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1. INTRODUCTION

1.1. Backgroundand Purpose

Operation of nuclear power plants carries an inherent risk related to the potential of harmful effects
of ionizing radiation.Therefore, people and the environment need to be protected from these
effects [1]. This fundamental safety objective is the basis for nucfgawer safety programmes
which include assessment of the design and of the operation in context of the potential risks.

The safety assessment addresses the robustness of the desigasasuchneeds to cover all the
safety measures necessary to control the hazard, from thegdegiinciples and applied standards
through the design approach to the engineered safety features. The assessment shall demonstrate
that they fulfill the safety functions for which they were designed. Also, the safety assessment needs
to evaluate potentiabperator actions and assess whether the emergency procedures are robust and
can be relied on.

Safety assessment is defined in the in 1A€A Safety Standa@SR Part 4SAFETXSSESSMENT
FORFACILITIESNDACTIVITIEGENERARAFETREQUIREMEN®E],as “syst emati c pro
is carried out throughout the lifetime of the facility or activity to ensure that all the relevant safety
requirements are met by the proposed (or actual) desigmelAEA Fundamental Safety Princiflg

Paragraph 3.15 states thétK S | 34 SaaYSy il daAy@d2f @Sa GKS asadasSytl
and its effects, of the ways in which failures might occur and of the consequences of such

T I A f.doN\gBrierél, thesafety assessment consists of evaluatimfrengineering factors important

to safety and ofjuantitative analyseq3]. The quantitative safety analyses are used to evaluate and
asses<hallenges to safety in various operational states, anticipated operational occurrences and
accident conditionspby means of deterministic and also probabilistic method&is document
addressesthe deterministic safety analyse@DSA) The principal requirements and approaches
identified here are primarily based on the IAEA Safety StandAtds, as reference, the Canadian

[17] approach and WENRA refereriegels were considered in the development of this document.

The safety analysis shall demonstrate that all safety requirements for all plant states are met and
that sufficient margins exishetween the actual values of parameters relevant for the integrity of
barriers and the threshold values of these parameters at which the barriers would fail. Further, the
safety analysis should demonstrate, with an adequate degree of confidence, thaadi@ogical
consequences for all the plant states considered in the design will remain within the established
acceptance criteria.

The safety analysis should support safe operation of the plant by serving as an important tool in
developing and confirminglant protection and control system set points and control parameters. It
should also be used to establish and validate t
and offnormal operating procedures, maintenance and inspection requirememd, reormal and

emergency procedures.

The safety analysis should also support the pl

making processes as new issues and questions ar
safety analysis and the #iby to re-perform all or part of that analysis to resolve new technical
i ssues should be maintained over the | ife of the

design information and operating performance data should be factored intopthat model as
necessary to support this analysis procgsgs

The safety analysis should assist in revealing issues, plant conditions and initiating events that were
not adequately considered in the early stages of design. Likewise, safety analysidetfy
aspects, such as postulated initiating events (RIEsyipport establishment of acceptance criteria.
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The safety analysis should assess whether:

9 Sufficient defence in deptf#] has been provided and the levels of deferaze preserved in
that potential accident sequences are arrested as early as possible.
9 The plant can withstand the physical and environmental conditions it would experience. This
would include extremes of environmental and other conditions.
Human factor&nd human performance issues have been adequately addressed.
Long term ageing mechanisms that could detra
life are identified, monitored and managed (i.e. by upgrade, refurbishment or replacement)
so that safey is not affected and risk does not increase.

= =

The safety analysis should demonstrate that the equipment incorporated to prevent escalation of
anticipated operational occurrences or design basis accidents to severe accidents and to mitigate
their effects,as well as emergency operating procedures and the accident management measures, is
effective in reducing risk to acceptable levels.

The safety analysis process should be highly credible, with sufficient scope, quality, completeness

and accuracy to engendé¢he confidence of the designer, the regulator, the operating organization

and the public in the alsfofdhe gafety hnalgsis ghilhaunetwithsa de s i ¢
high level of confidence that the plant will perform as designed and thatili meet all design
acceptance criteria at commissioniagd over the life of the plant.

This documenprovides requirements and guidance on conduct efedministic safety analysis in
support of licensingand operation of new nuclear power plangd r existing nuclear power
plants in accordance to the principles appliedthe periodic safety reviewdt identifies relation
between deterministic and probabilistic safety analysis and addresses deterministic analysis in
support of probabilistic analysi¥he guidance provided should be, using graded approach, equally
applicable to pressurized light wateeactors and pressurized heavy water reactors such as the
CANDU design. Specifanalysis, phenomena and mdithg requirements, when differ between
these types of reactors, are identifiedhis document provides information on preparing and
presenting deteministic safety analysis reports, including the selection of events to be analyzed,
acceptance criteria, safety analysis methods, and quality assurance.

1.2. Structure andScope

This documenis designed, as supplement Romanian regulatory requiremenig, g, to provide
guidancefor the performance of deterministic safety analysis for nuclear power plants. The
documenttakes an integrated approach to deterministic safety analysis and addresses all plant
states from nornal operation through design extension conditions including severe accidents with
core melt[4]. Focus is ordesign basis ament analysis especially the systalmermakthydraulic
aspects of the plant behavior but alsnethods and approaches used for severecident and
containment behavior analysere touched Other types of analysis, such as structural mechanical
analysis or analysis of electrical transiemts well as PS#te outside the scope of this guide.

Identification of plant states and initiatinevents is discussed in Chapter 2. Acceptance criteria are
provided in Chapter 3. Chapter 4 provides overview of analysis methods.
Use of determinist analysis amgpe of analysis are discussed in Chapter 5.

Analysis tools are discussed in Chapter 6 gudlity assuranceequirements and processese
addressedin Chapter 7with special emphasisn verification andvalidation of plant modelgo
assure confidence in the analytical resulfsdditionally annexes | through 1l provide practical
examples thatllustrate conduct of analyses and associated quality assurance processes.

The nomenclature used in this report follows as close as possible the nomenclature used in IAEA
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Safety Standards such as the safety and design requirerfier8s4 and the IAEA IBssary2].
1.3 Deterministic safety analysis

In safety analysis both, deterministic methods and probabilistic, methods are required to be applied
[3]. The objectives are to identify issues that are important to safety and to demonstrate that the

plant is capable of meeting any authorized limits on the release of radioactive material and on the
potential exposure to radiation for each plant state.

While deterministic analyses may be used to verify that acceptance criteria are met, probabilistic
safety analyses may be used to determine the probability of damage for each bEHITier
Probabilistic safety analysis may thus be a suitable tool for evatuafithe risk that arises from low
frequency sequences that lead to barrier damage, whereas a deterministic analysis is adequate for
events of higher frequency for which the acceptance criteria are set in terms of the damage allowed.
To verify that defene in depth is adequate, certain very low frequency design basis accidents, such
as large break loss of coolant accidents or rod ejection accidents, are evaluated deterministically
despite the low frequency of the initiating event. Thus deterministic amalgsed probabilistic
analysis provide a comprehensive view of the overall safety of the plant for the entire range of the
frequency-consequence spectrum.

A probabilistic safety analysis fault tree is a powerful tool that can be used to confirm assumptions
that are commonly made in the deterministic calculation about the availability of systems; for
example, to determine the potential for common cause failures or the minimum system
requirements, to identify important single failures and to determine the qadecy of technical
specifications.

The aim of thedeterministic safety analysiss to evaluate plant behaviour under specific
predetermined operational states and accident conditions and to apply a specific set of rules in
judging design adequad@]. These rules define the way the analytical methods are being used and
specify some specific acceptance criteria tlsdtall be assigned to each plant state, so that
frequently occurring plant states shall have no, or only minor, radiological consequencesaand pl
states that could give rise to serious consequences shall have a very low frequency of occurrence.
The acceptance criteria are discussed in Chapter 3 and the methods and the rules for the analysis are
discussed in Chapter 4 of this report.

Thedeterministic safety analyses shall be performed for all plant states (discussed in Chapter 2) that
cover the normal operation of the plant, anticipated occurrences and accident conditions including
so called design extension conditions whidsoaincludesevere accident§3]. As discussed in
Section 1.1it shall be demonstratal that sufficient margins exist between the actual values of
physical parameters relevant for the integrity of barriers and the threshold values of these
parameters at which the baers would fail. Therefore, the deterministic analyses have to address
and quantifyall the physical phenomena influencintbe behavior of these barriersAll relevant
neutronic and thermahydraulic phenomena shall be analyzed, with acceptable fidigvaluate

the system behavior and response to control and safety actidhss shall include alsthe wide
range of physical presses that could occur durimgre damage and that could lead ¢containment
failure anda release of radioactive material tbe environment.

Additionally,the DSAshould evaluate mechanisms of fission product release and transport for all
plant states to demonstratethat the radiologichconsequencesvill remain within the established
acceptance criteriaThe approaches useih determine the potential consequences of radiological
releases ee also of deterministicnature; however they are not addressed in this guidelines
document.

In summary, the objectisof the deterministic analysis areto
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9 Establish and confirthe design bases for all items important to safety;
Confirm the successful implementation of the defence in depth corgept

Derive or confirm operational limits and conditions that are consistent with the desigh
safety requirements for the facility

o safety limits for reactor protection and control

o safety limits for engineered safety systems

o operational limits and reference settings for the control systems
0 procedural constraints for operational control of processes

o identification of the allowable perating configurations

1 Characterizehe postulated initiating events that are appropriate for the site and the design of
the plant;

1 Provide evaluation ofvent sequences that result from postulated initiating events, to confirm
the qualification requirerants;

1 Provide comparison dahe results of the analysis with dose limits and acceptable limits, and
with design limits;

9 Predict expected harsh environmental conditions due to anticipated operational occurrences
(AOOs), and accident conditions;

1 Demonstratethat the management of anticipated operational occurrences and design basis
accident conditions is possible by safety actions for the automatic actuation of safety systems in
combination with prescribed actions by the operat&OPs)

1 Demonstratethat the management of design extension conditions is possible by the automatic
actuation of safety systems and the use of safety featamd equipnent in combination with
expected actions by the operat¢AMGS)

The requirements set above for the deterministiafety analyseshow that complexanalytical

techniques and modig must be usedlo assure necessary confidence in the results of the analysis

special care must be taken in the development and application of the analytical methods including
independent verification and validation (V&V), assessment of uncertainties and training of the
analytical personnel to reduce the “user effects

Alsothe approacfito deterministic analysis should be conservati8g4 becauseof the complexity
of the phenomena occurring during operation and accideint a nuclear power plant the analyses
will always be burdened by uncertainty related to the models and to the knowledge of the plant

! The five levels of defence irepth are defined as:

Level 1 The aim of the first level of defence is to prevent deviations fnrmmmal operation, and to prevent failures of

SSCs. Good design and proven engineering practices are used to supplavtdirgiefence in depth.

Level 2 The aim of the second level of defence is to detect and intercept deviations from normal operatiaieiirio

prevent Anticipated Operating Occurrences (AOOs) from escalating to accident conditions, and to return the plant to a
state of normal operation.

Level 3 The aim of the third level of defence is to minimize the consequences of accidents byrgdvittrent safety
features, failsafe design, additional equipment, and mitigating procedures.

Level 4 The aim of the fourth level of defence is to ensure that radioactive releases caused by severe accidents are kept as
low as practicable.

Level 5 Theaim of the fifth level of defence is to mitigate the radiological consequences of potential releases of
radioactive materials that may result from accident conditions.

’The “approach” may include use of best estimate analytical

accidents conservative assumptions for the initial and boundary conditions such as availability of safety systems or off site
power are beig made. These concepts are further discusse@hapter 4.
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especially at the state when an @dent may occurThe analysis of design extensiancidents
however,is generally lessonservative than that of design basis accidents.

1.4 Applicable laws, regulations and standards

RomanianRe gul ati ons, “Nucl ear Safety Requi[flenthent s o
“Nucl ear Safety Requi usianefNuesl ear DP q8jenteredBriod n Ce h s t
force in December 201(rovide the basis and requirement for the guidelines presented in this

report.

The most importah elements of these regulationaffecting the safety analysesre summarised
below:

0 numerical nglear safety targets / quantitative nuclear safety objectives;

0 requirements on the consideration of severe accidents in the establishment of design bases
and in the choice of site for nuclear power plants and on the analysis of severe accidents for
demonstrating compliance with the quantitative nuclear safety objectives;

0 general requirements on accident analysis, including on the way in which deterministic and
probabilistic safety analyses should be used together in the design of nuclear power plants

0 detailed requirements on the format and contents of the safety analysis reports which need
to be elaborated by the applicants for site and construction licences;

o formulation of nuclear safety requirements for generic plant systems in a technology
neutral, function oriented manner, without prescribing technical design solutions,

0 establishment of requirements on the safety classification of nuclear power plant systems,
structures and components based on their safety importance, i.e. their contribution to
ensuring the essential nuclear safety function.

Additionally Romanian regulations specific to CANDU reacetndsregulationsrelated to quality

assurance requiremeni@&s [9])need to be considered

Consideration is given to IAEA safety standdtds3, 4, 5 6] and Canadian regulatory documents

providing guidance for deterministic safety analysig][And see also ANNEX IZANADIAN
REGULATORY APPROACH FOR DETERMINISTIC SAFETY ANALYSIS FOR DESIGN BASIS AND D
EXTENSION CONDITIONS

2. PLANT STATES dldENTIFICATIODF INITIATING EVENTS

Conditions that potentially may challenge safety are to be identified in the safety analysis and are to
be selected on the basis of a systematic, logical and structured appraastification has to be

provided that the identification of all scenarios relevant for safety is sufficiently comprehensive.

These conditions include all internal and external events and processes that may have consequences
for physical barriers for confining the radioactive material or thatewoitise give rise to radiation

risk.For all plant states a comprehensive listing of postulated initiating events (PIEs) should be
prepared for ensuring that the analysis of the behavior of the plant is com[8etg 17]

The analysis has to be based on an appropriate grouping and bounding of the events and processes,
and partial failures of components or barriers as well as complete failures have to be considered.
The following section identifies the current plant statesed in the safety analyses and Section 2.2
addresses the categorization of the initiating events that must be identified for the plant states.
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2.1. Plant states that are subject of deterministic safety analysis

Two principal groupsf plant statesneed to be considered for safety analysesccording to[4]:
operational statesand accident conditions. The ofional states include normal operation
conditions and anticipated operational occences (AOO)Within the group of accident conditions

one shalldistinguish between design basis accidents (DBA) and design extension conditiodls (DEC)
Within the design extension conditions complex accidents without significant fuel damage need to
be addressed as well as those which resulsignificant core damagecluding core melt This
grouping ofplant states should be basemh their frequency of occurrence at the nuclear power
plantas shown in Table, According tq7].

Romanian regulation [7] identify six &ent classes (see Section 1.2) and assign frequehcy
occurrence Table 1lbelow identifies these classes of events in association with plant states
nomenclature used in IAEA Safety Standards.

Table 1 Plant Statesand Event Classeto be considered in safety analyigt], [7])

Plant State Event Class Indicative Frequency
of Occurence
Normal Operation
Anticipated Operational Occurrences (AOO) Class 1 f >1F2
Design Basis Accidents (DBA) Class 2 1E2> f >18B
Class 3 1IE3> f > 184
Class 4 1IE4> f > 15
Design Extensions Witho&ignificant Fuel Degradation | Class 5 1IE5> f > 16
(DEC 1)
Design Extension Conditions with Core Melt (DEC 2) | Class 6 1IE6> f > 1H

Normal operation

Normal operation includes all the phases of operation for which the plant was desigrazkbiate

in the course of normal operations and maintenance over thediféhe plant, both at power and
shut down. The aims of the safety analysis for normal openatshould be to assess that normal
operation of the plant can be carried out safely, aaning that:

1 Radiological doses to workers and members of the puli within acceptable limits,
1 Planned releases of radioactive material from the pkre within acceptable limits.

The safety analysis for normal operation should address all the mlanditions under which
systems and equipment are being operated as expected, with no internal or external challenges. This
includes all the phases of operation for which the plant was designed to operate in the course of
normal operations and maintenanceer the life of the plant, both at power and shut down.

Anticipated operational occuences
The plant conditions considered in the design basis analysis include anticipated operational

occurrences and design basis accidents (DBAS).

Anticipated operational occurrences are those events that are more complex thamaneuvers
which are carried out during normal operation and that have the potential to challenge the safety of
the reactor. These occurrences might be expected to occleast once during the lifetime of the

® Considered as design basis in Romanian regulations
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plant. Generally they have a frequency of occurrence greater thahpkd reactoryear.
Design Basis Accidents

Design basis accidents have a lower frequency than anticipated operational occurrences. They would
not be expected to occur during the lifetime of the plant but, in accordance with the principle of
defence in depth, they have been considered in the design of the nuclear power plant. The DBAs
have a frequency of occurrence in the range of?1® 107 per reador-year, although there are

some groups of PIEs that are traditionally included indbsign basis analysis that may have lower
frequencies.

The aim of the design basis analysis should be to provide astatemonstréion of the fault
tolerance of theengineering design and the effectiveness of the safety systems.

Design Extension Conditions

The design extension conditictare more severe than the design basis accident conditions and
includesequences in which the safety systems have malfunctioned and some of the barriers to the
release of radioactive material have failed or have been bypassed.

There are two types of design extension conditions to be considdnetthe first type are complex
events (i.e. multiple failures) during which some small damage to thernayeoccur, but in general

the core maintains its overall structure and coolable geometry. This tfpaccident conditions is
referredto asDEC 1 The seond type of design extension condition includes severe damage to the
core and is referred to a3EC 2

For CANDU reactorfor an accident to proceed to severe core damage there must be multiple fuel
channel failures leading to significant core degradation. Such a situation is only possible if the heat
sink behaviour of the moderator is lost.

The analysis of design extension ctieshs shall demonstrate that only minimal radiological
consequences result from this typef accidents and are within the limits specified in Table 2
Chapter 3.

2.2. Categorization of iniating events

For evaluation of performance of a nuclear power plant in all stdteduding anticipated
operational occurrences and accident conditions that challenge safety are tiebtfied, according

to [1, 3] This includes all internal and external events anocesses that may have consequences
for physical barriers for confining the radioactive material or that otherwise give rise to radiation
risks.

4According tahe IAEASSR/1 Rev. 14], design extension conditions are: Postulated accident conditions that
are not considered for desigrabis accidents, but that are considered in the design process of the facility in
accordance with best estimate methodology, and for which releases of radioactive material are kept within
acceptable limits. Design extension conditions could include congiiio events without significant fuel
degradation ad conditions with core melting

® For the CANDU reactotisis type conditionsnay include some limited core damage without loss of core geonfigfly

These conditions are referred for channel reactors as limited core damage accidents (LCDA). The damage might be limited
to single or more fuel channel§he presence of the moderator as a secondary heat sink prevents failure of the fuel

channels andore degradation.

These conditionare distinct from accident sequences for a L#¢Rhey can involve fuel damagéthout core relocation
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The starting point for the safety analysis is the set of postulated initiating events that need to be
addressd [6]. A PIE is defined as an “identified ev:q
occurrences or accident conditions?”. PI Es inclu
(internal) and human indaed or natural external hazards (externallhe deterministic safety

analysis and the PSA should normally use a common set of PIESs.

The features, events and processes to be considered in the safety analysis are to be selected on the
basis of a systematic, logical and structured approach, and justificatis to be provided that the
identification of all scenariGselevant for safety is sufficiently comprehensifiéae analysis has to

be based on an appropriate grouping and bounding of the events and processes, and patrtial failures
of components orbarriers as well as complete failures have to be considefdd set of PIEs
developed for the safety analysis should be comprehensive and should be defined in such a way that
they cover all credible failures of plant systems and components and humars esach could

occur during any of the operating regimes of the plantludingsuch as startup, shutdown and
refuelling) according to[3] and [6]. This should include both internally and externally initiated
events.

The process of identification of PIBs 6, 17]should include adopting a structured approach to the
identification of the PIEs which could include the following:

1 Use of analytical methods such as hazard and operability analysis
(HAZOP: a systematic process which uses a set of key wordsntdy the failures which
could occur and could lead to PIEs), failure mode, effect analysis (FMEA: a systematic
process which considers each of the component failure modes in turn to determine if they
could lead to a PIE), and master logic diagrams;

1 Conparison with the list of PIEs developed for safety analysis of similar plants (although this
method should not be exclusively used since prior mistakes could be propagated);

1 Analysis of operating experience data for similar plants.

The set of PIEs addrestén the safety analyesshould also include partial failures of equipment if
these can make a significant contribution to the ri¥ke set of PIEs should also include events of
very low frequency or consequences, at least at the beginning of the prdtesay be possible to
eliminate some PlENevertheless, the elimination of any PIEs should be fully justified and the
reasons well documented. Many PIEs will remain with the analysis to the end and will only be
determined to be insignificant only at ttenclusion of the process.

All the PIEs should be defined quantitatively in terms of their frequency of occurrence. While the
frequency of occurrence is used quantitatively for PSA applications, it is used qualitatively in the
deterministic analysis.

The internal PIEs(those initiated inside the plant) should be developed to identify possible
challenges to the fundamental safety function. The way that the safety functions are performed
depends on the detailed design of the reactor. However, the categofigstiating eventddentified,
based orchallenges to fundamental safety functiongypically include the following:

1 Increase or decrease in heat removal from the reactor coolant system,
9 Increase or decrease in reactor coolant system flow rate,

1 Reactivity and power distribution anomalies,

1 Increase or decrease in reactor coolant inventory,

®The term ‘“scenario’ means a postulated or assumed set of ¢
"The set of PIEs should leviewed as the design and safety assessments proceed and should involve an iterative process
between these two activities.
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1 Release of radioactive material from a subsystem or component.

The identification of the set of internal PIEs should also consider the various means of déilure
safety systems and components and failures of -safety systems and components that could
impact a fundamental safety function or safety system. Most of these failures can be assigned to one
of the above categories. However, some of these faibhased PIEs do not fit in the above
categories and are grouped separately. Examples of these other failures determined by PSAs
performed to date include: (a) support system failures such as loss of component cooling or service
water; (b) internal flooding due tdailure of circulating water, service water, fire protection or
elevated surge tanks; (c) false containment isolation signals resulting in loss of primary system pump
cooling; and (d) inadvertent actuation of relief valves.

The identification process fdahe set of internal PIEs should also address the various failure modes
of the reactor pressure retaining boundary. This should include pipe breaks in all possible locations,
including those which could occur outside the containment.

The internal PIEs shallinclude the failure modes which could occur during all modes of plant
operation (for example, reactivity transients during initial core criticality and loss of coolant
inventory during the refuelling mode with the containment open), excluding those matfligible
duration in time. Negligible duration modes should only be excluded after careful consideration and
a conservative analysis that demonstrates that they are unimportant when compared with the
calculated core damage frequency from other PIEs.

Theset of PIEs should include those which could occur as a consequence of human errors. This could
range from faulty or incomplete maintenance operations to incorrect settings of control equipment
limits or wrong operator actions. These PIEs will not necdgshe similar to PIEs caused by
equipment failures because they could involve common cause failures in addition to the initiating
event.

