 6 common
cause failure group for the system components ettt units is modelled with the following
parametersa2 = 1 E-02,03 = 1 E-03 andi4 = 1.8 E-4. It is also assumed that for each efuhits,
the requirement with regard to this system depemdhe operating modes of the unit. During power
operation, i.e. 80% of the time, the unit requiogse out of three components to operate; during
outage, i.e. 20% of the time, the unit requires ambof three components to operate.

For the purpose of illustration of the proposedhndblogical options, a reference unit PSA model asite
model PSA are developed.

- Case 1: Reference unit PSA model

A reference unit PSA model is developed to corradpto the current practice. Consequently, only énii
considered. The mutual backup of Unit A by Unit B the standardised systemy 8 assessed, without
taking inter-unit common cause failure or the resipe operating modes of the two units into accadilutit

B is assumed to be in the most favourable modepower operation). The identical systems are niedel
without considering inter-unit common cause faiturgiven the initiating type Il. The shared systen i
considered to remain available for Unit A, as dre human resources needed to operate it. The treest
corresponding to the type | initiating event and thipe Il initiating event for unit A (the same fonit B)
during power operation and outage are shown inrdéigdO, 11, 12 and 13. The HEP mission FH_TRA is
represented by the basic event FH_TRA with a pritibab E-01.
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type | Initiating event, Unit A, Outage | mission LP mission S| Unit A Train A Standardised system, backup of Unit A
mode

11

by Unit B, without consideration modes
and inter-unit CCF

ELLTRAT AR P SI_VA_TRA SE_AETE AENAR Mo |Frea  |Consen Code
1
2 CA LP
3 CcA LP-51_VA_TRA
4 FUSION LP-51_VA_TRA-SB_AET B AEN AR
Figure 10: Event tree corresponding to the type | initiating event for Unit A during power operation
Type | initiating event Unit [mission LP mission S Unit ATrzin A [HF mission, Unit & lshared system Ttendardised system,
A, Power Operation backup of Unit A by Unit
B, without cansideration
modes and inter-unit CCF
EI_I_TRA1_RP LP SI_VA_TRA FH_TRA SP SB_TRAET BSSETAT |no. |Freq Conseq, Code
1
2 CA LP
3 CA LP-SI_VA_TRA
4 CA LP-SI_VA_TRA-SP
5 FUSION LP-5|_VA_TRA-SP-SB_TRA ET B_SS ETAT
6 FUSION LP-SI_VA_TRA-FH_TRA

Figure 11: Event tree corresponding to the type | initiating event for Unit A during outage

Type |l Initiating event, Unit A,  |mission SI, Unit A, intra-unit HF mission, Unit A lshared system Standardised system, backup
power operation CCF lof Unit & by Unit B, without
lconsideration modes and inter-
unit CCF
EI_II_TRAT_RP SI_TRA_1SUR2 FH_TRA SP SB_TRAET B_S5 ETAT No. |Frea. Consea. Code
1
2 CA SI_TRA_15URZ
3 CA S|_TRA_1SUR2-5P
4 FUSION SI_TRA_15UR2-SP-SB_TRAET B_SS ETAT
5 FUSION SI_TRA_15URZ-FH_TRA

Figure 12: Event tree corresponding to the type I initiating event for Unit A during power operation

Type |l initiating event, Unit & , outage mode mission SI, Unit A&, intrz-unit CCF Standardised system, backup of Unit A by Unit B,

without consideration modes and inter-unit CCF

ELILTRAT_AR SI_TRA_ISUR2 SBAETBAENAR Mo |Frea |Conses Code

L 2 CA S5I_TRA_1SUR2
\— 3 FUSION SI_TRA_TSURZ-SB_AET B_AENAR
Figure 13: Event tree corresponding to the type 11 initiating event for Unit A during outage

The risk obtained by this model is equal to 1.670E

Case 2: Upgraded unit PSA model

A PSA model at site level is obtained by develgpino upgraded PSA model for both unit (A and Bjcl
model is based on the reference unit PSA model thighconsideration of the dependencies existingy doat
two units:

In comparison with the previous case, this modebiiporates the fact that for the type Il initiating
event, the shared system may already be connextedinit when the other needs it. Similarly, the
model includes the fact that the team using th@seth system is a site team and that consequemtly, i
this case, the mission's failure probability is alesed. The HEP mission FH_TRA PENALISE is
represented by the basic event FH_TRA PENALISE witirobability of 2 E-01. A penalty factor
of 2 has been applied to the reference value (1)E-0

A basic event represents the probability of theesthaystem being available and not being available
for Unit A is introduced. This probability corregmis to the inclusion of the fact that when Unit A
requires the use of the shared system SP, thishanag already been taken by Unit B, experiencing
the same initiating event.

In this model, the operating mode of the twin ism#lso modelled for both types of initiating event
As the shared system cannot be assessed for auniity outage, when Unit B experiences an
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outage, the system becomes fully available agamUkit A in power operation. As far as the
standardised system is concerned, if Unit B is Bgpeing an outage, it will need two of the three
components of its SB system. Consequently, only @nm®nit B's three components will remain
available to back up Unit A.