The set of internal PIEs should include events such as fires, explosions, turbine missile impacts and
floods of interral origin which could affect the safety of the reactor and cause failure of some of the
safety system equipment which provides protection for that initiating event.

The externalPIEsidentified should include all the events which could arise from outsideiant
which could challenge nuclear safety, including naturally occurring and human induced amdnts
hazards These external initiating events could lead to an internal initiating event and failure of some
of the safety system equipment that would meeded to provide protection from the event. For
example, an earthquake could lead to plant equipment failures in addition to the loss-siteoff
power.

The naturally occurring events which are credible at a given site should be included in the set of PIE
for safety analysis. This should include events such as earthquakes, fires and floods (including those
caused by failure of dams, dikes or levees) occurring outside the site, extreme weather conditions
(temperature, rainfall, snow, high winds) and volia@ruptions.

The human induced external events which are credible at a given site should be included in the set
of PIEs for safety analysis. This should include aircraft crashes, effects of nearby industrial plant and
transportation system explosions.

Normal Operation

The normal operation of a nuclear power plant typically includes the following conditions:

9 Initial approach to reactor criticality;
1 Normal reactor startup from shutdown through criticality to power;
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Power operation including both full anow power;

Changes in the reactor power level including load follow modes if employed;

Reactor shutdown from power operation;

Shutdown in a hot standby mode;

Shutdown in a cold shutdown mode;

Shutdown in a refuelling mode or equivalent maintenance mtd# opens major closures
in the reactor coolant pressure boundaiWR)

Refueling at power(CANDU);

Shutdown in other modes or plant configurations with unique temperature, pressure or
coolant inventory conditions;

1 Handling and storage of fresh airchdiated fuel.

= =4 =4 =4 -8 =9

= =

PIEs leading to Anticipated Operational Occurrences

Typical examples of PIEs leading to anticipated operational occurrences could include those given
below. This list is broadly indicative. The actual list will depend on the type of remwdathe actual
design of the plant systems:

1 Increase in reactor heat removahadvertent opening of steam relief valves; secondary
pressure control malfunctions leading to an increase in steam flow rate; feedwgaséem
malfunctions leading to an increase in the heat removal rate.

1 Decrease in reactor heat removédedwater pump trips; reduction in the steam flow rate
for various reasons (control malfunctions, main steam valve closure, turbine trip, loss of
exterral load, loss of power, loss of condenser vacuum).

1 Changesn reactor coolant system flow ratétip of one main coolant pump; inadvertent
isolation of one main coolant system loop (if applicabl®jnor flow blockage in a fuel
channel (CANDU)

1 Reactivityand power distribution anomaliesnadvertent control rod withdrawal; boron
dilution due to a malfunction in the volume control system (for a PWR); wposdioning of
a fuel assembly, refuelling incorrect fuel channel (CANDU);

1 Increase in reactor coolanhventory: malfunctions of the chemical and volume control
system.

91 Decrease in reactor coolant inventowgry small loss of coolant accident (LOCA) due to the
failure of an instrument line.

1 Release of radioactive material from a subsystem or compomeimor leakage from a
radioactive waste system.

For many PIEs the control systems will compensate for the effects of the event without a reactor trip
or other demand being place on the safety systems (Level 2 of defence in depth). However, the
anticipated gerational occurrences category should include all the PIEs which might be expected to
occur during the lifetime of the plant and for which operation can resume after rectification of the
fault.

PIEs Leading to Design Basis Accidents

The subset of PIEs whi are considered as leading to DBAs should be identified. All the PIEs
identified as initiators of anticipated operational occurrences should also be considered potential
initiators for DBAs. Although it is not usual to include PIEs with a very low fregué occurrence,

the establishment of any threshold limit should consider the safety targets established for the
specific reactor.
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Typical examples of PIEs leading to DBAs could include those given bhiewlist is broadly
indicative. The actual listill depend on the type of reactor and actual design:

1 Increase in reactor heat removateam line breaks.

9 Decrease in reactor heat removidedwater line breaks.

9 Decrease in reactor coolant system flow ratg of all main coolant pumpg&xample: loss
of class 4 power)main coolant pump seizure or shaft bredkel channel flow blockage
(CANDU)

1 Reactivity and power distribution anomaliasicontrolled control rod withdrawal; control

rod ejection; boron dilution due to the startup of amactive loop (for a PWR).

Increase in reactor coolant inventoigadvertent operation of emergency core cooling.

Decrease in reactor coolant inventogyspectrum of possible LOCAmadvertent opening

of the primary system relief valves; leakgpoifnary coolant into the secondary system.

1 Release of radioactive material from a subsystem or compooeetheating of or damage
to used fuel in transit or storage; break in a gaseous or liquid waste treatment system.

= =

Following the guidance provided at®mwa large number of PIEs would be identifidd.is not
necessary to analyse all of these PIEs. The normal practice is to group them and, for each group, to
choose bounding cases for analysis.

Grouping of PIEs can be reasonably based on the assumptitre cbime safety aspects (physical
phenomena or effects that may challenge the integrity of barriers) within each group. This approach
allows in each group to select same acceptance criteria and/or initial conditions, conservatively
applying same assumptiotmsethodologies andto identify the worst accident (bounding case) in
each group. The single event can naturally belong to different groups. A typical example for PWRs is
LOCA, which should be analyzed for many aspat#gradation of core coolinggontainment
pressure buildup, radioactivity transport and environmental releases, pressurized thermal shock,
boron dilution (reactivity accident) due to boiling condensing regime.

The bounding cases should identify the accidents which give the most sehadfenges to each of

the main safety functions identified. In some cases, one accident may be maost severe in terms of
one safety parameter (for example, peak reactor coolant system pressure) and another may be most
severe in terms of another safety parater (for example, peak fuel temperature). In such cases, all
these accident sequences are carried through the design process as limiting cases.

The safety analysis should confirm that the grouping and bounding of initiating events is acceptable.
PIEs leaithg to Design Extension ConditionSevere Accidents

The design extension conditioanalysesshould address a set of representative sequences in which
the safety systems have malfunctioned anoime of the barriers to the release of radioactive
material have failed or have been bypassed. These sequences should be selected by adding
additionalfailures or incorrect operator responses to the DBA sequences (to include safety system
failure) and to the dominant accident sequences from the PSA.

® Various modes of piping failures should be considered indéssolant analyses. They include

circumferential, guillotine, antbngitudinal failures at any location in a system. For circumferential and
guillotine failures, analysis should consider a discharge area up to, and including, twice theectassal area

of the piping. For longitudinal breaks, the analysis shoulifyufie upper limit of the range of postulated

break size. The worst break location, size, and orientation, in the context of posing the most challenges to a
safety analysis requirement, should be identified through analysis, including sensitivity snadysg a
conservative break model. For CANDU reactors, failures of reactor inlet and outlet headers are considered in
the same way as piping failures.
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The significanevent sequences that could lead to severe accidents should be identified using a
combination of probabilistic and deterministic methods and sound engineering judgeriiat.
details of the severe accident sequences that need to be analysed will diffendiegeon the

design of the reactor safety system$he most rigorous way of identifying severe accident
sequences is to use the results of the Level 1 PSA. However, it might also be possible to identify
representative or bounding sequences from an underdiag of the physical phenomena involved

in severe accident sequences, the margin exisiimgthe design, and the amount of system
redundancy remaining in the DBAs.

The analysis should pay special attention to internal and external hazards which coulthbave
potential to adversely affect more than one barrier at once or to cause simultaneous failures of
redundant equipment of safety systemSpecial attention needs to paid to support systems such as
electrical supply, cooling etc., as these systems lgeotential of causing immediate or delayed
consequential multiple failures in both operational and safety systems.

The set okexternalevents which should be addressed in the safety analgsisnd for identification
of design extension conditiorteepends on the site chosen for the plant but would typically include:
Natural externahazards exceeding the design basis values derived from the site evalsatioms:

1 Extreme weather conditiongsuch as gtreme wind loading atmospheri¢ rainfall and
snowfall temperaturescooling water temperatures and icingmounts of sea vegetation

1 Earthquakes;

1 External flooding;

Human made events such as:

9 Aircraft crashes;

9 Hazards arising from transportation and industrial activities (ésplosion, missiles, release
of toxic gases)

9 Terrorist acts.

For existing plants or for defined sitdet selection of events should be adequate for the site and
based on historical and physical data, and expressed by a set of values selected ganéhal
probability distribution of each event according to specified thresholleen such a probabilistic
evaluation is not possible because of lack of confidence in the quality of data, deterministic
approaches are applied, relying upon enveloping datand engineering judgement.

The plant design basis should take into account the combinations of extreme weather conditions
that could reasonably be assumed to occur at the same time.

External flooding: the region surrounding the site should be evatiiaaletermine the potential for

an external flood to occur which could endanger the nuclear power plant. This should include the
potential for flooding due to high precipitation, high tides, overflowing of rivers, failure of dams and
their possible combiation.

The estimated probability of aircraft crashes on the plant should be derived from relevant crash
statistics taking into account the distance from airports, the flight paths and the number of
movements for all types of aircraft near the specific sifbe crash statistics should be kept up to
date throughout the plant’'s [|ife.

For hazards arising from transportation and industrial activities, transport of hazardous material
close to the site and industrial activities which cause fire, explosion, esissild release of toxic
gases and affect the safety of the nuclear power plant should be identified and the design basis
events specified.
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For design extension conditions without core melt (DEC 1) a list of events needs to be specified,
based on determint&c and probabilistic assessment, for which the following should be considered:

1 Low frequency events that were not considered in DBA ttwuld lead to conditions which
are beyond the capability of safety systems that are designed for a single inigagmg. An
example for some designs is multiple steam generator tube rupturstation blackout

1 An AOO or a DBA combined with multiple failuffies example common cause failures) that
prevent safety systemi$rom performing their intended function. Iddification of these
events shall be based on systematic analysis and review of consequences of total failure of
any safety system credited in the safety analysis for each AAOs and DBAs. An example o
such events is LOCA withoutwaation of high pressureafety injection.

1 For designs which use the same systems for normal operation and safety function, such as
systems that are used for heat removal in accident conditions and dwingdown,
multiple failures of loss of such systems needs to be considéiesl.identification of such
sequences needs to consider total failure of any safety system used in normal operation.

Examples of DEC 1 events include the following:
1 very low frequency initiating events not considered in DBA
0 uncontrolled level drop during mitbop operation (PWR) or during refuelling
0 uncontrolled boron dilution (PWR)
o0 multiple steam generator tube ruptures (PWR)
0 main steam line break and induced steam generator tube ruptures (PWR)
. AOO or DBA combined withuttiple failures on safety systerfis

0 Anticipated transient without scram (ATWS): AOO combined with the failure of rod
drop

0 AOO or DBA combined with the failure of the protection system or shfety
actuation system of safety systems

0 Sation Black Out (SBO): Loss Of Offsite Power combined with the failure of all
Standby andEmergency Diesel Generators

o Total loss of feed water: loss of Main Feedwater combined with total loss of
Emergency Feedwater

0 LOCA together with the complete loss ofeoemergencycore cooling systentPWR)
or LOCA together with loss of emergency core cooling system injection and loss of
loops isolation (CANDU)

0 Loss of required safety systems in the long term after a postulated initiating event
1 Multiple failures PIE
0 Loss of the component cooling water system or of the essential service water system
0 Loss of core cooling in the residual heat removal mode
0 Loss of fuel pool cooling
0

Loss ofUltimate Heat Snk function

° The failures of supporting systems are impligitincluded among the causes of safety system failure
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The ability of a plant to limit consequences of aeconelt needs to be demonstrated through
selection of and analysis of sequences with core melt.

Examples of DEQirdtiators include the following:

» Complete loss of the residual heat removal from the reactor core,

e« LOCA with a complete loss of the emergenoye cooling(PWR) and additional of loss of
moderator cooling (CANDU)

» Complete loss of electrical power for an extended period.

* In CANDU reactors the DEC 2 conditions may be initiated as LCDA with eventual loss of
moderator cooling and loss of moderatorake-up.

3. ACCEPTANCIRITERIA

Acceptance criteria are among the principal requirements laid out on the nuclear fagdlitids 6]

The role of the acceptance criteria is to judge the acceptability of the results of safety aredgsis,

to ensure that an adequate level of defence in depth is maintained by preventing damage to barriers
against the release of radioactive material and preventing unacceptable radiological rel€asgs.
may:

9 Set conditions for plant states during and after agident;

1 Set numerical limits on the values of predicted parameters;

1 Set performance requirements on systems;

1 Setrequirements on the need for, and the ability to credit, actions by the operator.

Acceptance criteria should be developed in two levels as follows:

1 Global/high levelcriteria which relate to radiological consequences of plant operational
states or accident conditions. They are usually expressed in terms of releases or doses and
often defined in law or by the regulatory bodfhe Romanian global acceptance criteria are
listed in Section 3,1and they are in accordance [0, 8]

1 Technical getailed) criteria shall be usedvhich relate to integrity of barriers (fuel matrix,
fuel claddingreactor coolant system pressure boundary, containment) against radioactive
releases[6]. These detailed (specific)ceeptance criteria should be set in terms of the
variable or variables that directly govern the physical process that challenges thetintdgr
a barrier. As @ommon engieering practicesurrogate variablesan be usedo establish an
acceptance criterion limit, which, if not exceeded, will ensure that the barrier integrity limit
is not reachedThey are usually expressed in terms of tiing values of variables essential
for integrity of barriers, such as pressures, temperatures, heat fluxes, stressed ¢ligh
degree of conservatism must achieved by defining these acceptance criterlonits to
confirm that there are adequatsafety margins beyond the acceptance criteriorallow for
uncertainties[14]. The detailed (specific) acceptance critegi@ typically proposedby the
designer however they must bepproved byCNCANor the use in the safety demonstration.

The range ath conditions of applicability of each specific criterion should be clearly specified. In
particular, predicted radiological consequences strongly depend on conditions and assumptions for
their evaluation. Assumptions such as fission products release facfission product removal
mechanisms, duration of release, containmentgass releases, duration of exposure for the public,
routes for inhalation, ingestion and direct radiation, and weather categories can affect the
predictions by several orders of magude. Acceptance criteria can significantly vary accordingly.
Therefore, acceptance criteria should be always associated with sufficiently detailed conditions and
assumptions for safety analysis.
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3.1 Global acceptance criteria

The Romanian glob#high level acceptance criteria defined as quantitative safety objectiires
Romanian regulation on design of new NPBsare presented in Table. Zhese criteridnave been
chosen based on the current international safety standards, such as the recommendaititires

ICRP (International Commission on Radiological Protection) and taking into account of similar
numerical targets used in countries like Canada, USA and the UK.

Table 2 Quantitative nuclear safety bjectives for the verification of the design as a whole
(quantitative risk objectives)[8]

Event Class Estimated annual frequency o Maximum value for the effective dose for the mos
occurrence for an event ol exposed individual situated outside the exclusion zong
sequence of events (calculated for 30 days since the start of the releag
(95% confidence value) for all paths of exposure)

Class 1 f >1E2 0.5 mSv

Class 2 1E2> f >18B 1 mSv

Class 3 1E3> f >1H 10 mSv

Class 4 1E4 > f 51E5 50 mSv

Class 5 1E5> f > 1B 100 mSv

Class 6 1E6> f > 1H 250 mSv

Additionally it isrequired that the analyses of anticipated operationalcogences, postulated
accidents and design ®nsion conditions shall show that the aetor can be shut down and
maintained in shulown state and that the plant can be brought to a controlled state and,
thereafter, to a safe state. In addition, it shall be shown that the plant can, in the long run, be
brought to a state where fuel removal frorhd reactor is possible.

3.2 Technicaldetailed) acceptancecriteria

The detailed acceptance criiarshallinclude the following:

I An event should not generate a subsequent more serious plant condition without the
occurrence of a further independefidilure. Thus an anticipated operational occurrence by
itself should not generate a DBAefence in depth Level 2and such an accidety itself
should not generatgdefence in depth Level 3jesign extension conditionfdefence in
depth Level 4)

1 Thereshould be no consequential loss of function of the safety systems needed to mitigate
the consequences of an accident

1 Systems used for accident mitigation should be designed to withstand the maximum loads,
stresses and environmental conditions for the ideats analyzed This should be assessed
by separate analyses covering environmental conditions (i.e. temperature, humidity or
chemical environment) and thermal and mechanical loads phant structures and
components;

9 The pressure in the primary and seaary systems should not exceed the relevant design
limits for the existing plant conditions. Additional overpressure analysis may be needed to
study the influence of fail@s on safety and relief valves;

1 The number of fuel cladding failures which could wcshould be established for each type
of PIE to allow the globahdiological criteria to be met;

1 In LOCAs with fuel uncovering and heatup, a coolable geometry and structural integrity of
the fuel rods should be maintained;
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I No event should cause the temperature, pressure or pressure differences within the
containment to exceed values which have been used as the containment desipO

Detailed criteria should be specified so that to ensure sufficient margin betweeuwriieeion and

the physical limit for loss of integrity of a barrier against releases of the radioadtvity] For
specification of a set of criteria depending on specific design solutions the following groups and
examples of criteria should be consider@slappropriate:

1 Qiteria related to integrity of nuclear fuel matrix: maximum fuel temperature, maximum
radially averaged fuel enthalpy (both values with their dependence on -bprrand
composition of fuel / additives like burnable absorbers)

9 Qiteria related to integrity of fuel claddingminimum departure from nuclear boiling ratio,
maximum cladding temperature, maximum local cladding oxidation)

1 Qiteria related to integrity of the whole reactor core: adequate subcriticality, maximum
production of hydrgen from oxidation of claddings, maximum damage of fuel elements in
the core, maximum deformation of fuel assemblies (as required for cooling down, insertion
of absorbers, and dassembling)

1 GQiteria related to integrity of the reactor coolant system: nraym coolant pressure,
maximum temperature, pressure and temperature changes and resulting streBs@ss in
the coolant system pressure boundary, no initiation of a brittle fracture or ductile failure
from a postulated defect of the RPV

1 Citeria related to integrity of the secondary circuit (if relevant): maximum coolant pressure,
maximum temperature, pressure and temperature changes in the secondary circuit
equipment

1 CQiteria related to integrity of the containment and limitation of releases to the
environment: maximum and minimum pressure, maximum pressure differences acting on
containment walls, leakages, concentration of flammable/explosive gases, acceptable
working environment for operation of systems; in particular in the case of the containment
it is necessary to distinguish between criteria for design basis and for beyond design basis
events.

1 Examples of specific CANDU acceptamiteriaas used in Canada are listed in ANNEX

For postulated initiating events occurring during shutdosgerational regimes or other cases with
disabled or degraded integrity of any of the barriers, more restrictive criteria should be preferably
used, e.g. avoiding boiling of coolant in open reactor ve@&/R), or in primary heat transfer
system drained (@NDU)pr in the spent fuel pool, or avaditg uncovery of fuel assemblies

In addition to all pertinent physical quantities, the evaluation of stresses and strains should consider
the environmental conditions resulting from each loading, each loading cwmtibh and
appropriate boundary conditions. The acceptance criteria should adequately reflect the prevention
of consequential failure of structures or components needed to mitigate the consequences of the
hazards which are correlated to the assumed loading

In general, acceptance criteria related to integrity of barriers should be more restrictive for events
with higher probability of occurrence. For anticipated operational occurrences there should be no
failures of any of the physical barriers (fuel matfuel cladding, reactor coolant pressure boundary

or containment) and no fuel damage (or no additional fuel damage if minor fuel leakage, within
operational limits, already exists). For design basis accident, there should be no consequential
damage of the @actor coolant system, containment integrity should be preserved, and damage of
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the reactor fuel should be limited. For severe accidents, containment integrity should be maintained
either infinitely or at least for sufficiently long time.

The range and calitions of applicability of each specific criterion should be clearly specified. In
particular, pedicted radiological consequences strongly depend on conditions and assumptions for
their evaluation. Assumptions such as fission products release factesgonf product removal
mechanisms, duration of release, containmentgass releases, duration of exposure for the public,
routes for inhalation, ingestion and direct radiation, and weather categories can affect the
predictions by several orders of magridtu Acceptance criteria can significantly vary accordingly.
Therefore, acceptance criteria should be associated with sufficiently detailed conditions and
assumptions for safety analysis.

In addition to the analysis of events traditionally considered indasign basis for a nuclear power
reactor (loss of coolant accidents, loss of regulation accidents, etc.), it is requitezlevaluation to
address design extension conditions which may also inddedeus degradation of the reactor core
and melting othe nuclear fuel.

For design extension conditiorRomanian regulationg, 8] specifically requirehat following shall
be demonstrated:

9 The reactor can be shut down and maintained in subcritical state for an indefinite period of
time, with asufficient safety margin, for any credible severe accident scenario;

9 The design provides for at least one reliable heat transfer path for the removal of heat from
the reactor core to the ultimate heat sink, available in case of severe accident;

1 The designprovides for systems that limit the concentration of combustible gases in the
containment, for the prevention of explosions;

i The design includes provisions for the retention of radioactive materiatsdén the
containment building;

9 The design provides fasystems for the limitation of temperature and pressure within the
containment, to maintain its structural integrity and to prevent uncontrolled radioactive
releases to the environment in case of severe accident;

1 The design provides for instrumentation and control systems that can be credited in the
implementation of severe accident management procedures.

Credible events and combinations of events are considered those which can physically occur and
which have an esmated frequency of occurrence > 1Hyear. The criteria for the screening of
events will have to be justified by the designer.

The severe accident analyses have to be performed to determine, as accurately as possible, the
minimum performance requirements for the systems credited for the limitation of the consequences
of such accidents. Also, these analyses need to be performediar to confirm the feasibility of

the implementation of severe accident management procedures which have the purpose to limit the
core damage and to protect the physical and functional integrity of the containment system.

Plant designobjective should Ie to practically eliminate large early radioactive releaségvhich
would have to be demonstrated probabilistically) and to demonstrate that accident sequences
with late containment failure would necessitate only protective measurdmited in area and
time.

" Early radioactive release relatt release before public protective measure are put in place
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The designer and / or licence applicant has to analyse also the severe accident sequences that
involve unavailability of the containment system, with the purpose of evaluating the potential
radiological consequences and of quantifying the risk due th siccident scenarios, as well as for
establishing the emergency response measures to be taken in such situations. The technical
acceptance criteria associated with the fulfilment of the safety functions under severe accident
conditions have to be establied by the designer and / or licence applicant taking into account the
guantitative safety objectives set forth in the above mentioned regulation.

4. ANALYSIS MEDDS

The deterministic safety analyses of different categories of PIEs and acsicemrios should
demonstrate the fault tolerance of the engineering des{gach agprotection against single failure,
instrumentation and control system errors and delays, internal and external hazards, thec.)
effectiveness of the safety systermamnd of the safety provisions for design extension conditions
according to[3, 5, 14, 17]The analyses should confirm adequacy of the design of NPP systems or
components, as well as the envisaged operator actions, by demonstrating compliance with the
establithed acceptance criteria.

The deterministic safety analysis method shall in general include the following elements:

9 Identifying the scenarios to be analyzed as required to attain the analysis objectives;
1 Identifying the applicable acceptance criteria, safety requirements, and limits;
1 ldentifying the important phenomena of the analyzed event;
9 Selecting the computational methods or computer codes, models, and correlations that
have been validated for thetiended applications;
1 Assumptions foboundary and initial conditions
1 Galculations, including:
0 sensitivity analysis and identifying, where necessary, margins tedt# effects,
0 analsis ofthe event from the initial steady state up to a predefined ldagm
stable state;
9 Accounting for uncertainties in the analysis data and models;
9 Verifying calculation results for physical and logical consistency;
1 Processing and documenting the resultscafculations to demonstrate conformance with

the acceptance criteria,

In accordance withi3] the approach to the deterministic analysis for design or licensing purposes
should be conservativiseeSection 1.3 and Footnote.2

The current methods ofleterministic safety analysis for anticipated operatbroccurrences and
accidentsare as follows:

1. Use of conservative computer codes with conservative initial and boundary conditions
(conservative analysis).

2. Use of best estimate computer codes combinedh conservative initial and boundary
conditions (combined analysis).

3. Use of best estimate computer codes with conservative and/or realistic input data but
coupled with an evaluation of the uncertainties in the calculation results, with account taken
of both the uncertainties in the input data and the uncertainties associated with the models
in the best estimate computer code (best estimate analysis). The result, which reflects
conservative choice but has a quantified level of uncertainty, is used irataty ®valuation.
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Table below shows the analytical options with choices of code, systems availability, and input data
[6, 14] Sectiongt.2 and 4.3rovide more insight into the available approached to conservative and
best estimate analyses.

Table 3 Options for combin&éon of conservative and beststimate codes with availability of
systems and assumptions for initial and boundary conditions

Option Computer code | Availability of Initial and
systems boundaryconditions

1. Conservative Conservative Conservative Conservativénput data
assumptions

2. Combined Bestestimate Conservative Conservativénput data
assumptions

3. Best estimate Bestestimate Conservative Realistigplusuncertainty;partly most
assumptions unfavourableconditiong?

For designextension conditions, best estimate calculations are usually perfornmgether with
consideration of the uncertainties associated with the relevant phenomena. Howeuece
guantification of uncertainties is not feasible, it should be demonstrated pgiteity analysis that
cliff-edge effects potentially leading to early or large radioactive releases can be practically
eliminated

4.1 Conservativeand combinedanalyses

Option 1(see Table 3is traditional conservative analysis where both the assumed plant conditions
and the physical models used are set conservatij@ly The reasoning is that such an approach
would demonstrate that the calculated safety parameters are within the acceptariteyia and

would ensure that no other transient of that category would exceed the acceptance critédris.
method, when applied, will require justification and demonstration that the codes used are well
verified and validated for the expected conditiodgiditionally,since use of conservative computer

code can mask certain phenomena or change significantly the order of the phenomena, such
analysis should be supported (associated) by adequate sensitivity analysis or analysis by a best
estimate computercode in order to demonstrate that important safety issues are not being
concealed by the conservative code.

In conservative or combined safety analys@servative estimate of initial and boundargnditions
should be used as input for the analysis, adlwsconservative assumptions with regard to the
availability of systems and operator actiosxample<f initial conditionsare reactor power level,
power distribution, pressure,temperature and flow in the primary circuit. Example®f boundary
conditionsare conditionssuch aghe trip setpointsfor the actuationof safetysystemgpumpsand
power supplies etc) leadingto changesin flow rates, external sourcesand sinksfor massand
energy,and other parametersduringthe courseof the transient.

12 Realistidnput data are usedonly if the uncertaintiesor their probabilisticdistributionsare known.Forthose
parameterswhoseuncertaintiesare not quantifiablewith a highlevelof confidenceconservativeraluesshouldbe
used.
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All consequentiafailuresassociatedvith the postulatedinitiating event shouldalso be includedin
the analysisjn additionto the singlefailure. Furthermore,unavailabilitydue to on-line maintenance
should be consideredf this istolerated in plant operatingproceduresThese include the following:

1 If the initiating event is a failure of part of an electrical distribution system, the DBA analysis
should assume the unavailability of all the equipment powered from that part of the
distribution system.

1 If the initiating event is an energetic event, such as the failure of a pressurized system that
leads to the release of hot water or pipe whip, the definition of the DBA should include
failure of the equipment which could be affected.

1 Forinternal events such as fire or flood or external events such as earthquakes the definition
of the design basis event should include failure of all the equipment which is neither
designed to withstand the effects of the event nor protected from it.

In addition to the postulated initiating event itself, a loss of-gite power should be considered, as
appropriate. For such cases, the assumption that gives the most negative effect on the margin to the
acceptance criterion should be chosen.

Conservativeassumptionsshould be made with respectto the timing of operator actions. The
actions of the plant staff to prevent or mitigate the accident should only be modelled if it can be
shown that there is sufficient time for them to carry out the requested axtjothere are
acceptable working conditions in the control places, ample information is available for event
diagnosis (considering the effects of the initiating event and the single failure criterion), adequate
written procedures are available, and suffict training has been providedlant staff actions are
typically assumed to occur no sooner th#rirty-minutes after the event begindt should be
assumedbhat in most casespost-accidentrecoveryactionswould be takenbythe operator.

It shouldbe demonstratedthat the calculatedresultsare conservativefor all relevant acceptance
criteria. Theinteractionwith the setpointsfor activationof the relevantsafetysystemsor the plant
controlsystems shouldbe reviewedto ensurethat the conservatisnof the resultsisadequate.

In case of using best estimate code in combination with conservative inputs and assumptions it
should beassuredthat in this approach the uncertainties associated with the use of the best
estimate code models are sufficiently compensated by conservative inputs. The following should be
taken into account:

1 In some cases different analyses with different conservaassimptions may be necessary
for a single event in order to demonstrate that different acceptance criteria are met

9 Sensitivity calculations should be presented to support conservative selection of inputs, or
reference made to such calculations,

Intentionalconservatisms may not always lead to conservative results,

Degree of conservatism can change during a course of the event, and not always a
conservative assumption is valid throughout the whole transient,

91 Due to conservatism there are possible misleadiaguences of events and unrealistic time
scales,

1 There is a high risk of user effects if conservative values are selected based on engineering
judgment.
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1 Conservative assumptions may not always cover model errors, known code uncertainties
should beconsidered in establishment of conservative assumptions for safety important
parameters.

4.2 Best estimate analyis

Option 3 (Table 3)allows the use of best estimate modelsin the code instead of conservative
models,together with more realisticinitial and boundaryconditions Because the results of best
estimate codes are not designed to bound experimental data, best estimate codes are not intended
to provide conservative resultsTherefore uncertainties need to be identified so that the
uncertainty in the calculatedresults can be estimated according tg6]. A high probability that
acceptance criteria would not be exceededshould be demonstrated (see Section 5). The
uncertainties associated with the use of a best estimate computer code and realistic
assumptionsfor the initial and boundary conditions should be combined statistically. Any
dependencebetween uncertainties, if present, should be taken into account. In addition, it
shouldbe verified that the rangesof parametersthat are applied are realistic. Sensitivitystudies
shouldbe performed, especiallyto detectany“cliffedgee f f e ct ”

Quantification of uncertainties should be based on statistically combined uncertainties for plant
conditions and code models to establish, with a specified high probability, that a large number of
calculated results, the onsided tolerance limit, stay balv the acceptance criteria. It is common
practice to require that assurance be provided at5®or greater probability thaat least 95% of

the results comply with applicable acceptance criteria for a plant. A confidence of 100% (i.e.
certainty) cannot beachieved because only a limited number of calculations can be performed. The
95% probability level is selected primarily to be consistent with standard enginegragice in
regulatory matters Approaches used in determination of uncertainty are additionally discussed in
next section and examples are givierANNEXI.

Best estimate code (equations, models and correlations implemented in the code are best estimate)
realistically describe the Imaviour of physical processes in a component or system. This requires
sufficient data and scientific assessment to be able to ensure that all important phenomena have
been taken into account in the modielg or that their effects are bounded. Establishirmait all
important phenomena have been taken into account in the modeling or that their effects are
bounded should be part of the validation programme. This validation shoelldemonstrated for

each modetd transient and each reactor.

Uncertainties in theresults due to unavoidable approximatioasd deficiencies in the modeling
shouldbe quantified using experimental results. This is especially important when values of safety
parameters approach acceptance criteria, for example, 1200°C for peak claddipgregure in a
pressurized water reactor. Justification of the uncertainties and deficiencies should be based on
sufficient number ofcalculations to bound with 95% confidee the results of an experiment
representing similar type of accident

4.3 Sensitivity and uncertaintyanalyses

Adequate consideration shall be given to uncertainties for all operational states and accident
conditions[3, 6, 14] Simplifications and incompleteness of knowledge give rise to uncertainties in
the prediction ofoutcomes for a specified problem. There are two catégs of uncertainties. The

first category ofuncertainty has to do with events or phenomena that occur in a random manner,
such as random failures of equipment, instrumentation error, or certain gedoal or material
properties.
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The second categorig associated with the imprecision and lack of knowledge relating to a given
problem under consideration. In any analysis or analytical model of a physical phenomenon,
simplifications and assumptions are dea Additionally, the state of knowledge within the relevant
scientific and engineering discipiis may be incomplete. This typacertainty will be reduced with
increasing state of knowledge.

Uncertainties in computational predictions should be taken imccount either implicitly by
bounding them using conservative or combined approach associated with sensitivity anadysis,
explicitly by quantification of uncertainties using best estimate approach. This is in particular
important for the most limiting enditions (with the smallest margins to acceptance criteria).

In deterministic safety analysis, the sources of uncertainty fall within five general categories:

1. Code or model uncertainties: Approximations such as including only some terms in the
field equations (e.g. the viscous stress terms are sometimes not included), uncertainties
in material properties and the assumption that fully developed flow exists in the system
are included in this group of uncertainties.

2. Representation uncertainties: The digstization of the system (other terms for this
include the uncertainty associated with the nodalization or mesh cells representation of
the system) to obtain the control volumes that are represented by the field equations.

3. Scaling uncertainty: Using datacorded in scaled experiments and the reliance on
scaling laws to apply the data results to full scale systems.

4. Plant uncertainty: The uncertainty bands associated with the boundary and initial
conditions for the nuclear power plant condition under consadimn, for example core
power.

5. User effect: The variation in both the way a number of users will: (i) create and apply a
system analysis code and (ii) misapply the system analysis code (i.e. user errors).

It should be noted that item 5 (user effect) istrapecifically addressed in any uncertainty method.
Rather user effect reduction techniques, such as proper training and guidance on code application,
need to be appliedisee also Section.1 on User effed.

Quantification of the degree of impact of thencertainty from the individual input parameters of

the model on the overall model outcome is done by sensitivity analysis. It consists of systematic
variations in code input variables orodeing parameters to determine the influence of important
phenomera or models on the overall results of the analysis, particularly the key parameters for an
individual event.

Sensitivity studiethclude systematic variation of the code input variables aratlding parameters,

should be used to identify the ingptant parameters necessary fdhe analysis and to show that

there is no abrupt change ihé result of the analysis forme al i sti ¢ variation of
effectg. For practical reasons, only limited number of input or modelling parametefsstriongest

effect on results of analysis can be involved in sensitivity analyaistign in parameters in a given

range is also aimed to identify the values that lead to the smallest margins to a selected acceptance
criterion and therefore such valueare criterion dependent. Moreover, importance of any
parameter may change during the transient. Attention should be paid to the fact that if the selected
parameters are not independent their arbitrary variation may cause problems due to inconsistency

of data (e.g. violation of balance laws).
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A combination of sensitivity studies, code to code compariSor®de to data comparisons and
expert judgements may be used to address uncertainties. However, at the current level of
knowledge, preference should be givto quantitative evaluation of uncertainties.

4.4 Requirements for validation of codes and methods

Any calculational methods and computer codes used in the safety analysis shall undergo verification
and validation according td3].

Verification of the code design should be performég the code developerso demonstrate that

the code design conforms to the desigequirements[6]. In general, the verification of the code
design should ensure that the numerical methods, the transformation of the numerical equations
into a numerical scheme to provide solutions, and user options and their restrictions are
appropriately implemented imccordance with the design requirements.

System code verification is the review of source coding in relation to its description in the system
code documentationThe model and code verification is performed by the code developer before
releasing the codéo users.

The plant and fuel type specific experimt@incorrelations used in the calculation methods shall be
justified by presenting the measurement data from which the correlations have bedvedelf the
correlation is commonly known and the measorent data are publicly available, a bibliographic
reference is sufficient.

Validation of codes has to be conductad provide confidence in the ability of a code to predict,
realistically or conservatively, the values of the safety parameter or parameténserest. It should
also quantify the accuratwith which the values of parameters can be calculated.

In general, validation should be performed in two phases: the development phase, in which the
assessment is done by the code developer, and thepaddent assessment phase, in which the
assessment is performed by someone who is independent of the developer of the code. Both phases
are necessary for an adequate assessment. If possible, the data that are used for the independent
validation of the codend the data that are used for the validation by the code developers should be
derived from different experiments.

The data used in the validation process should be obtained from:

1 Basic tests. Basic tests are simple test cases that may not be directly related to a nuclear
power plant. These tests may have analytical solutions or may use correlations or data
derived from experiments.

1 Separate effect tests. Separate effect tests a&ddrspecific phenomena that may occur at a
nuclear power plant but do not address other phenomena that may occur at the same time.
Separate effect tests should ideally be performed at full scale. In the absence of analytical
solutions or experimental datather codes that are known to model accurately the limited
physics represented in the test case may be used to determine the accurate solution.

9 Integral tests. Integral tests are test cases that are directly related to a nuclear power plant.
All or mostof the relevant physical processes are represented. However, these tests may be

¥ The code use for benchmarking in the code to code comparisons must be adequately validated

¥ The code accuracy is defined by the bias and the variability in bias, and should be obtained from the
comparison of code predictions with experimental data, plant data or other applicable data. However, the bias
is expected to be small. If significant cdulases are found after the code validation effort, this implies that

there is a deficiency in the code models for the particular phenomena or phenomenon as observed in the
tests. The models in the code should be improved to remove or minimize the hiasciisas possible.
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carried out at a reduced scale, may use substitute materials or may be performed at low
pressure.

1 Nuclear power plant level tests and operational transients. Nuclear powet f#ael tests
are performed on an actual nuclear power plant. Validation through operational transients
together with nuclear power plant tests are important means of quantifying the plant
model.

The verification and validationeeds to be properly docuemted and limitations and potential
shortcomings of the code need to be clearly identified. This documentation needs to be made
available to code users.

For safety analysis, only codes with pedigngth documented validation and verification should be
used. The documentation of code validation and verification has to be made available to the
regulatory authority when requested.

5. TYPB OF ACCIDENT ANAILS/SE
Deterministic safety aalyses argrimarily usedthe following areagaccording td3, 6, 14, 17}

1 Design of nuclear power plants. Such analyses require either a conservative approach or a
best estimate analysis together witin evaluation of uncertainties.

1 Production of new or revised safety analysis reports for licensing purposes, including
obtaining the approval of the regulatory body for modifications to a plant and to plant
operation. For such applications, both conservative approaches and best estimate plus
uncertainty methods may be used.

1 Assessment by the regulatory body of safety analysmonts (audit analyses)For such
applications, both conservative approaches and best estimate plosrtainty methods may
be used.

1 Analysis of incidents that have occurred or of combinations of such incidents with other
hypothetical faults. Such analysesould normally require best estimate methods, in
particular for complex occurrences thagquire a realistic simulatian

1 Development and maintenance of emergency operating procedures and accident
management procedures. Best estimate codes together witliggaassumptionshould be
used in these cases

1 Refinement of previous safety analyses in the context of a girisafety review to confirm
that the original assessments and conclusions are still ¥akohg in consideration plant
modification, aging and other issues that might affect safety performance of the. plant

1 Analysis in support of PS&or Level 1 PSA deterministic analysis are used to evaluate
success criteria for safety systems action.dmdl 2 PSA deterministic methods play a very
significant role as they are used to analyze progression of the accident including all in vessel
phenomena, fission product transport, interactions of core melt with structures, evaluation
of containment integtly and source term assessment. In Level 3 PSA deterministic methods
are used taanalyz dispersion of radionuclides and assessment of dose and consequences.

This chapter addresses several applications of deterministic analysis with the focus on licgmsing t

of analyses usually to be found in safety analysis reports. Additjoraldressed will béhe use of

DSA for validation of EOPs and SAMGs, analyses related to PSA, support for accident management
and emergency planning, analyses of operational vemid,regulatory audit analyses.
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5.1 Licensinganalysis

Compliance with all applicable regulations and standards and other relevant safety requirements is
essential for the safe and reliable operation of a nuclear power plant. This should be demonstrated
by means of an initial or an updated safety analysis re3¢st 6, 14]

The licensing analyses o examine all plant statediscussed in Chaptex.

On the basis of this analysi$iet robustness of thelesign in performing its safety functions during
postulated initiating events and accidents should be established. In addition, the effectiveness of the
safety systems and safety related systems should be demonstrated, and guidance for emergency
response should be provided.

Analyses should be performedrftransients that can occur in all planned modes of the plant in
normal operation, including operations during shutdown. For this mode of operation, the
contributors to risk include: the inability to start some safety systems automatically; equipment in
maintenance or in repair; reduced amounts of coolant in the primary circuit as well as in the
secondary circuit for some modes; instrumentation switched off or -fumctional and
measurements not made; open primary circuit; and open containment. Where pppte, the
specific features of a best estimate analysis of shutdosangients should includstratification of
coolanteither in the reactor pressure vesset fuel channels (CANDUpw power, low inventory
conditions, the presence of netbndensable gses and long term evolution of a transient. Every
configuration of shutdown modes should lamalyzed The main objectives of the analysis are to
evaluate the ability of plant systems to perform safety functions and to determine the time available
for the operators to establish safety functions. These safety functions include controlling the
reactivity of the fuel, maintaining the ability to remove heat frahe fuel, and maintaininghe
containment integrity

The range of scenarios should be evaluateddtedmnine potential cliff edge effectswhetherabrupt
changesn the results of the analysis ocdiar a realistic variation of inputs

The deterministic saty analysis should demonstratbat the plant can be maintained in a stable,
cold and depressurgd state for a prolonged period.

They shall also demonstratee effectiveness of all credited shutdown means by demonstrating that
the design meetapplicable acceptance criteria as follows:

1 reactors with inherent safety: designs that demonstrate thay &00 or DBA with failure of
the fastacting shutdown means (anticipated transient without reactor trip type analysis)
does not lead to severe core damage and a significant early challenge to containment

9 for reactors with enginered safety itdemonstrate hat any AOO or DBA with failure aie
of the fastacting shutdown means does not lead to severe core damage and a significant
early challenge to containment

Following shall be assumed for the AOO and DBA andlyaesording tq14]:

f A snglefailurecriterion to all safety systems and their support systesnall be appliet;

15Thesafetyaalysisoftheplantdesignh al | be consistent with the current
% These assumptions apply in general also to DEC analyses

Y The analysis should assume a single failure to occur for each element of a safety group in turn, and identify

the worst single failure for each acceptance criterion. In addition to a single failure of a component, the

analysis should account for the impaxftpossible maintenance, testing, inspection or repair on safety group
performance.
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Account given for consequential failutéthat may occur as a st of the initiating event

In addition to a single failure and any consequential failures, a loss of offsiterpiwuld
be assumed, unless a justification is provided

Credit for actions of a systems can be given only when the systems are qualified for the
accident conditions, or when their actions could have a detrimental effect on the
consequences of thanalyzed accident;

Safety systems should be credited at their minimum allowable performance, in accordance
with the OLCs

Account for the possibility of the equipment being taken out of service for maintenance
Credit operator actions only when there are

a. unambiguous indications of the need for such actions

b. adequate procedures and sufficient time to perform the required actions

c. environmental conditions that do not prohibit such actions

No credit should be taken for the operation of the control systemsitigating the effects

of the initiating event. The effects of control system actions should be considered, if these
actions would aggravate the transient or delay the atituaof the protection features;

Any process equipment that is operating prias the event is assumed to continue
operating, if it is not Hected by the initiating event;

For designs with two redundant, faatting means of shutdown, both of whighould be
demorstrated to be equalleffective according td14];

The containment leakage rate assumed in the analysis shouldaked on end of life
conditions, be conservative arlthsed on containment design letightness requirements,

and confirmed by the leakage rate tests.

The distributed nature of the core of aHWR, with a network of feeder pipes circulating coolant
between large diameter headers and individual fuel channedguires differentthen for PWRs
considerations for accident sequences and analyses.

Source terms should be evaluateaiccording td6], for operational states and accident conditions
for the following reasons:

1

T

1

1

To ensure that the design is optimized so that the source term will be reduced to a level that
is as low as reasonably achievable;

To demonstrate that the design ensures that r@g@ments for radiation protection,
including restrictions on doses, are met;

To provide a basis for the emergency planning arrangements that are required to protect
the public in the vicinity of the reactor;

To demonstrate that the qualification of equiyent that is required to survive design basis
accidents, including instruments and gas treatment systems, is adequate.

In addition, source terms may be evaluated to support software for use in emergency planning that
employs theoretical source terms redt to the damage to the plant to provide an early indication

18 Any failures that occur as a consequence of the initiating event are part of that event and are not considered
to be a single failure for the purpose of safety analyB@ example, equipment that is not qualified for
specific accident conditions should be assumed to fail unless its normal operation leads to more conservative

results.
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of what emergency measures are required. This allows decisions to be made early, before
measurements of the activity levels of released radioactive material outside the plant can be made.

5.1.1 Normal operation

The primary purpose for safety analysis for normal operation is tot i mat e of the pl ar
releases of radioactive material and éstablish radiation doses to the plant workers and the public
resulting from the normal operation dhe plant[3].

For workers on the site, the dose predictions should be based on the specific operations involved in
the running and servicing of the plant. The dose predictions should include the contributions from
direct radiation and from the intake e&dioactive material. The analysis should take account of the
duration, frequency and numbers of people involved in each of the activities. Estimates should be
made of both the highest individual dose and the annual group average doserding td6].

For members of the public, the dose predictions should include the contributions from direct
radiation, intake of radioactive material and doses received through the food chain as a result of
discharges of radioactive material from the plant. The doses Idhbe estimated for the critical

group.
Uncertainties are expecteth making the dose predictionsherefore conservative assumptions
should be made.

When the dose predictions depend on the dose rates arising from the buildup in the level of the
inventories of radioactive material or from the level of contamination, the prediction should be
based on the maximum values that are likely to occur during the lifetime of the plant (and
acceptable by plant limits and conditions).

The dose predictions should take account of any relevant operating experience data. This could be
derived from the operation of the actual plant or similar plants.