* The inter-unit common cause failures are also tdkém account. Two systems are involved: the
identical systems and the standardised systemshEddentical systems, given the type Il initigtin
event, only the order 2 intra-unit CCF and the ortlter-unit CCF are considered to be possible,
to the exclusion of any other combination of fadlsir For the standardised systems, due to the
physical connection between the two systems, a ammupause failure group of the size 2n is
modeled (where n is the number of components ystem) for both types initiating events. Here, an
order 6 common cause failure group has therefoea defined, which replaces the order 3 common
cause failure groups initially defined.

When implementing two upgraded PSA models for 2suim a PSA software, e.g Riskspectrum, some
precautions need to be taken:

* The type | initiating events need to be named dbfidy for two units, to ensure that the resulttod
site level calculation would be an "exclusive OBt the accident sequences for these units.

» Conversely, the type Il initiating events were givéentical names for the two units.

* The EBs for the identical systems and the standeddsystems were also differentiated for the two

units. However, the systems and human resourcesdhg the two systems were modelled by the
same EBs for the two units.

The event trees corresponding to the type Il itipevent for unit A (the same for unit B) duripgwer
operation and outage are shown in figures 14, 15.

[Mission ST, Unit A, intra and penalised mission FH for Unit &
inter-unit CCF and B

vpe N iniliating event, Unit A,
pawer operation

[shared systems with modes of
2 Units

Standardised System Unit A
;':\’lj;:n‘odes and intra, inter-unit

ELILTRAM_RP 5|_TRA_TSURZ_DCC FH_PENALISE SP_ETATSB SBARP_ETATSBOCC |wo |Fren  |consea Code

CA SI_TRA_1SURZ_DCC
CA SI_TRA_1SUR2_DCC-SP_ETATS B
FUSION SI_TRA_1SURZ2_DCC-SP_ETATS B-SB_ARP_ ETATSB_D

FUSION

SI_TRA_1SUR2_DCC-FH_PEMALISE
A during power operation

N

L

Figure 14: Event tree corresponding to the type 11 initiating event for Unit

initiateur type [l tranche Acas 4 AR TMission ST, Unit &, intra and inter-umt CGF standardised system Unit A, with modes znd intra

CCF, inter CCF

EI_II_TRA4_AR

SI_TRA_15UR2_DCC SB_AAR_ETATSB_DCC No.

I [
ca

|—; FUSION
Figure 15: Event tree corresponding to the type I initiating event for Unit A during outage

Freg Conseg Code

SI_TRA_1SURZ_DCC
SI_TRA_1SURZ_DCC-SB_A AR_ETATS B_DCC

The risk obtained for the upgraded unit PSA modieazh unit is equal to 3.33E-10.

4.2 Results

The table 1 below summarized the risk at unit learall the corresponding risk at site level obtaibgd
multiplying simply the risk at unit level by 2.

Table 1 Risk at unit level and the corresponding risk at site level

As can be seen, at the unit level, the referenceeinonderestimates the risk (1.67 E-10) compareithdo

Unit level risk Site level risk
Case 1: Reference PSA model 1.67 E-10 3.33 E-10
Case 2: Upgraded PSA model 3.33 E-10 6.66 E-10
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risk of the upgraded unit PSA model (3.33 E-10)isTdifference results from the impact of the coeséition

of the dependencies existing between both unitghik example, we realized that the dependencyfact
between the units that has a principal impact enrisk is the inclusion of a shared site team, whgrthe

HF is penalised. The other dependencies (respectieeating modes of the units and inter-unit common
cause failures) have no visible impact, bearingiind the fact that they concern the systems whathgré
does not lead directly to core meltdown.

At site level, compared to the upgraded model,rédference model underestimates the site levelbiska
factor of 2. In the case 2, a more realistic riskite level can be obtained, according to fornf@)aby using
the calculation of P(AIB)) directly in Riskspectrum software. In this caiee obtained risk is 6.63E-10
which is lower than that obtained by multiplyingethisk for upgraded unit A model only by 2 (6.66L&)-.
The difference is due to the minimization of the $€hared by both units.

The risk associated with the simultaneous meltdafvhoth units (P(AB)) can be calculated as follows:
2P(A)-P(AIB)= 3.2E-12. This corresponds to the common MCSctvlcan be interpreted as the occurrence
of the type Il initiating event at both units, fmived by the loss of the identical system due terionit
common cause failure, and the shared site teathlseféo put the shared system into operation.

5 CONCLUSION AND PERSPECTIVE

The paper has presented some possible solutiomgthodological options in order to switch from adel
unit PSA model to a model for the site to take iatwount the multi-unit dependencies. A study ceas
used to illustrate the proposed methodology. Howeagditional developments must be provided to cove
the level 2 PSA, particularly its implementationRiskSpectrum, as well as level 3. Even when nuriit-
aspects are taken into account in a level 1 PShesmethodological problems arise which will needo
the focus of further developmental work:

* Suggest a selection criterion for the systemsdiefihitely need to be modelled, retaining the multi
unit aspects (operating mode of the twin unit, riubeit common cause failures).
* Suggest a less conservative modelling of the stsii®sesources.

e Suggest a precise method for establishing the-imi@rcommon cause failure parameters, based on
the feedback available or existing parameters.

* Suggest a precise method for post-processing th& MGm the level 1 PSA, to identify the
scenarios that will form the type Il initiating ews (simultaneous meltdown of both units) for the
development of the level 2 and level 3 PSA.

* Suggest a method for dealing with potential situadiin which, following a type Il initiating event,
one unit is already experiencing a severe accidedtthe other is not.

All of these developmental aspects are currentlglistl in our on-going projects at EDF R&D.
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