These dose estimates should be compared with the radiological criteria developed foatheTilis
should include dose limits which are legal requirements or requirements of the regulaes
Chapter 3 and should take account of the current recommendations of the International
Commission on Radiological Protection (ICRP) The results othese dose estimates should be
assessed to identify any weakness in the design or system of operation of theiplprdyements
should be made where reasonably achievable

The normal operation of a nuclear power plant typicallyudes the following coditions:

Initial approach to reactor criticality;

Normal reactor startup from shutdowtrough criticality to power;

Power operation inclding both full and low power;

Changes in the reactor power level includiogd follow modes if employed,;

Reactor shudown from power operation;

Shutdown in a hot standby mode;

Shutdown in a cold shutdown mode;

Shutdown in a refuelling modéPWR)or equivalent maintenance mode that opens major
closures in the reactor coolant pressure boundary;

Refueling at power (CANDU)

Shutdown in other modes or plant configurations with unique temperatymessure or
coolant inventory conditions;

1 Handling and storage of fresh and irradiated fuel.

= =4 =8 =8 -8 -8 -8 -9

=a =4
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The safety analysis should assess whether normal operation of the plant can be catrsadebyin
such a way that plant parameter values do not exceed operating limits. The safety analysis should
establish the conditions and limitations for safe operation. This would include items such as:

1 Safety limits for reactor protection and control and other engineered safety systems,
9 Operational limits and reference settings for the control system,

91 Procedural constraints for operational control of processes,

9 Identification of the allowable operatgconfigurations.

The safety assessment of design in normal operation should verify that a reactor trip or initiation of
the safety systems would occur only when required. Spurious trips or initiation of safety systems are
generally detrimental to safety.

5.1.2 Anticipated Operational Occuences

The Anticipated Operational urrenceJAOOs)xhould not lead to any unnecessary challenges to
safety equipment primarily designed for protection in the evenbekign Basis AccidenBBAgqsee
Section 2.1 and 2.2)t is therefore advisable to demonsteaby the analysishat in case of the
operation of the plant control systems as intended these systems will be capable to prevent
initiation of the safety system8, 6, 17]

For many PIBSe control systems will compensate for the effects of the event without a reactor trip

or other demand being plackon the safety systems (Level 2 of defence in depth). However, the
anticipated operational occurrences category should include all theviliel might be expected to

occur during the lifetime of the plant and for which operation can resume after rectification of the
fault. For these actuation of the safety systems is required, therefore these AOOs should be analysed
with conservative assumptns.

The use of a best estimate approacgether with an evaluation of the uncertainties may avoid the
selection of unnecessarily restrictive limits and set points, and may provide a more precise
evaluation of actual margins relating to the limits and geints. In turn, this may provide additional
operational flexibility and reduce unnecessary reactor scrams or actuations of the protection
systems.

5.1.3 Design Basis Accidents

The approach to design basis accident analgbisll be conservativ& accordig to [3] The
conservative assumptions made for the design basis analysis stypigdlly include the following
[6, 15, 17]

1 The initiating event occurs at an unfavouralilme as regards initial reactor conditions
including power level, residual heat level, reactivity conditions, reactor coolant system
temperature, pressure andcoolant inventory, maximum fission product inventory
determined taking in account all influengirfiactors over refueling cycles and plant life time;
containment conditions

1 Any control systems should be assumed to operate only if their functioning would aggravate
the effects of the initiating event. No credit should be taken for the operation ottrgrol
systems in mitigating the effects of the initiating event.

19 For scenariosin which the margin is small,abestestimateanalysigo quantifythe conservatism is
recommended.
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1 All plant systems and equipment not designated and maintained as safety grade (full QA,
seismic and equipment qualification) should be assumed to fail in the manner that causes
the most seere effects for the PIE being analysed.

9 The worst single failure should be assumed to occur in the operation of the safety groups

required for the initiating event. For redundant systems it is often assumed that the

minimum number of trains will operate

The safety systems should be assumed to operate at their minimum performance levels.

Any structure, system or component that cannot be considered fully operable or that

reaches a limit during the accident for which the designer did not prove full opiyabil

should be assumed to be unavailable.

1 The actions of the plant staff to prevent or mitigate the accident should only be modelled if
through human reliability analysis demonstrated that the action is feasiblBant staff
actions should bassimed tooccur no soonethan 30minutes after the event begif%

1 The conservative assumptions made should take account of uncertainties in the initial
conditions of the reactor, including safety system actuation set points.

= =

The design basis analysis should incladg failures which could occur as a consequence of the
initiating event (and are thus part of the PIE). These include the following:

1 If the initiating event is a failure of part of an electrical distribution system, the DBA analysis
should assume the unailability of all the equipment powered from that part of the
distribution system.

1 If the initiating event is an energetic event, such as the failure of a pressurized system that
leads to the release of hot water or pipe whip, the definition of the DBAulshoclude
failure of the equipment which could be affected.

9 Forinternal events such as fire or flood or external events such as earthquakes the definition
of the design basis event should include failure of all the equipment which is neither
designed tawithstand the effects of the event nor protected from it.

Conservative selection of input data and certain modelling assumptions applies not only to neutronic
and thermalhydraulic aspects of anticipated operational occurrences and design basis accidents,
but equally also to structural and radagjical aspects.

For analysis of radiological consequences, the following factors should be addressed:

9 Fission product and other radionuclide inventory in the core (or inventory in the spent fuel
pool);

9 Activity inthe primary and secondary coolant, including iodine spiking effects
9 Progression of core damage
9 Fraction of radionuclides released from the fuel
1 Retention of radionuclides in the primary cooling system
®The Canadian REGDOC2. 4.1, [ 1FoJowingphe firstéledreasd t he f ol | owi

unambiguous indication of the necessity for operator actions, such actions may normally be credited in the
safety analysis (Lelk8 defence in depth) to be started reponer than:

15 minutes for actions in the main control room

30 minutes for actions outside the main control robm
Times for operator actions in new nuclear power plants are established in REGR@Design oReactor
Facilities: Nuclear Power Planfs7].
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1 Performance of containment (washioyit by sprays,emergency ventilation rate, filter
efficiency, leak rate, liquid effluent release rate, radioactive decay due to time delay of
release, deposition on surfaces and resuspension)

1 Radioactivity release mode (single puff, intermittent, continuous) and #lease point
(stack, ground level, confinement bypgss)

9 Radioactivity transport in the environmenrt topological data, meteorological data (wind
speed, atmosphere stability categoryharacteristics of radionuclides: radioactive decay
constants, depositio velocity, resuspension factors, dose factors for external exposure from
deposit and external exposure from plume, dose factors for internal exposure form
inhalation

In line with the best estimate approach used in other fields of reactor safety anahgiapproach

which can be recommended for source term evaluation of delsagis faults would consist tdking

into account all significant physical processes occurring during an accident (in accordance with best
estimate modelling rules) and introducing the modelling the conservatively determined numerical
values of initial data and coefficients (which reflects the conservative approach) on a plant specific
basis. In this way the significance of each physical process for the plant safety wouldttake in
account specific plant features.

ForCANDU reactors fa single channel event, the maximum fission product release is the complete
inventory of the fuel channel. For a severe reduction in channel flow, the release could occur very
rapidly. With the wide range of possible conditions, it is simplest to evaltisefuel releases
parametrically, assuming varying magnitudes of release up to the total channel inventory and
release rates up to an essentially instantaneous release of the volatile fission products. While some
fission products could remain dissolvedtire PHTS or in the moderator, such retention is not
typically credited. Fission product behaviour in containment is determined by wet aerosol
phenomena and the complex chemistry of radioiodine.

5.1.4 Design Extension Conditions

The analysis of desigxtension conditions can be based on a best estimate approach rather than
the conservative approad3, 4, 17] However this analysis should include conservative selection of
plant initial conditions, conservative assumptions regarding operator actibiessgme as in case of
DBAs) and a conservative consideration of uncertainties and sensitivity anaBesisestimate
approach in addition to realistic simulation of physical phenomena allows for the following:

9 Single failure criterion does not need to applied

1 Combination of parametersuch as burnugassociated with different time point in the fuel
campaigi should not be used

1 Relevant parametersnay be putat their most likely values.

The safety malysisfor DEC 1 conditionsshould aim to quantifyplant safety margins and
demonstrate that a degree of defence in depthstdl provided fa the design extension conditions
which would

1 Preventthe escalation of events into severe accidenith significant core damage

9 Assess additional desideatures (or extension of the capability of safety systems) needed to
ensure that core melt is prevented and that there is an appropriate margin for the facility,

i There are no cliff edge effects, and

1 Provide for mitigation measuresf the radiologicalconsequences that might occur through
the provision of plans for esite and offsite emergency respon$PEC 2)
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Since the physical phenomena taking place in DECs do not qualitatively differ from those present in
DBAs, the requirements on the selectiomajigtation and use of computer codes specified for DBAs
should apply also for analysis of DECs.

It is acceptable to perform the analysis of design extension conditions without core melt by crediting
systems belonging tBiDlevel 3, if they are not affectebdy the combination of failures considered
in each sequence.

In case of PHWBbnsideration of accident sequences is required for which the coolant flow to an
individual channel is disrupted. These accidents can be initiated by partial or complete blockage of
the flow, or a break in a feeder or a fuel channel. Since only a limiteobar of channels are
instrumented, the event can continue at full power until a reactor trip point is reached (containment
pressure, for example). The outcome of the event depends on the degree to which cooling for the
affected channel is reduced. In tlegtreme case of complete blockage or flow stagnation, the fuel in
the affected channel can be damaged. The consequences of a-shagieel event are determined

by the extent of fuel damage in the affected channel. Assessments are performed to ensure there
are no phenomena that can lead to propagation to other fuel channels.

For a single channel event, with impairment of ECC or containment function the maximum fission
product release is the complete inventory of the fuel channel. With the wide range dcilj®s
conditions, it is simplest to evaluate the fuel releases parametrically, assuming varying magnitudes
of release up to the total channel inventory and release rates up to an essentially instantaneous
release of the volatile fission products. While sofiission products could remain dissolved in the
PHTS or in the moderator, such retention is not typically credited. Fission product behaviour in
containment is determined by wet aerosol phenomena and the complex chemistry of radioiodine.

For the fuel in mre than one fuel channel to be damaged, the primary cooling flow must be
interrupted and emergency core cooling must be impaired. Interruption of the primary coolant flow
to more than one channel requires an initiating event such as a LOCA that wilhdrigactor.
Thereafter, these events proceed at decay power. The presence of a secondary heat sink, in the
form of the moderator around every fuel channel, limits the consequences of these accidents. Under
extreme conditions such as large LOCA with 16$GLS, the fuel in many fuel channels can undergo

a high temperature transient. Heat loss from the fuel to the moderator, via the pressure and
calandria tubes, prevents gross melting of the fuel and preserves the channel core geometry of the
reactor.

Dedgn extension conditions with core melt (DEC &gcident scenarioshould be selected for
analysidollowing similar rules as presented for analysis of design extension conditions without core
melt; the indicative list of severe accident shown in Chapteh@uld be consulted for the selection.

The specific scenarios to be considered as well as the mitigation means are design dependent. At
least one condition with core melt (DEC 2) should be postulated to provide input to the design of the
containment and 6those plant features necessary to mitigate the consequences of such design
extension condition with the final objective to avoid early or large releases.

Specifically, the analysis of design extension conditions including severe accidents with coge dama
should allow the evaluation and demonstration of:

1 Compliance with the plant radioactive release targets, expressed either in probabilistic or
deterministic terms, with limitation of the short and long term health effects

1 The ability of the design towithstand severe accidents and to identify particular
vulnerabilities

1 The capability of the equipment needed for management of the accident to survive the
environmental conditions associated with a severe accident; this requirement applies to the
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contairment and to all systems necessary for ensuring containment integrity, and includes
instrumentation that could monitor the course of the accident

9 Acceptable working conditions for the operators in the control room and in all other
locations where operatoactivities may be required

9 To assess the need for features that could be incorporated in the plant design to provide
defence in depth for severe acciderftsot exceedingewel 4);

1 To identify accident management measures that could be carried out toatstigccident
effects

1 To develop an accident managenteprogramme to be followed irnsevere accident
conditions

9 To provide input for ofkite emergency planning.

Specific acceptance criteria required by regulations for design extension conditions are listed in
Section 3.2.

For those hypothetical severe accident sequences (e.g. high pressure core melt in PWRs) that could
lead to early failure of the containment, should be demonstratethrough DSA and PSiat they
can be excluded with a very high degree of confidence.

The severe accident analysis should model (in addition to neutronic and thegdedulic
phenomena occurring in design basis conditions) the watege of physical processes that could
occur following core damage and that could lead to a release of radioactive material to the
environment. These should include, where appropriate:

Core degradation processes and fuel melting;
Fuelcoolant interactionsificluding steam explosions);
In-vessel melt retention;

Vessel mekthrough;

Distribution of heat inside the primary circuit;

High pressure melt ejection/direct containment heatifRWR)
Generation and combustion of hydrogen;

Failure or bypass of theontainment;

Core-concrete interaction;

Release and transport of fission products;

Ability to cool invessel and exessel core mejt
Multiple channel rupture and interaction

ERE W I T B

Analysis of severe accidents may be performed using in comparison with @esigraccidents less
conservative or best estimate approach (to the extent possible). Nevertheless, the established
acceptance criteria should be met with sufficient confidence. Since quantification of uncertainties is
not practicable or even is impossiblie sensitivity analyses should be performed and documented
to demonstrate the robustness of the results and the conclusions of the severe accident analyses.

The safety analysis should demonstrate that compliance with the acceptance criteria is achieved by
features implemented in the design (safety features for design extension conditions) and not only by
accident management measures that are using equipmenigied for other purposes.

The analysis should consider operation of safety features designed and qualified for operation under
severe accident conditions and dedicated to these conditions. All other plant systems, including
safety systems, should be catesred to fail or to function so that to aggravate the course of the
accident. Consideration of failure does not need to be applied to passive safety systems provided
that they comply with design and operational requirements applicable for safety fealnregvere
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accidents. Performance of the systems should be considered conservatively taking into account
uncertainties in determination of system characteristics

In instances where safety related equipment which is provided for design basis accidesitsdis r
upon to cope with DEC situations; there should also be a high confidence that this equipment will
survive realistic severe accident conditions for the period that is needed to perform its intended
function. However, it is not necessary for redundtmins to be qualified to meet this goal.

Consideration of survivability of equipment considered to operate under severe accident conditions
should include circumstances of the applicable initiating event (e.g. station blackout, earthquakes)
and the envirmment (e.g. pressure, temperature, radiation) in which the equipment is relied upon
to function.

The same rules for conservative selection of plant initial conditions and assumptions regarding
operator actions for severe accident analysis should appbpesified for DECs without core melt.

Additional guidance, specific to PHWRS, on severe accident analyses can be foundTiECAEXC
1594, [16].

5.1.5 Practically Eminated Conditions

For future plantsthe objective should be to practically eliminat@rge early radioactive releases
(which would have to be demonstrated probabilistically) and to demonstrate that accident
sequences with late containment failure would necessitate only protective measures limited in area
and time as it is mentioned if4].

For those hypothetical severe accident sequences that could lead to early or large rdtedises
environment it should be demonstrated that they can be practically eliminated with a very high
degree of confidencelhe particular considerations should given to:

1 Severe accident conditions that could damage the containment in an early phase as a result
of direct containment heating, steam explosion or hydrogen detonation;

1 Severe accident conditions that could damage the containment in a late phasessitoof
basenent melt-through or containment ovepressurization;

1 Severe accident conditions with an open containmentotably in shutdown states;

I Severe accident conditions with containment bypass, such as conditions relating to the
rupture of a steangenerator tube or an interfacing system LOCA.

The hypothetical accident conditions that requ
el imination” should include at | east foll owing:

1. Events that could lead to prompt reactor core damage and consdgesiy containment
failure
a. Failure of a large component in the reactor coolant system
b. Uncontrolled reactivity accidents
2. Severe accident conditions for which technical solutions for maintaining containment
integrity cannot be ensured.
a. Core meltdown in higbressure
b. Steam explosion
c. Hydrogen explosion
d. Containment failure due to overpressure
e. Containment boundary melhrough
3. Non confined severe fuel damage
a. Severe accident with containment by pass.
b. Significant fuel failure in a storage pool outside the camtant
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5.1.6 Operationallimits and Conditions

The Operational Limits and Conditions (OLCshare most importantpart of the basis on which the
operating organization is authorized to operate the plartiepurpose of theOLCés:

1 The prevention of situations which could lead to accidents;
1 The mitigation of the consequences of any such accidents, if they do occur.

The OLCshall include requirements for different operational states, including shutdaecording

to [6]. They shalkhlso cover actions to be taken and limitations to be observed by the operating
personnel. The operational limits and conditions based on an analysis of the individual plant and its
environment and include:

1 Safety limits;

9 Limits on safety system settings;

9 Limits and conditions for normal operation and for safe transient operational states;
9 Surveillance requirements.

They shall reflect the provisions made in the final design and shall be submitted to the regulatory
body for assessment and approval befdlee commencement of operationThe OLCs should be
determined with due account taken of the uncertainties in the process of safety analysis. The safety
analysis report and OLCs should be reviewed and amended where necessary on the basis of the
results of conmissioning testing

OLCshall be reviewed over the operating life of the plant in the light of experience, developments
in technology and safety, and changes in the plant, and shall be modified if this is required by the
regulatory body or if it is considered appropriate by theeoating organization and approved by the
regulatory body.

5.2, Validation ofaccident management procedures and guides

Best estimate deterministic safety analyses should be performed to confirm the strategies that have
been developed to restore normal emtional conditions at the plant following transients due to
anticipated operational occurrences and design basis accidéht¥hese strategies are reflected in

the emergency operating procedures that define the actions that should be taken during such
events. Deterministic safety analyses are required to provide the input that is necessary to specify
the operator actions to be taken in response to some accidents, and the analyses should be an
important element of the review of accident management stgigs. In the development of the
recovery strategies, to establish the available time period for the operator to take effective action,
sensitivity calculations should be carried out on the timing of the necessary operator actions, and
these calculations mabe used to optimize the procedures

After the emergency operating procedures have been developed, a validation analysis should be
performed. This analysis is usuapgrformed by using aualified simulator or safety system
analysis codes that have beeralidated also against plant transient3 he validation should confirm

that a trained operator can perform the specified actions within the time period allowed and that
the reactor will reach a safe end state. Possible failures of plant systems and possible errors by the
operator should be condered in the sensitivity analyses.

When the predictions of a computer code that has been used to support or to verify an emergency
operating procedure do not agree with observed plant behaviour during an event, the code and the
procedure should be reviewke Any changes that are made to the emergency operating procedure
should be consistent witthe observed plant behaviour.

Deterministic safety analyses should also be performed to assist the development of the strategy

37/90



Y
norway
grants

that an operator should follow if themergency operating procedures fail to prevent a severe
accident from occurring. The analyses should be carried out by using one or more of the specialized
computer codes that are available to model relevant physical phenomena. For light water reactors,
these phenomena include thermohydraulic effects, heating and melting of the reactor core,
retention of the molten core in the lower plenum, interactions between molten core and concrete,
steam explosions, hydrogen generation and combustion, and fissiomugtrbehaviour.

The analyses should be used to identify what challenges can be expected during the progression of
accidents and which phenomena will occur. They should be used to provide the basis for developing
a set of guidelines for managing accidentsl anitigating their consequences.

The analysis should start with the selection of the accident sequences that, without intervention by
the operator, would lead to core damage. A grouping of accident sequences with similar
characteristics should be used limit the number of sequences that nddo be analyed. Such a
categorization may be based on several indicators of the state of the plant: the postulated initiating
event, the shutdown status, the status of the emergency core cooling systems, the cprdastire
boundary, the secondary heat sink, the system for the removal of containment heat and the
containment boundary.

Preventive measures are recovery strategies to prevent core damage. They should be analysed to
investigate what actions are possititeinhibit or delay the onset of core damage. Examples of such
actions are: various manual restorations of systems; primary and secondary feed and bleed;
depressurization of the primary or secondary system; and restarting of the reactor coolant pumps.
Condtions for the initiation of the actions should be specified, as should criteria for when to stop
the actions or to change to another action.

Mitigatory measures are strategies for managing severe accidents to mitigate the consequences of
core melt. Suclstrategies include: coolant injection into the degraded core; depressurization of the
primary circuit; operation of containment sprays; and use of the fan coolers, hydrogen recombiners
and filtered venting that are available in the reactors of differemiety that are in operation or being
constructed. Possible adverse effects that may occur as a consequence of taking mitigatory
measures should be taken into account, such as pressure spikes, hydrogen generation, return to
criticality, steam explosions, thexal shock or hydrogen deflagration or detonation.

The best estimate approach should be used to analyse the overall response of a plant to confirm the
strategies, although conservative models might still be needed to overcome the lack of information
concening molten core behaviour. It is essential to evaluate the capabilities and limitations of the
systems, structures and components under severe accident conditions for proper modelling of
facility response.

In case of management guidelines preventive meesuand mitigatory actions are defined.
Recovery strategies with aim to prevent core damage should specify what actions are possible to
inhibit or delay the onset of core damage. Conditions for the initiation of the actions should be
specified, as well athe criteria for when to stop the actions or to change to another action.
Mitigatory measures should postulate the strategies to mitigate the consequences of core melt. Any
possible adverse effects that may occur as a consequence of taking mitigatoryreseaBould be

taken into account.

53 Analysis related to Probabilisticeiety Assessments

DeterministicSafety Aalyses have an important part to play in the performance &frababilistic
Safety Assessmenbecause they provide information on whether the accident scenario will result in
the failure of a fission product barrig6, 12, 13] Deterministic &fety Analysis should be used to
identify challenges to the integrity of the physical barriers, to deieamthe failure mode of a
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barrier when challenged and to determine whether an accident scenario may challenge several
barriers. Best estimate codes and dada, for Option 3 in Table 8hould be used to be consistent
with the objectives of probabilisticafety analysis, which include providing realistic results. It should
be recognized that the results of the supporting analyses are usually bounded by the results of
conservative deterministic analyses.

Deterministic analyses are used for evaluatiorsofcess criteria in the Level 1 P@écording to

[12]. By means of the analysis it should be determined whether an event sequence, for various
combinations of equipment failures and human errors, is successful or not in preventing severe
nuclear fuel damge or preventing large or early releases of radioactive substances to the
environment.

More specifically the deterministic analysis should specify order of actions of both automatic
systems as wel |l as operators, t octiodsein gpecific ne av:
scenarios and eventually to specify the required systems success criteria for successful paths. Best
estimate approach should be used for this kind of deterministic safety analysis.

For Level 2 PSA the deterministic analyses are useév&uate core damage progression,
containment performance and fission product transport including determination of the source term
according tg[13]. The analyses supporting Level 2 PSA are performed in a best estimate mode and
discussion of analyses ofsign extension condition iBection 5.14 is applicable.

54 Analysis of operatnal events

Accident analyses may be used as a tool for obtaining a full understanding of events that occur
during the operation of nuclear power plants and should formiraagral part of the feedback from
operating experiencg6]. Operational events may be anadg with the following objectives:

1 To check the adequacy of the selection of postulatétiaiting events;

1 To determine whether the transients that have beenalyzedin the safety aalysis report
bound the event;

1 To provide additional information on the time dependence of the values of parameters that
are not directly observablesing the plant instrumentation;

9 To check whether the plant operators and plant systgmgormed asntended,;

1 To check and revieemergency operating procedures;

1 To identify any new safety issues and qimss$ arising from the analyses;

9 To support the resolution of potential safety issues that are identified inathedysis of an
event;

1 Toanalye the severity of possible consequences in the event of additional failures gsuch
severe accident precursors);

I To validate and adjust the models in the computer codes that are used for analyses and in
training simulators.

The analysis of operatial events requires the use of a best estimate approach. Actual plant data
should be used. If there is a lack of detailed information on the plant state, sensitivity studies, with
the variation of certain parameters, should be performed. The evaluatiGafety significant events

is a very important aspect of the feedback from operating experience. Modern best estimate
computer codes should be usdd investigate and to gain a detailed understanding of plant
behaviour Conclusions from such analyses should be incorporated into the plant procedures that
address the use of feedback from operating experience.
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55 Regulatory audit anajsis

The regulatory body may decide to perform a limited number of audit calculatemtording to
[6,15,17] to check that the operator has justified a particular aspect of safety correctly, for specific
purposes such as:

1 Identifying weaknesses, ifanyn t he operator’'s safety case;

1 Verifyingsafety margins or the degree of conservatisom t he operator’ s safe

T Performing sensitivity analyses and uncertai
designation of the risk significance of various structusgstems and components (SSCs);

1 Understanding complex process couplingswrtn engineered and natural systems

9 Verifying that the safety assessment has been maintained consistent with current data
obtained from research and monitoring;

9 Gaining further confidence isiown decision making process;

1 Developing its ishouse capacity for the resolution or further clarification saifety issues;

and
i Extending, on a quantitative basis, the task of reviewing and assessing the design and
operation of facilities.

However, it is neither cost effective nor gyppriate for the regulatory body to conduct a complete

set of calculations for every submission in the licensing process. Performing audit calculations is very
resource intensive and, if routinefyracticed could lead to an abrogation of responsibility the
operator.

6. MAJOR COMPUTER ANALYSIS TOOLS

6.1. Types of computer ades

Advanced computing tools playitical role in the design, licensing and operatiomatlear power
plants. Thenuclear reactor systems and the phenomena during operation and accidents are very
complex requiring sophisticated tools for understanding of system response to postulated initiating
events. The overall system behavior and key safety parameters are determigepletforming
analyses with thermahydraulic system codes. Detailed analysis of systems such fuel, reactor,
containment etc. are performed using specialized codes that usually calculate some phenomena of
interest with models based on first principles (maaofstic). $vere accidents are anaba using
integral codes which usually simulate the whole reactor system and containment using somewhat
simplified models. Also mechanistic codes are used for d@etafdevere accident phenomena
evduation.

Examples of codes used in safety analysas be found in Annel/ of the|AEA Safety Reports
Series No. 23 on Accident Analysis for Nuclear Power P|dihg.
6.2.  Code verification and validation

Codss used in analysis shathve features necessarip model the phenomena expected in all plant
states sibject of safety analysis for considered typesatlear power plantThe methods used in

the computer code for the calculation should be adequate for the purpose and the controlling
physical and logicalgeiations should be correctly implemented into a computer coaecording to

[6, 9, 11]

It should be confirmed that:
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1 The physical models used to describe the processes are justified together with the
associated simplifying assumptions.

9 The correlations usk to represent physical processes are justified and their limits of
applicability identified.

1 The limits of application of the code have been identified. This is important when the
calculational method is only designed to model physical processes ovdinadieange and
should not be applied outside this range.

1 The numerical methods used would provide a sufficiently accurate solution.

1 A systematic approach has been used for the design, coding, testing and documentation of
the computer code.

1 The source codg has been assessed relative to the code specification.

The assessment of the accuracy of individual codes should include a series of steps:

(a) Identifying the important trends in the supporting experimental data and expected plant
behaviour,

(b) Estiméing the uncertainties in the overall code results associated with the fundamental
numerical approaches used,

(c) Estimating uncertainties in key models and overall code results,
(d) Establishing sensitivities in important processes.

Regarding the outputef the computer codes, it should be confirmed that the predictions of the
code have been compared with:

(a) Experimental data for the significant phenomena modelled. This would typically include a
compari son against *‘ sepaexperimentsef fects’ and |

(b) Plant data, including tests carried out during commissioning or startup and operational
occurrences or accidents.

(c)Other codes which have been developed independently and use different methods. This
is particularly important iitnodelling severe accident phenomena.

(d) Standard problems and/or numerical benchmarks with sufficiently accurate results being
obtained.

The required code features have to be ensured through the process of verification and validation
Therefore, @idence shall be provided that the codes used in the analysis were verified
demonstrate that the code design conforms to the design requirements.

In general, the verification of the code should ensure that the numerical methods, the
transformation of the numecal equations into a numerical scheme to provide solutions, and user
options and their restrictions are appropriately implemented in accordance with the design
requirements.

The verification of the code should be performed by means of review, inspectidnaadit.
Checklists should be provided for review and inspection. Audits should be performed on selected
items to ensure quality.

The verification of the code should include a review of the concept, basic logic, flow diagrams,
numerical methods, algoriths and computational environment. If the code is run on a hardware or
software platform other than that on which the verification process was carried out, the continued
validity of the code verification should be assessed.
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The code may contain the integrah or coupling of codes. In such cases, verification of the code
should ensure that the links and/or interfaces between the codes are correctly designed and
implemented to meet the design requirements.

Verification of the source code should be performed tdemonstrate that it conforms to
programming standards and language standards, and that its logic is consistent with the design
specification.

An error is a nortompliance of the code or its documentation with the design requirements. All
errors should beeported to and should be corrected by the code developer.

For the code verification is responsible the code developer. The verification must be properly
documented and the reports provided to the user at request.

Code validation should provide confidenoe the ability of a code to predict, realistically or
conservatively, the values of the safety parameter or parameters of interest. It should also quantify
the accuracy with which the values of parameters can be calculated.

The major sources of informatiothat should be used to assess the quality of computer code
predictions are analytical solutions, experimental data, nuclear power plant transients and
benchmark calculations (code to code comparisons).

For complex analysis, the validation should be panfed in two phases: the development phase, in
which the assessment is done by the code developer, and the independent assessment phase, in
which the assessment is performed by the code user. Both phases are necessary for validation.

The validation shoul@leally include four different types of test calculations:

1. Basic tests. Basic tests are simple test cases that may not be directly related to a nuclear
power plant. These tests may have analytical solutions or may use correlations or data derived
from expeiments.

2. Separate effect tests. Separate effect tests address specific phenomena that may occur at a
nuclear power plant but do not address other phenomena that may occur at the same time.
Separate effect tests should ideally be performed at full scalthdralsence ofexperimental
data, analytical solutions oother codes that are known to model accurately the limited
physics represented in theeparate effectdest case may be used to determine the accurate
solution.

3. Integral tess. Integral tests areests and experimentthat are directly related to a nuclear
power plant. All or most of the relevardystems, components anghysical processes are
represented. However, these tests may be carried out at a reduced scale, may use substitute
materials or maye performed at low pressure.

4. Nuclear power plant level tests and operational transients. Nuclear power plant level tests are
performed on an actual nuclear power plant. Validation through operational transients
together with nuclear power plant tests amaportant means of quantifying the plant model.

The validation should ideally cover the entire range of values of parameters, conditions and physical
processes that the code is intended to cover.

The scope of the independent validation performed by tioele user should be consistent with the
intended purpose of the code. The scope of validation should also be in accordance with the
complexity of the code and the complexity of the physical processes that it represents. The code
user should also evaluatbe accuracy of the results of the calculations.

For complex applications, a validation matrix should be developed for code validation, because a
code may predict one set of test data with a high degree of accuracy but may be inaccurate for other
data sets.
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The validation matrix should include test data from different experimental facilities and different
sets of conditions in the same facility, and it should ideally include basic tests, separate effect tests,
integral tests and nuclear power plant level teslf sufficient data from full scale experiments are

not available, data from reduced scale experiments should be used, with appropriate consideration
of scaling. The number and the selection of tests in the test matrix should be justified as being
sufficient for the intended application of the code.

Although validation tests may be used to compare the code results with analytical solutions, or
occasionally with results obtained by other codes, most validation tests should be based on
experimental data.tltherefore follows that the uncertainty in the code is directly related to the
uncertainty in the experimental data. Care should therefore be exercised when planning an
experiment to ensure that the measured data are as suitable as possible for the parpbsode
validation.

To ensure that the code is validated for conditions that are as close as possible to those in a nuclear
power plant, it should be ensured that the boundary conditions and initial conditions of the test are
appropriate. Consideratioshould be given to scaling laws. A scaled experimental facility cannot be
used to represent all the phenomena that are relevant for a full size facility. Thus, for each scaled
facility that is used in the assessment process, the phenomena that are cgrreptesented and

those that are not correctly represented should be identified. The effects of phenomena that are not
correctly represented should be addressed in other ways.

The uncertainty in the experimental data should be reported in the documentatibrthe
experiment. When performing a validation against experimental data, allowance for errors in the
measurements should be included in the determination of the uncertainty of the computer code.

The range of validity and the limitations of a computedepwhich are established as a result of
validation, should be documented in a validation report which should be referenced in licensing
documentation.

The results of a validation should be used to determine the uncertainty of the results obtained by a
code calculation. Different methods are available for assessing the uncertainty of the results from
the methods used for validation test calculations.

For point data, the difference between values calculated using the code and experimental results
may be degermined directly or, in the case of a set of experimental results, by using the concept of
mean and variance. For time dependent data, as a minimum a qualitative evaluation of the
uncertainty should be performed.

As a result of the validation process, thecertainty of the code and the range of validation should
be known and should be considered in any results of safety analysis calculations.

It should be demonstrated that the conservative code bounds the experimental data and the
uncertainties associatedith the computer code models. The result of a conservative code should
always be closer to the acceptance criterion than is the realistic value. This realistic value may come
either from experimental results with the uncertainties taken into account omfra best estimate

plus uncertainty calculation.

6.3 Documentation

To assure the correct application of the computer codes used to perform the safety analyses
availability of comprehensive code documentation is esserdiatording td6, 14] Adequatecode
documentation is also needed to facilitate review of the code application (namely for licensing
calculations) by the regulator. For appropriate tiséormation about computer code should at least
include:
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Scope of applicability and code limitations,

Description of models and correlations employed,

Range of validity of simulating phenomena,

Quantification of the uncertainties of important models and the overall code uncertainty for

typical applications,

1 User guidelines and input descriptions to ensuhat the user can use the software
properly,

1 Description of the quality assurance program including the verification and validation

activities.

= =4 =4 =4

Although the guidance may vary depending on the complexity of the codes and the modelling
parameters availableotthe user, the user guidelines or validation documentation need to give the
user some guidance on the influence of important modelling parameters, recommendations for

typical applications of the code, the type of nodalization to be used and the impdremds to be
expected.

Typically, a complete set of documentation would include:
9 Abstract of the programme,
1 Theory manual,
T User’s manual and description of the inputs,
T Programmer’s manual,
1 Quality assurance program and/or validation report.

The scope ofdocumentation may vary depending on the complexity of the code and on the
applications to which it is applied. In the most comprehensive examples, multiple volumes may be
necessary to describe all code details including the design and implementationehumdkls and
correlations. In some cases, separate manuals may be provided in which the models and correlations
used in individual codes are discussed.

For example, the models and correlations document for each code:

1 May provide information on its originaburce and its database;

1 May describe how it is implemented in the code;

1 May describe the expected accuracy of the models, including an assessment of any effects
where the code is used outside its basis of data, the effects of the specific manner in which
the model is implemented in the code and the effects of any unique numerical features
necessary to overcome computational difficulties;

1 May provide information on the applicability of the model to the analysis of reactor systems.

Additionally to standardet of code manuals prepared by the code developer, reports summarizing
good user practice with examples of some typical applications can increase the users confidence in
proper code application. For internationally recognized codes these reports canailabde from
contributors of different nationalities who have provided independent reports on the results of the
code assessment and validation and proper code application for various nuclear facilities and various
types of accidents.

For simplification othe code documentation application and/or review electronic form is highly
recommended allowing for benefiting from all available features such as hyperlinks.

7. MANAGEMENT SYSTEM AND QUALITY ASSURANTFAFOR

Management system needs to be createdsupport of safety analysisaccording to[3, 6] The
management system shall primarily assure confidence in the quality of the analyses and their results
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therefore acomprehensive quality assurance programme must be applied to all activities affecting
the quality of the final results Alsothe management system shaéal with collection, storageand
retrieval of measured plant data as well physical plant data

The quality assurance programme needs to define the quality assurance standards to be applied i
accordance with national requirements and internationally recognized good practices.

Formalized quality assurance procedures and/or instructions need to be developed and reviewed for
the whole acadent analysis process. The quality assurance actiatiah address at minimum:

Potential code user effects

Qualification of analysts

Collectionand verification of plant data,

Verificaion of the computer input modeldeveloped and documentation aletected errors,
Validation of plant models,

Review angresentation of analysis results.

= =4 =4 =4 -4 =4

The following sections address these issues. Additional guidance can be found in references [14, 15
16, 17.

7.1. User effects

Safety analyseare conductedby analystsperforming calculationsising tools such as compute
codes. Code user camave a significant influence on the quality of tbelculations anchnalysis.
Computercodesused in the safety analys&se being improved to help eliminate code input errors
through more extensive checkirmgnd diagnosis for input errors, by providianger friendly graphies

user interfacedor input building and ediing input files,and support interpretation of results with
displays of system calculations in animated and other more intuitive ways, and peodicect
comparisons with reference calculations or dalevertheless, the complexity of processes and
systems to be analyzed as well as the complexity and sophistication of the codes still require high
level of skills and experience from the analystsaoduct independently reliable analyses.

Organization responsible for safety analysis must be established a management systesure
that the user effects are reducedccording td14].
It should be ensured that:

(@) The users have received adequétaining and that they understand the code,

(b) The users are sufficiently experienced in the use of the code and fully understand its uses
and limitations,

(c) The users have adequate guidance in the use of the code,
(d) The users (whenever possible) have used theecon standard problems before starting
the safety analysis work.

7.2 Qualification and training of users

User effects on the quality of the results of analysis can be reduced by systematic traiting
qualification of the userdo perform safety related analyses. Although the training necessarily
depends to some extent on the type and end use of the results of the analysis, certain minimum
conditions need to be satisfied to ensure that users can be effective analysts.

Analystsperforming safety related analyses need to have at least a basic understanding of the
important phenomena and of methods of analysis, in particular reactor physics, #hbgdraulics
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and fuel behaviour, and thegeed to have a basic understanding of tHam and its performance
[14].

The depth of understanding necessary on the part of the analyst in both cases depends strongly on
the type of analysis being performed. The management needs to perform task analysis in the
context of the function of the orgdzation, identify required knowledge and skills, review the
existing knowledge and skills, and identify the gaps. Only based on such analysis necessary training
programmes have to be established. The competency review and evaluation of gaps need to be
performed periodically.

The standard training shall be supplemented wsthpervision by more experienced staff and the
overall knowledge of staff members available to support analytical activities. In general terms,
strong supervision, teamwork, careful rewi and a good overall quality assurance programme (with
associated standard practices and guidelines) can partially compensate for the limitations of
individual analysts.

Referencd14] givessome additional suggestions for qualification and trainingaxfe users.
7.3 Analysis process and quality assurance

Accident analysis is performed in several steps. These steps need not always be sequential; some
can be carried out in parallel. Different kinds of activities are performed within eachRé&éprene

[14] provides an overview of typical steps of the safety analysis procésgiereral flow chart
illustrating such analysis procdssshown in Fig. (according td14]).

The sections below address some key elements of the safety analysis process,arehitiost
important for quality assurance of the analysis. Special role in the quality assurance process plays
the qualification of the input deck. The plant model can be considered as qualified when:

1 It has geometrical and material fidelity with the reéeice system (e.qall-important flow
paths are simulated);

9 It reproduces properly all the important parameters measured in the refereNB® in
steady state conditions;

9 Sufficient agreement is reached in the transient conditions available.

The proess ofinput model verification and validatios discussed more in Sections 7.3.3 and 7.3.4.
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Figure 1 Safety analysis process

7.3.1. Collection of plant dea

First step toward the preparation of the plant input model is a collection of all relevant gitat

Data collection process needs to be systematic and traceable. Independent verification is
inseparable part of this process. Appropriate quality assurance procedures need to be dpplied
assure the quality of the data and configuration control loé tdata base Any mistake during this
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process would propagate through all stages of the input model preparation. Main outcome of this
process is a database containing all relevant plant data.

Sources of plant data can be found in the following types ctidwentation:
1 Documentation on plant design including plant drawings,
Vendor documentation such as technical specifications of equipment,
Measurements of the actual plant components,
Documentation gathered during the startup and commissioning ofrik&llation,
Operational documentation for the plant (limits and conditions, operating instructions, and
records of operational regimes),
1 “As built plant documentation.

1
1
1
1

All documents and other data sources used for the preparation of the input data need to be clearly
identified and referenced for traceability and independent verification.

If there is found to be a contradiction between the sources of information, trgradiction needs

to be checked against a different independent source. An effective way to resolve a contradiction is
to hold direct discussions with the operating organization. If documentation and/or data are missing
or questionable, it is suggestedaha walkdown of the plant be performed.

For the clarification of contradictory information, a comparison of data from plant to plant could

also be carried out if the plants are similar (of the same type or of the same series) and if they were
developed ly the same general designer and equipment manufacturer. Such a comparison would
need to be performed carefully owing to the fac
identical. In certain cases, if the missing data were replaced by truly genifie data, the results of

a comparison could be misleading. Again, final decision on the value(s) of the contradictory
parameter(s) needs to be clearly explained for future references and/or corrections.

All data necessary for the preparation of a peutar computer code input deck could be compiled

and formalized into a single specific document, callédédhat abas e f ot This@dafalmmsey anal
needs to contain athe information necessaryo analyze the NPRuch as information on geometry,

thermal and hydraulic parameters, material properties, characteristics of the control system and set
points, and the range of uncertainties in plant instrumentation devices, including drawings and other
graphical documents. Good practice is to develop theadase independent of the type of analysis

and the computer code used.

Information stored in the database needs to be verified on a regular basis to take into account any
plant changes and assure the database igdatdate. The verification needs to addse any changes

in the plant that may be caused by aging of components and have impact on safety adalysis.
changes in the database need to follow the rigorous process and can be made only be authorized
personnel.

7.3.2Engineeringhandbook and input dek

An engineering handbook represents an intermediate step between the database and the input data
deck. A full description of how the plant data have been converted into an input data deck for a
given computer code needs to be presented in this docum&th.e dat abase and the
manual are used for development. The engineering handbook should allow a unique interpretation

and reproducibility 6the code input data deckndlependent review of the engineering handbook

shallbe performed. Examples ah engineering handbook are shown in ANNEX |
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On the basis of the engineering handbook, an input data deck representing the reference plant

needs to be developed. The final product is the file in the format required by the computer code.

This file can bes p | i t into a gener al part describing the
describing the scenario of an accident. The plant model includes data describing the geometry,
material properties, flow regimes, core kinetics, plant controllers and safgsyems. Sufficiently

versatile, verified and optimizedengineering handbook anthe plant model arepowerful took,

which may reduce the effect of the user significantly. The basic recommendations from code
manuals should be followed durirtige developmaent of the plantinput model.

A system needs to be established for configuration control of the input deck. After the first version
of the input model is verified and validated all following changes must be recorded including reasons
for the changes and me versions of the modetreated with clear numeric or alphaumeric
identifiers.

7.3.3Verification of inputmodel

Early detection and correction of potential errors in code input models are important. Therefore, a

verification of the input model is needed to check its formal correctness; i.e. that no erroneous data

have been introduced into it and that all formal afuhctional requirements are fulfilled accurately

and therefore will permit its successful use. The verification process gives the confidence required
that the modelling needs have been met.

Verification of the input data involves reviewing and crobedking the input deck and confirming

that no mistakes have been made so that the input deck is ready for application. An effective way to
avoid possible subjective errors in the development of the code input deck is to apply any available
code specific prercessing software.

The verification of the input deck needs to be performed and documented by qualified individuals or
groups who have not been involved in the development of the input data. The reviewers can be
from either the same organization or a d@ifént organization. They need to have access to all
relevant documentation. All errors that were detected and corrections that were made in the
verification process need to be properly documented.

7.3.4 Validation of input model

Validation is performe ater the verified input models completed and before the accident analysis
is started. The prpose of validating input modes to demonstrate that the model adequately
represents the functions of the modelled systems.

Validation of input modeiks an iterative process by means of which the correctness and adequacy of
the plant models are confirmed so as to provide a good representation of the behaviour of the plant
systems. The validation needs to assess whethectu® plant simulatiorcorrespnds with reality.

The validation would include, but not be limited to, the following:

9 Checking the spatial and time convergence of the nodalization, for example, by performing a
sensitivity analysis in relation to changes in nodalization for a typicalafate analysis under
consideration.

1 Checking the energy and mass balances in the systems modelled, including long term system
energy and mass balances. This can be done by: comparing the power generation in the
heated structures with the surface hedux; comparing the power generation in individual
components with the corresponding enthalpy rise; comparing the evaporation rate with the
surface heat flux; comparing changes in mass inventories with the difference between the
injection and leakage rateshecking the consistency of the flows in adjacent junctions.
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1 Checking the behaviour and response of individual components of the equipment or of the
separate systems through determination of the respective boundary conditions.

1 Checking the steady stateonditions for different operational states, preferably by
comparison with real plant data.

1 Comparing the fluid volume and pressure distributions of the model with the height and
pressure drops of the real installation.

1 Performing a comparison betweendNPP behaviour predicted by calculations with relevant
data from measurements in integral test facilities.

9 Checking the computational results against real plant data from operational events.

In relation to each of the aforementioned items, quantitataeceptance criteria for the code input
deck could already be available or they could be established.

The plant data collected during commissioning and startup tests, conducted under well controlled
conditions and with additional instrumentation, are versgeful and need to be applied for validation

of the input data. However, in some cases, such data may differ from the data obtained during plant
operation. Consideration needs to be given to such differences where applicable.

For the validation process i$ advisable to use tools for graphical display of the nodalization and
simulation of the plant states.

7.4 Review of accident analysis results

As shown in Figure 1 the step before presentation of the results is a review of the calculation results.
The objective of the review is to check thmrrectnessof the results and to evaluate the results
against applicable criterid 4].

The results can be checked using one or more of the following techniques, depending on the
importance of the analysis:

Supervisory review,

Peer review,

Independent re@iew by a competent individual,

Independent calculation of the same case (including sensitivities) under analysis by a
competentOndividual obtained by alternative methods and/or codes

1
)l
1
1

The checkingof correctness shall include engineering judgment, comparison with similar
calculations, sensitivity analysis anchsstency with general findings with those obtained using
the same methods and/or codes for a similar plant.

Special attention needs to be giveto physical inconsistencies, numerical oscillations and
discontinuities. When such foundnvestigations may include review and modification of the
scenario and of the input model. Also, sensitivity calculations might be conducted to identify cause
of problems. The calculations need to be repeated until satisfactory results are achieved.

The resultsneed to be reviewed and evaluated in relation to the initial goal and purpose of the
analysis, such as licensing, improvement of operational documentatiodaot ppgrading. The

prime objective of reviewing the results is to check by comparison of calculated values with criteria
whether the acceptance criteria & or have not been satisfiedhe review of the results should
also lead to a specification of tlaglditional analysis needed to achieve a complete understanding of
the accident under consideration and the resolutimiithe relevant safety issue.

7.5 Presentationof accident analysis rasgts

The results of the accident analysis need to be structured and presented in an appropriate way to
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provide a good understanding and interpretatiof the course of the accidenaccording td14].

The presentation of the analysis needs to include desoriptif the methodobgy used (including
identification of code versions appliethd input model version assumptions for the analyses such
as the avadbility of systems, initial and boundary conditions, trip setpoints (used in the analyses)
and credited oprator actionsEach case anakyd needs to be clearly characterized by a description
of the conditions and representative parameters of the proceSensitivity cases that were
performed need to be clearly identified and described.

An appropriate structug and format of the presentation should be chosen to permit easy checking
of each individual acceptance criterion. In addition to other data, the results should include
sequence of eventset of key parameters as a function of the time needed to evaltisestatus of

the safety functions and the physical protective barriers.

If the analysis is used for the evaluation of the system safety performance, the review and discussion
of the results needs to be focused on maintaining the safety functions anst#tes of the physical
barriers.

A certain amount of attention needs to be devoted in the discussion of the results to their sensitivity
to the key input parameters as well as to the expected uncertainties and the tolerance band of the
parameters.

Finally, the presentation of the results needs to include conclusions concerning the achievement of
the primary goals of the analysis.

7.5.1 Format and structure of accident analysis results

A standardized format is suggested for similar analyses to itéeil interpretation and
intercomparison of results.

Each case anagd needs to be clearly characterizeflom the beginningby a description of its
conditions, including:

Definition of initiating events,

Initial conditions of the system,
Controlsystem conditions and logic,
Availability of systems and components,
Method of analysis,

Acceptance criteria.

=A =4 -4 -4 -8 9

Relevant references also need to be consulted.
The summary report of the accident analysis results needs to contain the following information:

(a) A chronology (timing) of the main events as calculated,

(b) A description and evaluation of the accident on the basis of the parameters selected,
(c) Figures showing plots of the main parameters calculated,

(d) A statement in relation to the fulfilmdrof the acceptance criteria,

(e) An evaluation of alternative scenarios (alternative conditions and sensitivity studies),
(f) References.

The structure and format need to be chosen in particular to permit eaggking of each individual
acceptance criterion. The results of the analysis need to be presented and described in detail. They
would consist of key parameters defining the status of the safety functions during the development
of the process.

The preseration of the results needs to include a set of the important parameters in the course of a

51/90



Y
norway
grants

transient or accident as a function of time. This set needs to include all the parameters necessary to
evaluate the status of the safety functions and the fulfilmehthe acceptance criteria. It also needs

to give information concerning the overall plant behaviour. Some of the parameters to be included
in the lists are:

(1) Neutron power, decay heat and reactivity;

(2) Thermal power and heat fluxes in the actoare;

(3) Minimal departure from nucleate boiling ratio or minimal critical power ratio (if relevant);
(4) Primary coolant conditions-temperatures, void fractions, flow and pressure;

(5) Maximal fuel temperatures;

(6) Maximal cladding temperatures;

(7) Reactor coolant inventory—total inventory and levels at key locations;

(8) Secondary system parameters showing heat flows;

(9) Containment pressure, temperature and the mass flow rate to the containment, if
applicable;

(10) Activity of the releaséo containment and to the environment, if applicable;

(11) Hydrogen generation and distribution within containment;

(12) Level of core degradation, if applicable;

(13) Long term pressure buildup in the containment, if applicable;

(14) Parameterdgefining the performance of safety systems.

The presentation of the results needs to be sufficiently complete to allow the entire process to be
displayed, starting from the initial steady state up to the long term safe stable condition. The
presentation ofaccident analysis results needs to contain those parameters reflecting the key
phenomena expected to occur in the course of the transient or accident.

The format and structure of the results needs to be chosen in such a manner as to show:

() The seqgence of events and system operation in the course of the accident (from initial state
to the final safe stable state);

(i) Core and system performance;

(iif) Physical barrier performance;

(iv) Radiological consequences, if appropriate.

The format of tke results needs to be such as to allow an irdgemparisornwith the results obtained

from the same or different codes. It is suggested that the presentation of the results be user friendly
for purposes of easy understanding and interpretation. This needin¢lude development of
graphically oriented displays.

7.6 Subcontracting safety analyses

The deterministic safety analyses can be outsourced (procured). However the responsible
organization (licensee) shall have, at a minimum, adequate core competence in safety assessment
and analysis, in order tetain the ability both tadentify issues tde addressed in the analyses and

to formulate and to manage its requests for analyses and to comprehend and act on the analyses
whenreceived.

The licensee personnel should have sufficient technical knowledge to enable them to identify
problems, todetermine whether it would be appropriate to seek assistance from an eatern
analysis providerto manage the external support and, at the end of the process, to understand,
evaluate and uséne delivered analyses

It is the responsibility of the licenseto provide to the analysis provider all necessary information
and data regarding the plant design and operation needed for performance of the requested
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analyses as well as all applicable legal and regulatory requirements.

The provider of the serviceshalldemonstrate for example, an accreditation, certification, list of
references)its competence in safety analys@&chnical competence is th@ofound knowledge of

the state of science and, and thability of the povider of the analytical servica® apply this
knowledge and techniquefr a comprehensive and accurate assessment of safétg. technical
gualifications and experience of external experts should normally be at the same level as or exceed
those ofthe staff of the licenseavho are perfoming similar tasksThe provider otthe analytical
serviceqdirectly or through subcontractoysshall have access tbhe necessary tools (e.g. computer
codes, reference data), standards and expertise to accomplish the task. For example:

1 Capability and egerience in using the tools;

1 Adequate knowledge of national or international standaads! regulations

9 The most up to date versions of verified and validated computer codes, as well as
permission from the proprietors of the codes for their use.

1 Knowledgeof plant design and associated analytical issues.

The providers (gbcontractorg have to demonstrate that the tools and methods used by them for
the analyses are applicable for the task and adequately verified and valjdgatedrding to[6]. All
guality assurance and documentation requirements thatte identified in this guide are also
applicable to the services performed by subcontractors.

Any potential provider of external expert support should adhere to basic ne&anagt requirements

and fulfill the aplicable regulatory requirements related to services of safety analyses performing
and use of software for nuclear installations (as NMEC [9]) Reference[3] and [6] establishthe
general requiements for the management of safety analys€@heindependent verification of the
analysis shall not be performed by the same subcontractor who provides the analyses.

The licensee should verify whether the proposed subcontractors for safety analyses are acceptable
to the regulatory authority
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LIST OF ABBREVIATI@GQNGSELECTED DEFINITIONS

ABBREVIATIONS

AOO Anticipated OperationaDccurrence
BDBA Beyond Design Basis Accident

BE Best Estimate

CANDU Canadian Deuterium Uranium
CNSC Canadian Nuclear Safety Commission
DBA Design Basis Accident

DEC Design Extension Conditions

DiD  Defence in depth

DSA Deterministic Safety Analysis

ECCS Emergency Core Cooling System
EOP Emergency Opeting Procedure
IAEA International Atomic Energy Agency
LCDA Limited Core Damage Accident
LOCA Loss of Coolant Accident

NPP  Nuclear Power Plant

OLC Operational Limits and Conditions
PIE  Postulated Initiating Event

PHTS Primary Heat Transport System
PHWR Pressurized Heavy Water Reactor
PSA Probabilistic Safety Assessment
PWR Pressurized Water Reactor

RPV Reactor Pressure Vessel

SAMG Severe Accident Management Guide
SBO Station BlaclOut

DEFINITIONS

The following definitionsised in this report weréntroduced in SSR2/[4] differ from those in the
IAEA Safety Glossd2007 Edition[2]).

Gontrolled state
Plant state, following an anticipated operational occurrence or accident conditions, in which the

fundamental safety functions can be ensum@td which can be maintained for a time sufficient to
implement provisions to reach a safe state.
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Pant states (considered in design)

Operational states Accident conditions
. Antic pated Design basis Design extension
Normal operation operational - .
accidents conditions
occurrences

Accident conditions
Deviations from normal operation that atess frequent and more severe than anticipated operational
occurrences, and which include design basis accidents and design extension conditions.

DesignBasisAccident(DBA)

An accident causing accident conditions for which a facility is designed irdance with established
design criteria and conservative methodology, and for which releases of radioactive material are kept
within acceptable limits.

[Beyond Design Basiscaident](BDBA)
This term is superseded by design extension conditions.

Design Btension @nditions (DEC)

Accident conditions that are not considered for design basis accidents, but that are considered in the
design process of the facility in accordance with best estimate methodology, and for which releases of
radioactive material ar&ept within acceptable limits. Design extension conditions could include severe
accident conditions.

Safe state
Plant state, following an anticipated operational occurrence or accident conditions, in which the reactor
is subcritical and the fundamentalfsty functions can be ensured and maintained stable for a long time.

Safety feature for Design¥ensionConditions
Item designed to perform a safety function or which has a satetgtfon indesign extension conditions.

Safety system settings

Thelevels at which safety systems are automatically actuated in the evenitiwipated operational
occurrences or design basis accidents, to prevent séifatis from being exceeded.
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ANNEX |

EXAMPLES OF DERIVED ACCEPTANCE CRITERIA FOR NUCLEAMNFSOWER

In accordance witlREGDOR.4.1“Deterministic Safety Analysid17], section 4.3.4, the licensee is
to establish derived acceptance criteria. The examples below are obtained from current Canadian
and international practice.

Anticipated operationd occurrences

The overall criteria for an anticipated operational occurrence (AOO) are as fobaasrding to
REGDO®.5.2,Design of Reactor Facilities: Nuclear Power Pl&tes [20):

1 the dose acceptance criterion for an AOO is met
1 SSCs that are not involved in initiating the event are to remain fit for continued operation

Reference [20]states expectations that the majority of AOOs will be mitigated by the control
systems and will not need the action of the safety systems to prevent damage.

Additionally, all AOOs should be mitigated by the safety systems, with no assistance from tioé cont
systems. Only the criteria that show successful mitigation by the safety systems are ishtalle
I.1.

Designbasis accidents

The overall criteria for a desidrasis accident (DBA) are as follows:

9 the dose acceptance criterion for a DBA is met
1 the event does not progress to more severe conditions

Section 4.3.4 of this document states the following general principles to be met by derived
acceptanceriteria:

1 avoid the potential for consequential failures resulting from an initiating event

1 maintain the SSCs in a configuration that permits the effective removal of residual heat

1 prevent development of complex configurations or physical phenomena that cannot be
Qnodelled with high confidence

1 beconsi stent with the desi gThablel.2movides examplast s
of DBA acceptance criteria.

58/ 90

for



Y
norway
grants

Tablel-1: Examples of acceptance criteria fénticipated Operational Occurrences for Level 2
defence in depth

Barrier to fission product release:

or fundamental safety function Qualitative acceptance criteria

Fuel matrix « Fit for service

Fuel sheath (fuel cladding) * No dryout / no departure of nucleate boiling (DNB)

Maintain fuel coolingbility

Retain rodbundle geometry with adequate coolant channels t
Fuel assembly permit removal of residual heat

No impediment to reactor shutdown means due to geometry
change (LWR)

1 Fit for service:
Fuel channel (CANDU) 0 American Society of Mechanical Engineers (ASME
service level B not exceeded

Primary coolant system (excludinl  Fit for service:
CANDU fuel channel) 0 ASME service level B not exceeded

 Fit for service:

Secondary coolant system o ASME service level B not exceeded

 Fit for service:
Containment o ASME service level B not exceeded
1 Leakageemains within design limit leakage

o I Reactivity controlled by safety system
Control of reactivity
9 After shutdown, there is no inadvertent return to criticality

Removal of residual heat 1 Heat removal by safety system effective

9 Fit for servicesafety system instrumentation

Monitoring of conditions . A o
environmentally and seismically qualified

Offsite dose 1 Within the dose acceptance criteria of REGERE2 for an
AOO(*)

(*) For Canada. For Romania dose acceptance crim@ridaOQOare given by [8]based on frequency of
occurrence.

59/ 90



Y
norway
grants

Tablel-2: Examples of acceptance criteria f@esignBasisAccidents

Barrier to fission product releases
or fundamental safety function

Qualitative acceptance criteria

Fuel matrix

No fuel centre line melting
No fuel breakup

No excessive energy deposition

Fuel sheath (fuel cladding)

—a| =& -—a _a

Fuel elementgfuel rods) that exceed the critical heat flux
(CHF) or DNB criteria are assumed to rupture and contrib
to offsite dose

1 No excessive strain of fuel sheath

9 Fuel elements are to meet applicable limits felneath
temperature/ local sheath oxidatio oxygen
embrittlement of fuel sheath

Fuel assembly

¢ Maintain fuel coolability

¢ Retain rodbundle geometry or fuel assembly with adequat
coolant channels to permit removal of residual heat

* No impediment to reactor shutdown means due to geome
change (LWR)

9 Fuel channel (CANDU)

¢ Fuel channel remains intact

e Local pressure tube strain below failure threshold
« Moderator subcooling precludes failure

* No constrained expansion

¢ No fuel sheath melting

¢ No fuel centreline melting

¢ No fuel breakup

« No fuel element bowing and/or sagging into pressure tube
(PT)Contact

Primary coolant system (excluding
CANDU fuel channel)

1 Pressure boundary remains intaétSME service level C n¢
exceeded
1 no consequential boiler tube leaks

Secondary coolant system

¢ Pressure boundary remains intaé&tSMEservicelevel Cnot
exceeded

Calandria and moderator system
(not applicable to LWR)

¢ Pressure boundary remains intat&tSMEservicelevel Cnot
exceeded
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Barrier to fission product
releases or fundamental safety
function

Qualitative acceptance criteria

Containment

1 Containment conditions remain within design basis:

0 pressure less than design pressure

0 containment leakage remains within design leakag
limit

o0 environmentalqualification(EQ)conditions
(temperature, humidity, radioactive doses) on
credited SSCs are met

0 no breaklocaleffects(missilespreakjets, pipewhip,
hydrogen standing flame) that could fail confineme
function

o localhydrogenconcentrationsbelow flame
acceleration and deflagration to detonation
transition criteria

o combustion loads from slow deflagration less than
those that could damage containment SSCs

Control of reactivity

1 Reactivity is controlled:

0 No prompt criticality

o after shutdown, any return to power is limited in
extent, and does not lead to exceeding any other
derived acceptance criteria

Removal of residual heat

1 Continuous longerm core cooling is possible:

o Coregeometryiscoolable
0 residual heat is removeflom the core
0 heatistransportedto ultimate heat sink

Monitoring of conditions

9 Fit for service:

o safety system instrumentation environmentally ang
seismically qualified

Offsite dose

 Within the dose acceptance criteria of REGEXXEC2 for a DBA
()

(**) For Canada. For Romania dose acceptance criteriBBAare given by [§]based on frequency of

occurrence
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ANNEXII

SAFETY ANALYSIS DATABASE AND ENGINEERING HANDBOOK

Examples froméAccident Analysis for Nuclear Power Plants, IAEA SaRetports Series No. 232
[14]

Annex Il to the' Accident Analysis for Nuclear Power Plants, IAEA Safety Reports Series N& 23
[14], describedhe databasdor safety analysiand the engineering handbodkefined in Section

7.3.10f this guidg, prepared for theaccident analysis of Bohunice V2 NPP. The data base is a plant
specific database and was prepared for a broad spectrummofc i dent s beatesgmatég f r om
analysis of anticipated operational occurrences to analysis of BDBAs. Therefore, in addition to the
usual descriptions of, for example, the primary and secondary systems, and the reactor protection
system, attention was paid to giving an adequate desicnipof the plant controllers and auxiliary
systems as well as the containment (pressure suppression system and reactor tkpititg)tte data

from the databasea six loop input data deck (plant model) of a reference plant for the
RELAP5/Mod3.2 code waswtloped. The input data deck model was verified and validated using
the systematic standard procedure&s an intermediate step between the general database and the
input data deck for the RELAP5/Mod3.2 computer code, an engineering handbook was prepared.
The main reason for the preparation of the engineering handbook was to enable independent
checking (as an essential part of quality assurance) of the input data and their correspondence with
reference data given in the database.

Database for accident argsis ofBOHUNICE V2 NPP

List of contents

SUMMARY ABBREVIATIONS INTRODUCTION
1.1.PRIMARY SYSTEM

1.1.1.Primary coolant system components
1.1.2.Reactor

1.1.2.1.Dimensions of main reactor components
1.1.2.1.1 Reactor head

1.1.2.1.2 Reactor vessa@round inlet and outlet nozzles
1.1.2.1.3Reactor vessel on the core level
1.1.2.1.41 ower part of the reactor vessel
1.1.2.2.Masses of reactor components
1.1.2.3.Volumes in reactor vesse

1.1.2.4.Flow crossections in reactor

1.1.3.Core

1.1.4.Main circulation loop

1.1.5.Steam generator: primary side
1.1.6.Reactor coolant pump

1.1.7.Pressurizer systems

1.1.7.1.Pressurizer

1.1.7.2.Bubbler condenser tank

1.1.8.Make-up system

1.1.9.Emergency core cooling system
1.1.9.1.Passive emergency careoling system
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1.1.9.2.High pressure core cooling system
1.1.9.3.Low pressure core cooling system
1.1.10.Primary coolant system elevations
1.1.10.1Reactor

1.1.10.2Main circulating loop
1.1.10.3Pressurizer

1.1.10.4 Accumulators

1.2.SECONDARY SY@8T

1.2.1.Steam generator: secondary side
1.2.2. Steam lines

1.2.3. Turbine

1.2.4. Generator

1.2.5. Condenser

1.2.6. Ejector of the condenser

1.2.7. Condensate pumps

1.2.7.1. Condensate pumps: first stage
1.2.7.2. Condensate pumps: second stage
1.2.8. Low pressure reheaters
1.2.8.1. Low pressure reheater No.
1.2.8.2. Low pressure reheater No.
1.2.8.3. Low pressure reheater No.
1.2.8.4. Low pressure reheater No.
1.2.8.5. Low pressure reheater No. 5

1.2.8.6. Subcoolepf the low pressure reheater No. 1

1.2.8.7. Subcooler of the low pressure reheater No. 2

1.2.8.8. Subcooler of the low pressure reheater No. 4

1.2.8.9. Subcooler of the low pressure reheater No. 5

1.2.8.10.Condensate collector of the low presstgbeater No. 3

1.2.8.11.Condensate pump of the low pressure reheater No. 3

1.2.9. High pressure reheaters

1.2.9.1. High pressure reheater No. 1

1.2.9.2. High pressure reheater No. 2

1.2.10. Feedwater tank and deaerator

1.2.11. Condensate reheating stgm

1.2.12. Diameters of important pipes of the secondary system

1.2.13. Elevations

1.2.14. Feedwater pumps

1.2.15. Auxiliary feedwater pumps

1.2.16. Emergency feedwater pumps

1.3. HYDRAULIC CHARACTERISTICS OF PRIMARY SYSTEM

1.4. NEUTRON KINETICS

1.5. VALVES

1.6. REACTOR PROTECTION AND CONTROL SYSTE

1.7. ELECTRICAL SYSTEMS

1.8. CONTAINMENT

1.9. CHARACTERISTICS OF MATERIA

1.10. OPERATIONAL PARAMETERS AND REGIMES

APPENDIX 1. TECHNOLOGICAL SCHEMES APPENDIX 2. TECHNICAL DRAWINGS

A OWDNPE
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As exampleexcerpt from he section of the database describing the pressurizer:

The water volume of the pressurizer is connected via a T element and two parallel lines to the hot leg
of the main circulation loop No. 1. The steam volume is connected via a presguiageine to the
cold leg of the same loop. All connections are on theisalable part of the main circulation loop.

Pressurizer pressure vessel and internals:

1 Internal diameter 2.382 m [D39]
1 Internal heights:
o Inrer height of cylindrical part 8.79 m[D39]
o0 Elliptical head at bottom 2x0.701 m [D39]
o Total inner height of pressurizer 10.192 m [D39]
1 Wall thickness (includg inner lining 9 mm thick):
0 Cylindrical prt above pressurizer heaters 0.154 m [D39]
0 Cylindrical part on th&evel of pressurizdreaters 0.199 m [D39]
o Elliptical head and bottom 0.169 m [D39]
1 Total internal volume 44.0 P [R28]

Associated passages from the engineering handbook relating to the pressurizer
Pressurizer Sources from the database

All the data describing the pressurizer and its connections to the primary system (surge lines and
spray pipework) are presented in the database in Sections 1.1.7.1 (Pressurizer). The pipework
connecting the pressurizer with the bubbler tank is describ&stction 1.1.7.2 (Bubbler Tank). All

valves relevant to the pressurizer is described in Section 1.5.1.1 (Description of the Pressurizer Safety,
Relief and Spray Valves). Control of the pressurizer level and pressure (pressurizer spray and heaters)
is desdbed in Sections 1.6.3.2 (Control of the Pressurizer Level) and 1.6.3.3 (Control of the
Pressurizer Pressure), respectively. The material composition of the pressurizer walls is given in
Section 1.9.1 (Presence of the Most Important Materials), and tiheemtaterial properties are given

in Section 1.9.4 (Steels). The nodalization of the pressurizer is shown og7Fig. 11l

Hydrodynamic components

The pressurizer vessel is a cylindrical structure with an elliptical bottom and head. In the nodalization
scheme the volume of the pressurizer vessel is split into three hydrodynamic components:

Component 706 Elliptical bottom

Type of element: Branch

Total volume: V=272m3

Flow area: A=3.88 % (calculated by the code RELAP5/Mod3.2 from the expreasion
=VI/D)

Additionally to engineering schematics repeating the pressurizer systedrawings with a tables
areadded to describe the pipinguch as
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PRZ

+12.55
+11.86
11 | +10.95

30°36 2 5 6
+8.72 +8.765 f +8.78 +8.72
[ 38° 39’ ]

I 4 7 1
Loop 1 - hot leg Loop 1 — hot leg

Pressurizer surge lines

Section number 1 2 3 4 5 6 7
Length of section 910 5731 4329 10613 5731 3513 11606
(mm)

Total length 910 20673 (sections 2—4) 20850 (sections 5-6)
(mm)

Pipeline ¢ 325 %24 @245 %19 ¢ 245 x19

diameter (mm)

Pipe bends R 850 90° sections 3—4, 4 twice| R 850 90° sections 67, 7
(total number: 3) (total number: 2)
R 400 90° sections 2, 2-3, 4 R 400 90° sections 5, 5-6,
(total number: 3) 7 twice (total number: 4)
Pipeline label IYP10UO7 1YP10UO7

Note: In sections 2 and 5 a T tube (325 mm X 24 mm) is included (half the length in each
section) as well as the transition from DN 300 to DN 200 (DN, diameter in millimetres).

The information on dimensions, elevations etc. is followed then by schematics of nodalization and
assumptions used. Each component of the nodalization is described separately.
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ANNEX I

UNCERTAINTY ANALYSIS FOR DESIGMBBEENTS WITHHEESTIMPE ANALYSIS CODES
¢ Processand examples

Preparation of deterministic safety analysis is connected with the uncertainty due to several sources
of uncertainties as discussed below. In conservative approach uncertainty is not directly addressed,
but it isassumed that applied conservativism (such as conservative code models) and assumptions
of analysis (such as availability of systems and components or selection of initial and boundary
conditions) compensates for a lack of uncertainty evaluation. To plppessess the impact of the
uncertainty on the results of the analysis best estimate plus uncertainty approach (BEPU) has to be
applied. Below current approach and major steps in performing uncertainty analysis is summarized.

BEPU approaches

Developmentof the BEPU approach ranges almost over past three decades. Several international
comparative projects [UMS, BEMUSE] and various applications confirmed its maturity and
practicability. During the BEPU development several methods were created and testeel, oo
them heavily depending on engineering judgment and contributions from team of specialists.
Currently two principles are practically used. In the first option (see Fidittld the input
uncertainty is propagated through the computer code. Uncertaingé derived through the
identification and selection of uncertain input parameters (n to n*), specification of their uncertainty
ranges or/and probability distributions and random variation of uncertainty parameters. Multiple
calculations with random vadions of uncertain parameters are performed to derive the
uncertainty of the calculated results. Number of calculations depends on statistical combination
method and the requested probability confidence level.

Figurelll-2 shows the other option, whichsireferred to as the extrapolation of output errors.
Uncertainty is derived from the accuracy between the calculation and relevant experimental data.
Accuracy is extrapolated into uncertainty and uncertainty matrix is created. Uncertainty of the
calculatedresults is obtained from this matrix. In this case the uncertainty prediction is not
propagated throughout the code.

Sources of uncertainties

Critical step of the BEPU analysis is the identification and characterization of uncertainty. This is
connectedwith the approximate nature of the codes and of the process of code applications. In
other words, ‘“sources of uwmesimatetcadésrandyniust lzeftakem ¢ t pr
into account. The major sources of uncertainty in the area of safedfyais are represented by the
uncertainty of the code (associated with the code models and correlations, solution scheme, model
options, data libraries, deficiencies of the code, simplifying assumptions and approximations),
representation uncertainties (&@aracy of the complex facility geometry, 3D effects, scaling, control

and system simplifications) and plant data uncertainties (unavailability of some plant parameters,
instrument errors and uncertainty in instrument response).
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Input parameters Output parameters
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Figurelll-1: Propagation of input uncertainties
Input parameters Output parameters
(n ~ 109) (m ~ 109)
—_— ] ———————> — 1 ————————»
2

Computer code
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(relevant experimental data)
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Figurelll-2: Propagation of output errors
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Methods

GRS method is a probabilistic method based on the concept of propagating the input uncertainties
(as depicted on Figurkl-1). All relevant uncertain parameterscinding the code, representation

and plant uncertainties are identified, any dependencies between uncertain parameters are
guantified and ranges and/or probabilistic distribution functions (PDFs) for each uncertain
parameter are determined. Expert judgmeartd experience from code applications to separate and
integral test and full plant application are principal sources of information for uncertain parameters
identification and quantification.

The uncertainty input parameters are randomly sampled takitg &account PDFs. Code calculations
are performed substituting identified uncertain parameters with sampled sets. The number of code

calculations depends on two parametersf r act i |l e a and confidence B.
probability content ofthepr obabi | ity distributions of the code
is below the tolerance | imit with at | east o = ¢
0% of the combined influence of eadlelancelmé.rfleect er i z

confidence level is specified because the probability is not analytically determined. It accounts for
possible influence of the sampling error due to the fact that the statements are obtained from a
random sample of limited size. Th@nimum number n of code runs to be performed is given by the
Wi | ks’ Refdllrljrmdcaeptdd engineering practice of 95% probability and 95% of confidence
level 59 calculations have to be performed for esided statistical tolerance limit and 93
calculations are needed for twsided statistical tolerance limit.

Probabilistic natureof GRS methods allows for the application of statistical tools to analyze the
results of the analysis to obtain the sensitivity measures. These measures provide the information
on the impact of the uncertain input parameters on the calculated resultstiaravords the most
contributing uncertain input parameters can be identified using sensitivity measures.

Integration between the code and the uncertainty methodold@s many advantages and leads to
the simplification of the application of any uncertainty methodology and, definitely, to the reduction
of the costs associated with evaluation of uncertainties.

Such aprocess, called the internal assessment of uncertai(@lAU) makes it possible that
uncertainty bands automatically supplement any NPP calculation result. In this case, the uncertainty
is embedded into the code and comes out to bound the results obtained by any code user, without
the need for extra resouss or engineering judgments from the point of view of the code user.

The University of Pisa has developed such a methodology using the RELAP5.MODR2fctidid.

The method focuses not on the results of parameter uncertainties but on direct scéldaia from

an available database, calculating the final uncertainty by extrapolating the accuracy evaluated in
predicting experiments performed in integral simulators to full scale Nf&@s Figlll-3). One
condition for the application of the method is the similarity between the concerned plant scenario,
in relation to which uncertainty must be calculated, and the experimental database originating the
accuracy of the code. The influence of user and firdon upon the output uncertainty is
minimized in the methodology. However, user and nodalization inadequacies affect the comparison
between measured and calculated trends; the error due to this is considered in the extrapolation
process and gives a doibution to the overall uncertainty. No limitation on the number of input
uncertain parameters is considered in the application of the method. The related variation ranges
are included in the output parameter variation ranges; it is not possible to éstatd
correspondence between each input and each output parameter without performing additional
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specific calculations. The process starts from the experimental and calculated database. Following
the identification of the physical phenomena (e.g. from C@&hidation matrix) involved in the
selected transient scenario, Relevant Thermgdraulic Aspects are utilized to evaluate the
acceptability of code calculations, the similarity among experimental data, and the similarity
between plant calculation resultand available data. Statistical treatment is pursued in order to
process accuracy values calculated for the various test facilities and to get uncertainty ranges with
95% confidence level. These are superimposed as error bands bracketing the ASMaalculati
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Figure IH3: Simplified flow diagram of CIAU
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BEPU analysis

Steps of the BEPU analysis to be taken depend on the uncertainty method. In general following is

needed:

1 Preparation of the best estimate nodalization including nodalization qualificatio

1 Performance of best estimate calculation including qualification

9 Identification of uncertain parameters and definition of uncertainty ranges or probabilistic
distribution functions (PDFs)

1 Ranking of the uncertain parameters in case when number of pamsi¢ias to be reduced to
achieve the reasonable number of calculations to be performed

9 Statistical variation of uncertain parameters and performance of required number of
calculations

1 Analysis of the calculated results leading to the uncertainty bandshefparameters of the
interest (such as peak cladding temperature etc.)
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ANNEX IV

CANADIAN REGULATORY APPROACH FOR DETERMINISTIC SAFETY ANALYSIS FOR DESIGN BAS
AND DESIGN EXTENSEINDITIONS

The Canadian regulatory approach to perform Deterministic Safety Analyses for Design Base and
Design Extension Conditions in a nuclear power plant (NPP) is based on the need to comply with the
Safety Objectives and Concepts established indhe ¢ u me n t ent i26.2, &esignoOREGDOC
Reactor Faciliti eR0. THddocumenadescrbeasa set of dediga requiseinents

and guidance that are aligned with accepted international codes and practices.

REGDOR.5.2 represents theCanadian Regulatory Authority; i.e., the Canadian Nuclear Safety
Commission (CNSC) adoption principles set forth by the IAEA i&/ESfety of Nuclear Power
Plants: Desigrn4].

In the aforementioned document the CNSC establishes requirements anchgaitta

Establishing the safety goals and objectives for the design
Utilizing safety principles in the design

Applying safety management principjes

Designing structures, systems and components (SSCs)
Interfacing engineering aspects, plant features &umlity layout
Integrating safety assessments into the design pracess

= =4 =4 =8 -8 -9

IV.1 Safety Objectives and Concepts

General nuclear safety objective

The Canadian requirement to comply with this objective is that the NPPs shall be designed and
operated in a manner that will protect individuals, society and the environment from harm
(endorses the objective established by the IAEA).

The general nucleaagety objective is supported by three complementary safety objectives

Radiation protection objective

This objective requires that radiation exposures within the NPP or due to any planned release of
radioactive material from the NPP shall be kept belowspr#ed limits and as low as reasonably
achievable (ALARA)

Technical safety objectives

This objective requires that all reasonably practicable measures shall be taken to prevent accidents
in the NPP, and to mitigate the consequences of accidents if thegcdur.

Environmental protection objective

This objective involves the provision of practical mitigation measures to protect the environment
during the operation of an NPP and to mitigate the consequences atedent.

IV.2 Safety Analysis
To demonstate the achievement of the above safety objectives the CNSC requires that a

comprehensive hazard analysis, a deterministic safety analysis, and a probabilistic safety assessment
shall be carried out.
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The requirements and guidance for the preparation anéspntation of a safety analysis that
demonstrates the safety of a nuclear facility is presented in the Regulatory document entitled
“REGRO@. 1, Determin|ilglti ¢ Safety Analysis”

Relevant requlations

The legal basis for the Canadian regulationsisovi ded i n Canada’'s Nucl ear
(NSCA) and the regulations made under the NSCA.

National and international standards

The requirements prescribed by the CNSC for NPP are consistent with the philosophy and technical
content of national ad international codes and standards. It is based in part on the following
publications:

1 CSA Group, N28699, (R2012), Quality Assurance of Analytical, Scientific and Design Computer
Programs for Nuclear Power Plania2].

1 International Atomic Energy Ageyn IAEA Safety Standards Series No-2530&terministic
Safety Analysis for Nuclear Power Plants Specific Safety Guide [@012

1 International Atomic Energy Agency, IAEA Safety Standards Series No. GSR Part 4, Safety
Assessment for Facilities and Aittes General Safety Requirements Part 4, 208p
IV.3 Deterministic Safety Analysis Objectives
The Canadian approach requires performing deterministic and probabilistic analyses in support of
the siting, design, commissioning, operation or decommissgpof a NPP.
The objectives of the deterministic analysis required by the CNSC are to:
1. Confirm that the design of a NPP meets design and safety analysis requirements.

2. Derive or confirm operational limits and conditions (OLCs) that are consistent with the
design and safety requirements for the NPP.

3. Assist in establishing and validating accident management procedures and guidelines.
Severe accident management guidelines are an example.

4. Assist in demonstrating that safety goals are met.
IV.3.1 Deterministicsafety analysis for confirmation of defence in depth

The Canadian approach considers that deterministic safety analysis is an important part of the
confirmation of the concept of defence in depth to the design of a NPP. The five levels of defence in
depth adopted in the Canadian approach are the same as the ones provided in the relevant IAEA
documents.

The five levels of defence in depth are defined in REGDRE [20] The applicability of
deterministic safety analysis to these levels is as follows:

Level 1 The aim of the first level of defence is to prevent deviations from normal operation, and to
prevent failures of SSCs. Good design and proven engineering practices are used to support first
level defence in depth.

Level 2 The aim of the second el of defence is to detect and intercept deviations from normal
operation in order to prevent Anticipated Operating Occurrences (AOOs) from escalating to accident
conditions, and to return the plant to a state of normal operation.
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To support secondeveldefence in depth, AOOs are analyzed to demonstrate the robustness of the
control systems in arresting most AOOs and in preventing damage to all SSCs that are not involved in
the initiation of an AOQ, to the extent that these SSCs will remain operableifajjahe AOO.

Level 3 The aim of the third level of defence is to minimize the consequences of accidents by
providing inherent safety features, faibfe design, additional equipment, and mitigating
procedures.

To support thirdlevel defence in depth, Deg Base Accidents (DBAS) (including AOOs with failed
secondlevel defences) are analyzed to demonstrate the capabilities of the safety systems to
mitigate any resulting radiological consequences; i.e., to demonstrate meeting the prescribed dose
limits for DBAs (and AOOs with failed secdadel defences) and related derived acceptance criteria

for protecting fission product release barriers. AOOs and DBAs are also analyzed to assist in
developing emergency operating procedures that define actions thatldho® taken during these
events.

The Canadian regulatory authority specifies that the event combination of AOO plus independent
failure of secondevel defence in depth should be considered a DBA. In such a case, the dose limit
applicable to DBAs should aly.

Level 4 The aim of the fourth level of defence is to ensure that radioactive releases caused by
severe accidents are kept as low as practicable.

Level 5 The aim of the fifth level of defence is to mitigate the radiological consequences of potential
releases of radioactive materials that may result from accident conditions.

In support of fourth and fifth-level defence in depth, the CNSC stipulates that Beyond Design Base
Accidents (BDBAs) are analyzed. This analysis is to provide information intsofpdesign and

safety of NPPs, as it relates to severe accidents, such as performance of complementary design
features (internationally, these are also called additional safety features) for severe accidents, or
actions that operators should take durimgvere accidents in order to mitigate the consequences.
The CNSC considers that this analysis also assists in the development of severe accident
management guidelines.

IV.3.2 Requirements for Deterministic Safety Analysis

The Canadian regulations defirtgat the licensee is responsible for ensuring that the safety analysis
meets all regulatory requirements.

The licensee shall maintain adequate capability to perform or procure safety analysis; establish a
formal process to assess and update safety analysisich takes into account operational
experience, research findings and identified safety issues, and to establish and apply a formal quality
assurance (QA) process that meets the QA standards established for safety analysis in CSA Group
N286.79 9 , ty @ssardndce of Analytical, Scientific and Design Computer Programs for Nuclear
Power ,H2Rlant s”

IV.3.3 Events to be analyzed

Identification of events

The Canadian regulatory approach requires that the licensee shall use a systematic process to
identify events, event sequences, and event combinations that can potentially challenge the safety
or control functions of the NPP. The licensee shall also identify events that may lead to fission
product releases, including those related to spent fuel Ipd@lso called irradiated fuel bays) and
fuel-handling systems.
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The Canadian regulations contemplate that the events considered in safety analysis could be single
postulated initiating events (PIES), sequences of several consequential events, or combinations of
independent events.

Examples of event combinations inctud loss of coolant with subsequent loss of station electrical
power, including station blackout; loss of coolant with loss of containment cooling; smatifloss
coolant accidents (LOCASs) with failure of primary or secondary depressurization; main skeam li
break with failure of the operator to initiate a backup cooling system, etc.

The identification of events must include -pdwer and shutdown states. The regulatory
requirement in Canada is that deterministic analysis should also be performed for ddtes s
where the reactor is expected to operate for extended periods of time and that are not covered by
the at-power and shutdown analysis.

The Canadian approach considers that identified events could be grouped into categories based on
similarity of the mitiating failures, key phenomena, or system and operator responses. Examples of
event categories include decrease of the reactor coolant inventory, reactivity and power anomalies,
and increase/decrease of heat removal. In the safety analysis of AOOB&df@r Level 3 defence

in depth, is expected that bounding events are identified for each applicable acceptance criterion
within each category of events.

In addition to events that could challenge the safety or control functions of the NPP, safety @nalysi

is required to be performed for normal operation. This allows sources of radiation or releases of
radioactive materials to be assessed in various modes of operation or transition between modes. For
an existing plant, a safety analysis for normal operatitay be required if a new operational mode

is considered, or if significant design changes (any changes that may alter system characteristics) are
implemented.

Scope of events

The Canadian approach expects that the list of events identified for theysafetlysis shall include
all credible:

I Systems Structures and Components (SSCs) failures or malfunctions. SSC failures may
include failure to operate when required, erroneous operation and partial failures.
Examples: failures or malfunctions of activeteyss, such as pumps, valves, control systems
or power suppl vy; failures of passive-system
retaining boundaries, including pipes and rupture discs.

Operator errors.

Commoncause internally and externally initiatedients, including those affecting multiple
reactor units on a site. Humanduced external events.

Internal commorcause events include fires, floods of internal origin, explosions, and
equipment failures (such as turbine breakup) that may generate missiles

External, naturally occurring events that are considered in deterministic safety analysis
include: earthquakes, external fires, floods/tsunamis occurring outside the site; biological
hazards (for instance, mussels or seaweed affecting cooling wateafidior temperature);
extreme weather conditions (temperature, precipitation, high winds, tornadoes etc.)

Humarninduced external events: aircraft or missile impacts; explosions at nearby industrial
facilities or transportation systems; release of toxic amrrosive chemicals from nearby
industrial facilities or transportation systems; electromagnetic interference.

Classification of events
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The Canadian approach establishes that the criterion used for the classification of events is based on
the frequency othe events:

AOOs: these include all events with frequencies of occurrence equal to or greater tHgmefd0
reactor year.

AOQOs are defined as events that are more complex than the normal operation manoeuvres, with the
potential to challenge the safety tifie reactor, and which might be reasonably expected to happen
during the lifetime of a plant. Examples (without additional failures): SG tube chronic leak (<50kg/h)
with high lodinel31 concentration; minor flow blockage in one channel; single SG tubarajpt
spurious opening of one or moidain Steam SafetyaWes (MSSVs); HTS gland seal failure, etc.

DBAs: these include events with frequencies of occurrence equal to or greater thigred éeactor
year, but less than Iper reactor year.

These are eants that are not expected to occur during the lifetime of a plant but, in accordance
with the principle of defence in depth, are considered in the design of the NPP.

Examples of DBAs (no additional failures): Fuel ejection from fuelling machine in&incoent;

total loss of feedwater; feedwater line failure upstream/downstream of the last check valve;
stagnation feeder break; HTS bleed/feed line failure; large steam pipe failure;dergke LOCA.
Examples of DBAs (with additional failure): Large/stwmalak LOCA with failure of Class IV power;
small LOCA with failure of,O recovery/O feed; single SG tube rupture with failure of condenser
steam discharge valves (CSDV), etc.

BDBAs: these include events with frequencies of occurrence less tiigref@eactor year.

These are events with low probabilities of expected occurrence, which may be more severe than
DBAs, and-due to multiple failures and/or operator errorsmay result in safety systems that fail to
perform their safety functions, leadinto significant core damage, challenges to the integrity of the
containment barrier, and, eventually, to the release of radioactive material from the plant. BDBAs
generally relates to events that result in a complete loss of the residual heat removalttiem
reactor core or complete loss of electrical power for an extended period.

Examples: HTS failures with discharge$0/kg/s with failure of ECC injection or failure of
containment isolation; severe flow blockage in one channel with ECC or containment impairment;
fuel ejection from fuelling machine into containment with failure of containment isolation; total loss
of feedwater with failure of steam generator emergency cooling system (SGECS) or emergency
secondary water supply system (ESWS), etc.

Appendix A of REGDQ-1 provides a list with further examples by grouping the events into
anticipated operational occurrensg(AOQOSs), desigmasis accidents (DBAs) and beyatesignrbasis
accidents (BDBAs). The list provided in that document is for illustration only and is not meant to be
comprehensive.

IV.3.4 Acceptance Criteria and Objectives

Requirements for normal operatioand the rest of the plant states

The Canadian approach requires that acceptance criteria and objectives have to be met for the
analysis in each plant state.

Acceptance for normal operation

The following are the requirements of CNSC for normal operation

1. Radiological doses to workers and members of the public are within the limits acceptable to
the regulator.
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2. Releases of radioactive material into the environment fall within the allowable limits for
normal operation.

Acceptance criteria for AOOs and DBA

The aim is to demonstrate the effectiveness of the key safety functions.
1. Radiological doses to members of the public do not exceed the established limits.

2. The derived acceptance criteria are met. These derived acceptance criteria are established
by the designer to limit the damage to different defence barriers.

In the Canadian approach dose values adopted for AOOs and DBAs are consistent with accepted
international practices and take into account recommendations of the IAEA and the International
Commissioron Radiological Protection.

For new plants these limits are:
- 0.5 millisievermSv)for any AOO
- 20 mSvfor any DBA
For existing reactors, the dose limits are specified in the operating licences.

The Canadian regulations require that the committeldole-body dose for average members of the
critical groups who are most at risk, at or beyond the site boundary, is calculated in the deterministic
safety analysis for a period of 30 days after the analyzed event.

Derived acceptance criteria have two conmgats: qualitative and quantitative.

The qualitative acceptance criteria relate a barrier to fission product releases or fundamental safety
function and the requirements to be met during the event.

Examples of acceptance criteria for AOOs for Ledef@nce in depth:
Fuel matrix (barrier): fit for service (acceptance criterion).
Fuel sheath (fuel cladding): No eyt / no departure of nucleate boiling (DNB)

Fuel assembly: maintain fuel cooling ability; retain -mohdle geometry with adequate coolant
channels to permit removal of residual heat

Fuel channel (CANDU): Fit for service; American Society of Mechanical Engineers (ASME) service
level B not exceeded.

Primary coolant system (excluding CANDU fuel channel): Fit for service: ASME service d¢vel B n
exceeded.

Control of reactivity (safety function): Reactivity controlled by safety system. After shutdown, there
iS no inadvertent return to criticality.

Offsite dose: Within the dose acceptance criteria.
Examples of acceptance criteria for DBAs:
Fuelmatrix: No fuel centre line melting; no fuel breaf; no excessive energy deposition.

Fuel sheath (fuel cladding): No excessive strain of fuel sheath; fuel elements are to meet applicable
limits for: sheath temperature, local sheath oxidation, oxygemettement of fuel sheath.

Fuel assembly: Maintain fuel coolability; retain #mohdle geometry or fuel assembly with
adequate coolant channels to permit removal of residual heat.

76/ 90



Y
norway
grants

Fuel channel: Fuel channel remains intact; local pressure tube strainw bfaliture threshold;
moderator subcooling precludes failure; no constrained expansion; no fuel sheath melting; no fuel
centreline melting; no fuel breakup; no fuel element bowing and/or sagging into pressure tube (PT)
contact.

Primary coolant system (excing CANDU fuel channel): Pressure boundary remains intact: ASME
service level C not exceeded; no consequential boiler tube leaks.

Control of reactivity: Reactivity is controlled (no prompt criticality; after shutdown, any return to
power is limited in ex@nt, and does not lead to exceeding any other derived acceptance criteria.)

Offsite dose: Within the dose acceptance criteria for a DBA.

For each of the qualitative acceptance criteria the Canadian approach requires to establish a
guantitative acceptanceriterion (or limit). These quantitative limits are required to be supported

by experimental data, to provide a clear boundary between safe states (when failure of an SSC is
prevented with high confidence), and unsafe states (when a failure of an SSCcoay and to
incorporate margins or safety factors to account for uncertainty in experimental data and relevant
models.

Tabled-1 andl-2 of AppendiX, extracted fromREGDOR-4-1, provides further examples of Derived
Acceptance Criteria for both, AOOsdaDBA, that were obtained from current Canadian and
international practice.

Obijectives for BDBA

Design extension conditions (DECs) are a subset of bejesignbasis accidents that are
considered in the design process of the facility, employirdzgstestimate methodology, to keep
releases of radioactive material within acceptable limits. Design extension conditions could include
severe accidents.

Severe accidents are those that can lead to significant fuel damage or offsite releases of radioactive
material.

The Canadian approach establishes that the aim of safety analysis for BDBAs is to:

1 Evaluate the ability of the design to withstand challenges posed by BDBAs and to identify
plant vulnerabilities.

1 Assess the effectiveness of those desfgatures which were incorporated in the plant
design for the specific purpose to reduce the likelihood and/or mitigate the consequences of
BDBAs, (including the assessment of equipment for accident management and
instrumentation to monitor the accident).

Evaluate the ability to restore and maintain the safety functions.

Assist in the development of an accident management program for BDBAs and severe
accident conditions.

1 Provide input for offsite emergency planning.

The design for BDBAs is aimed to meek dsteria such as safety goals related to frequency of
severe core damage and significant releases of radioactivity, as assessed by PSA.

The Canadian approach establishes that deterministic calculations of the source terms for BDBAS can
also be performedn accordance with the aim of the BDBA analysis.

For DECs with severe core damage, the requirement is that the containment shall maintain its role as
a leaktight barrier for a period that allows sufficient time for the implementation of offsite
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emergency procedures following the onset of core damage. Containment shall also prevent
uncontrolled releases of radioactivity after this period.

IV.3.5 Methods and assumptions for deterministic safety analysis

The Canadian regulatory authority requires that theakysis shall provide the appropriate level of
confidence in demonstrating conformity with the acceptance criteria.

To achieve the appropriate level of confidence, the requisites determine that the safety analysis

shall;

T

1
T
1
T
T
1

Be performed by qualified analystsaccordance with an approved QA process
Apply a systematic analysis method

Use verified data

Use justified assumptions

Use verified and validated models and computer codes

Build in a degree of conservatism

Be subjected to a review process

The CNSC consid that the safety analyst has the option of selecting safety analysis methods and
assumptions, as long as the regulatory requirements and expectations are satisfied.

The CNSC requires that the analysis method shall include the following elements:

T
T
1
)l

Identifying the scenarios to be analyzed as required to attain the analysis objectives
Identifying the applicable acceptance criteria, safety requirements, and limits
Identifying the important phenomena of the analyzed event

Selecting the computational methods @omputer codes, models, and correlations that
have been validated for the intended applications

Defining boundary and initial conditions
Conducting calculations, including:

- Performance of sensitivity analysis and identifying, where necessary, margiifé-to c
edge effects.

- Analysis of the event from the initial steady state up to a predefined-terng
stable state.

- The calculations for plant transients are extended beyond the point where the NPP
has been brought to shtdown and stable core cooling, astablished by some
identified means (i.e., to the point where a lotgym stable state has been reached
and is expected to remain as long as required). The analysis should take into account
the capacity and limitations of loAgrm makeup water and electal power
supplies.

1 Accounting for uncertainties in the analysis data and models.

9 Verifying calculation results for physical and logical consistency.

1

Processing and documenting the results of calculations to demonstrate conformance with
the acceptance créria.
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IV.3.6 Recommendations/expectations to be taken into account

The following is a list of recommendations/expectations of the CNSC to be taken into account for the
performance of Deterministic Safety Analyses of a NPP.

General recommendations

The scearios to be analyzed should include description of initial conditions, initiating event,
expected actions of the plant systems and of the operator, etc.

A set of applicable criteria should be identified, including any regulatory requirements. Thesa criteri
should address all safety challenges while also demonstrating compliance with the dose acceptance
criteria.

Key phenomena, key parameters, and the range of parameter values associated with the analyzed
event should be identified.

The models and comput@ode applicability to the analyzed event should be demonstrated. Models
of plant systems should be verified to reflecttaslt plant condition, taking into account plant states
and aging effects (such as pump degradation, steam generator fouling, indneagghness).

The analysis should define the data characterizing the plant condition preceding the analyzed event
and plant performance during the eveatsuch as, but not limited to:

Plant operating mode

Reactor power

Fuel burnup and burrup distribution

Fuel temperatures

Coolant temperatures and pressures

Trip set points and action set points for mitigating systems
Instrumentation delays and uncertainties

Safety system performance characteristics

=A =4 =4 4 4 -4 -4 -4 -4

Performance of other plant equipment (such as pumps, \&lgeolers, boilers, and turbine)
1 Weather conditions

Sensitivity studies should be undertaken to assess the impact on analysis results of key assumptions
—for example, in identifying the worst single failures in various systems, or to assess the impact of
using simplified models instead of more accurate aaghisticated approaches.

Sensitivity analysis, with systematic variations in computer code input variables or modelling
parameters, shoul d corefdigreni tehfafte cttlser eA asryes treana‘t ¢
used to identify parameters with sall margins to a cliff edge, such as fuel -dot, pressure

boundary failure and tank depletion.

Requirements for Conservatism in the Analysis Methods

In agreement with the concepts provided in IAEASS&@ “ Det er mi ni stic safety
power plants”, the CNSC stipulates that there a
deterministic safety analysis:

1. Conservative analysis method, to be used for Level 3 defence in depth.
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2. Bestestimateplus-evaluatior-of-uncertainties method, to be used rfd_evel 3 defence in
depth.

3. Bestestimate analysis method, that can be used for Level 2 and Level 4 defence in depth.

While the Canadian regulatory authority accepts the use of conservative codes, CNSC considers it is
preferable to apply realistic (besttimate) computer codes. Where conservative analysis results are
required for Level 3 defenei@-depth (AOO and DBA) analysis, bestimate computer codes should

be used along with the assessment of modelling and input plant parameter uncertainties.

In the deterministic safety analysis for Level 3 defence in depth, the CNSC requires that all key
uncertainties should be identified and accounted for. The uncertainties should be accounted for
accordingly, either in the conservative analysis or in the -Bstinate-plus-evaluationof-
uncertainties methodologies.

The regulatory requirement for conservatism is consistent with the recommendation provided in
§3.10 of IAEANSS, [6]:

Conservative initial and boundary conditions should be used to ensure thanhaatainties
associated with the code models and plant parameters are bounded. The complete analysis requires
a combination of validation of the code, use of conservatism in the data and use of sensitivity studies.

The regulatory requirement for consenigtn is also consistent with the Canadian standard N286.7
99. In its clauses related to validation N288% states that:

The validation shall provide information sufficient to permit the determination of appropriate
uncertainty allowances with respect tive intended application (Clause 9, 1st paragraph)

The Validation Report shall contain an assessment of the validation results with respect to computer
program accuracy and uncertainty allowan¢€lause 11.3:§).

If the safety analysis for Level 3 it performed with the beskstimateplus-evaluationof-
uncertainties methodology, the analysis should incorporate appropriate uncertainty allowances for
the parameters relevant to the analyzed accident scenario. Such uncertainties include modelling and
input plant parameters uncertainties. The modelling uncertainties are associated with the models
and correlations, the solution scheme, data libraries and deficiencies of the computer programs.

The modellingelevant parameters include those used to starethction of a mitigating system
and/or those which can have a significant impact in challenging the integrity of a barrier preventing
the release of fission products.

The code accuracy obtained as the result of validation work should be used as a smurce f
uncertainties of relevant modelling parameters. The inclusion in the assessments of modelling
uncertainties coming from code validation provides confidence in the safety margins predicted by
the safety analysis.

The code accuracy is defined by thesbéand the variability in bias, and should be obtained from the
comparison of code predictions with experimental data, station data or other applicable data.
However, the bias is expected to be small. If significant code biases are found after the code
validation effort, this implies that there is a deficiency in the code models for the particular
phenomena or phenomenon as observed in the tests. The models in the code should be improved to
remove or minimize the bias as much as possible.

Input plant parameters (also referred to as operational parameters) are those parameters that
characterize the state of plant’s SSCs or are
using inrreactor instrumentation.
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The measurement uncertainties are aable from the plant instrumentation and control system
documentation or the OLCs. The systematic (“bias
deviation”) should be accounted for.

The measurement bias represents an element of measurement uncriaiising from a systematic
error known to cause deviation in a fixed direction. The standard deviation represents an element of
measurement uncertainty which cannot be defined exactly, or which can cause deviation in either
direction, but can be estimateon the basis of a probability distribution.

The CNSC accepts that in the safety analyses for Level 2 and Level 4 defence in depth (where a
realistic, bestestimate analysis method may be used) it is not necessary to account for uncertainties
to the sameextent as for Level 3 defence in depth.

Guidance to incorporate simulation errors in conservative calculations

Sometimes it has been argued that analysis assumptions are conservative enough to account for
simulation uncertainties even if the modelling unizenties are unknown.

Conservative calculations that are not based in code validation may provide a more pessimistic
result than a calculation without any assumed conservatism, but cannot provide confidence that the
conservatism assumed for the calcutaits covers modelling uncertainties of those parameters that
either are normally monitored at a NPP or can have an impact on the integrity of a given fission
barrier.

The inclusion in the assessments of modelling uncertainties coming from code validatiodegr
confidence in the safety margins predicted by the safety analysis.

The philosophy behind the requirement of applying uncertainties to the relevant parameters is to
make the analysis conservative when assessing the effectiveness of a mitigatieg syst when
assessing a particular phenomenon that could challenge a barrier for the release of radioactive
material.

Those uncertainties should be applied to delay the action of a particular mitigating system credited
in the analysis and to make take ptasooner the challenge to the integrity of the fission barrier.
Example: delay the trip of the NPP by introducing an uncertainty in the tripaet of a particular
parameter that is predicted by the code and is credited to stop thessedfained fisgin process and

to decrease the CHF prediction value or to decrease the heat transfer to the coolant.

The same approach should be applied to other stages of a postulated event in which uncertainty
allowances are required to assess other mitigating systemwghere other physical barriers could be
challenged.

For instance after reactor trip, during a loss of coolant accident in a CANDU reactor, ECC injection is
required to avoid fuel failure. Hence, uncertainty allowances should be included to delay the
initiation of the ECC and for the parameters that are important for the prediction of the
phenomenon that imposes the most serious challenge to the integrity of the fuel channels.

Requirements on credit for actions of systems

The CNSC requirements are that asptions made to simplify the analysis, as well as assumptions
concerning the operating mode of the nuclear power plant, the availability and performance of the
systems, and operator actions, shall be identified and justified.

The analysis of AOO and DBAlkh

91 Incorporate the key input modelling parameter uncertainties, the key input plant
parameters measurement uncertainties, and the measurement uncertainties for the
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actuation of mitigating systems; the uncertainties shall be properly estimated, folldveisig
national and international practices.

1 Apply the singldailure criterion to all safety groups, and ensure that the safety groups are
environmentally and seismically qualified.

The singldailure criterion stipulates that the safety group consistirfigacsafety system and
its support systems should be able to perform its specified functions even if a failure of
single component occurs within this group.

1 Safety analysis of AOOs and DBAs for Level 3 defence in depth should apply tHeaigingle
criterion to each safety group.

The singldailure criterion does not need to be applied in the analysis of AOO for Level 2
defence in depth and BDBA.

Use minimum allowable performance (as established in the OLCs) for safety groups.
Account for consequentidilures that may occur as a result of the initiating event.

Credit the actions of process and control systems only where the systems are passive and
environmentally and seismically qualified for the accident conditions.

1 Include the actions of process ammbntrol systems when their actions may have a
detrimental effect on the consequences of the analyzed accident.

1 In the safety analysis of an AOO for Level 2 defence in depth, credit may be taken for the
operation of process and control systems whose acticmsld help mitigate the event, as
long as the credited systems are not impaired as a consequence of the initiating event. The
status of these systems and the values assigned to their parameters need to be justified.

1 In the safety analysis of AOOs and DB¥d evel 3 defence in depth, no credit should be
taken for the operation of the control systems in mitigating the effects of the initiating
event. The effects of control system actions should be considered, if these actions would
aggravate the transientr delay the actuation of the protection features.

Credit the normally running process systems that are not affected by the analyzed accident.
| f operator actions ar e credited, demonstr
performance has been consideradthe analysis and assessment

IV.3.7 Recommendations for Assumptions regarding the Performance of Structures, Systems and
Components

Partial and total failures of equipment should be considered in the analysis of each failure sequence,
to identify theworst failure for each acceptance criterion.

Assumptions for worse pipe failures

Various modes of piping failures should be considered in-dbssolant analyses. They include
circumferential, guillotine, and longitudinal failures at any location instesy.

For circumferential and guillotine failures, analysis should consider a discharge area up to, and
including, twice the crossectional area of the piping.

For longitudinal breaks, the analysis should justify the upper limit of the range of postileta#
size.
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The worst break location, size, and orientation, in the context of posing the most challenges to a
safety analysis requirement, should be identified through analysis, including sensitivity analysis,
using a conservative break model.

The reguléory body requires that for CANDU reactors failures of reactor inlet and outlet headers are
considered in the same way as piping failures.

Assumptions for loss of offsite power

In addition to a single failure and any consequential failures, a loss ofeoffsiver should be
assumed, unless a justification is provided.

The loss of offsite power may be assumed to occur either at the initiation of the event or as a
consequence of reactor and turbine trip. For example, when loss of Class IV power (GAdDU
reactor) is assumed, the event should be analyzed both with and without the loss of offsite power,
and the most limiting results should be used.

Assumptions for the Shutdown Safety Systems

The CNSC requires that deterministic safety analysis should dementitie effectiveness of all
credited shutdown means by demonstrating that the design meets applicable acceptance criteria.

The CANDU reactors design includes two redundant;afetitg means of shutdown, both of which
should be demonstrated to be equakyffective. The criteria for both shutdown means will be the
same, and will be AOO or DBA criteria, as applicable to the event class.

A manual reactor trip can be considered to be equivalent to a trip parameter if: the requirements for
crediting operator ation from the main control room are met; and the reliability of manual
shutdown meets the reliability requirements for an automatic trip.

Operator actions can be credited in the safety analysis for Level 3 defence in depth only if:

1 There is reliable instruentation designed to provide clear and unambiguous indication of
the need to take action.

1 The power plant has operating procedures that identify the necessary actions, operator
training, support personnel, spare parts, and equipment.

1 Environmental conditins do not prevent safe completion of operator actions.

Following the first clear and unambiguous indication of the necessity for operator actions, such
actions may normally be credited in the safety analysis (Level 3 defence in depth) to be started no
somer than:

- 15 minutes for actions in the main control room
- 30 minutes for actions outside the main control room

Assumptions for the Emergency Core Cooling System

If the emergency core cooling system (ECCS) logic has an injection logic conditioned bgdheepr
of other indicators (i.e., conditioning signal), then the safety analysis should identify and evaluate
the consequences of situations where those conditioning signals may be blinded.

If the ECCS activation logic is complex (i.e., several diffecdaha are required for the system to be
considered fully activated), then the safety analysis should consider the consequences if some of
these actions do not occur for example, a failure to ralign the ECCS pump suction to the
containment sump.

Assumpions for containment
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The deterministic safety analysis should identify and evaluate consequences of situations when the
contai nment i solation instrumentation is blinde
for which a containment isolation acation set point is approached, but not reached. For example,

the containment may be blinded by the inaction, partial action, or normal functioning of other
systems that supplement or degrade the containment performance. Containment blinding scenarios

are important, because an accident with a potential for radioactivity release may not trigger the
activation of containment isolation.

The containment leakage rate assumed in the analysis should be based on containment design leak
tightness requirements, andafirmed by the leakage rate tests.

Assumptions for equipment under maintenance

The analysis should account, where applicable, for the possibility of the equipment being taken out
of service for maintenance.

IV.3.8 Requirements for dose calculations

Thecommitted wholebody dose for average members of the critical groups who are most at risk (at
or beyond the site boundary) is calculated in the deterministic safety analysis for a period of 30 days
after the analyzed event.

The effective dose should be usa dose calculations, and should include contributions from:
External radiation from cloud and ground deposits

Inhaled radioactive materials

Skin absorption of tritium

In dose calculations, the worst weather scenario in terms of predicted dose shoualsshened. All
weather scenarios with probabilities of occurrences higher than 5 percent should be accounted for.

No intervention in the form of decontamination or evacuation should be assumed. Intervention
against ingestion of radioactive materials and matuemoval processes may be assumed.

Dose calculations should also be conducted for several time intervals, and up to one year after the
accident.

IV.3.9 Requirements for computer codes

Computer codes used in the safety analysis shall be developedatealjcand used in accordance
with a quality assurance program that meets the requirements of CSA N288.7 “Qual ity
Assurance of Analytical, Scientific, and Design

The use of realistic computer codes in safetyalysis is preferable, given that the use of
conservative codes may produce misleading or unrealistic results. However, an extensive
experimental database should be established to demonstrate the code applicability and to validate
the code, thereby providg a basis for confidence in code predictions.

Fully integrated models could give a more accurate representation of the event, and should be used
to the extent practicable. These models address all important phenomena within a single code or
code packageSequential application of singiiscipline codes is more likely to misrepresent
feedback mechanisms than fully integrated models, and should be avoided unless there is a specific
advantage.

The selection of computer codes should consider the code apliga the extent of code
validation, and the ability to adequately represent the physical system.
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Computer code applicability

The applicability of computer codes used to predict the consequences is established before
conducting the analysis. The codpplicability assessment and relevant knowledge bases must be
documented in sufficient detail to allow for an independent review.

The applicability involves the following steps:

1 Identification of all phenomena significantly influencing the key output patans for the
event to be analysed.

1 Confirmation that the code implements adequate models for all key phenomena, and
demonstrating that these models have been verified and validated against separate effect
tests.

Assessing the closure equations and couastie relationships.

Assessing scaling effects; the scalability of the integral effects tests should be assessed to
confirm that there is no significant distortion in the database; scaling distortions and their
impact on the code assessment should be idfeed, evaluated and addressed in the safety
analysis.

1 Assessing the numerical stability of calculations and temporal and spatial convergence of
iterative approximations; the spatial and temporal convergence are achieved when an
increase or a reduction ithe node or time step sizes (which includes changing the minimum
time step, if necessary) does not change simulation results significantly.

1 Addressing any gaps or deficiencies in the code applicability for the analyzed event.

Requirements for code validath and guantification of accuracy

All computer codes are required to be validated for their application in safety analysis. The purpose
of validation is to provide confidence in the ability of a code for a given application, and also to
determine the codeaccuracy.

The validation should:

1 Demonstrate the capability and credibility of a computer code for use in specific analysis
application.

1 Quantify the accuracy of the code calculations (quantified through comparison of code
prediction with experimental datar other known solutions).

The codes used in safety analysis are validated by comparing code predictions with:
1. Experimental data
2. Commissioning data and operating data, where available
3. Solutions to standard or benchmark problems
4. Closed mathematical solutis
5. Results of another validated computer program

The comparison of code predictions with solutions to standard problems or closed mathematical
solutions for the purposes of validation is acceptable, but they should normally be supplemented
with other typesof comparisons.

The experimental database used for validation may encompass separate effects, as well as
component and integrated tests. Chosen test validation should satisfy the following criteria:
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Test data are obtained at physical and geometrical dmd and phenomena that are
relevant either to normal operation conditions, or to a postulated accident scenario in the
reactor.

Tests used for validation are free of distortions due to geometry or other properties, to the
extent practicable.

Measurementuncertainties are quantified.
Systematic errors (bias) are minimized, and their sources are understood.

The integrated tests used for validation should be specific to the reactor, and contain
components representative of those used in the NPPs.

Data used dér model development is independent from data used for computer code
validation.

Accuracy of code predictions should be provided for the key modelling parameters, and for
the plant parameters used to control power generation or to initiate a mitigatintesys

The bias and variability of bias in the computer code can be obtained from the comparison
of code predictions with experimental data.

The code models used during validation should be identified and recommended for use in
safety analysis, so that theafety analysis is consistent with the validation. Otherwise, the
impact of using different models on the simulation results (code accuracy) should be
assessed.

The CNSC also requires that:

1 Clear recommendations should be made on the use of a code beyendonditions for

which validation has been performed, and all the effects of such extrapolations should be
assessed and accounted for.

The effect of the modelling assumptions on the validation results should be assessed,
including confirmation that a spial and temporal convergence of the solution is achieved.

Documentation of the computer tools should be clear and easy to follow, so the
uncertainties due to user effects would be negligible. The use of different computer
hardware or operating systems ghld also have negligible effects. Means such as user
training and compliance with quality assurance procedures should be clearly stated.

Computer code validation should be performed by qualified persons. Validation reports
should be reviewed by qualifigzersons who had not participated in the validation.

These requirements are consistent with and complement the requirements in CSA N286.7
“Quality Assurance of Anal ytical, Scientific

Pl

ants” .

IV.3.10 Requrements for physical representations

Data are also prepared to provide a mathematical representation of the physical components, and
how their arrangements are to be represented by the computer simulation. This input data should
be prepared in accordanceith the following principles:

A systematic method for representing components and connections should be developed.

The basis for the methodology should be documented; the methods used are usually based on
experience in representing experimental faciliteesd other plants of similar configurations.
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The representation should be verified and validated.

In some cases, plant tests (sometimes as commissioning tests) are required to establish the precision
of such representations.

IV.3.11 Required documentatiorfor reporting Deterministic Safety Analysis results

The following elements need to be included in the safety analysis documentation:

A technical basis that includes: the objective(s) of the analysis; a description of the analyzed event,
which should inlude a description of the NPP operating mode, action of SSCs, operator actions and
significant phases of the analyzed event (note that other events bounded by the analyzed event
should also be identified); a description of safety concerns, challengesféty,sand applicable
safety analysis criteria, requirements and numerical limits; identification of key phenomena
significantly affected by the key parameters for the analyzed event, along with a description of the
systematic process used for identificat of key parameters.

The documentation should include a description of the analyzed facility, including important systems
and their performance, as well as operator’s act

Information on the analysis method and assumptions

Information demonstrating He code applicability, including (when available) evidence that codes
have been validated against prototypical experiments and assessment of code accuracy, as well as
references to the relevant experimental results; demonstration that the analysis assumapdre
consistent with the plant operating limits (with evidence from NPP operation and experiments
demonstrating the assumed observed variances in operating parameters, and uncertainties in
modelling parameters, respectively).

A description of the resudtof analysis, including results of sensitivity and uncertainty studies with
sufficient detail to show dominant phenomena; evidence of independent verification of the inputs

and the results; evidence of analysis review, including an assessment of the fifizaxy) on the
plant’'s operating | imits, conditions, manual s, €

IV.3.12 Requirements for the review of deterministic safety analysis results

The licensee shall systematically review the safety analysis results to ensure that they are correct
and meet the objectives set for the analysis. The results shall be assessed against the relevant
requirements, applicable experimental data, expert judgment, and comparison with similar
calculations and sensitivity analyses.

The licensee shall review the ansily results using one or more of the following techniques,
depending on the objectives of the analysis:

1. Supervisory review

2. Peer review

3. Independent review by qualified individuals

4. Independent calculations using alternate tools and methods tegtent practicable.

Procedures should be developed to determine the extent of the independent review to be applied at
each step of the safety analysis.

To review the safety analysis and identify potential deficiencies, reviewers should be familiar with:

1 Safety standards, analytical methods, and technical and scientific research.
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1 Changes in power plant data, design, operating envelope and operating procedures.
1 Information on operating experience from other NPPs.
In reviewing the safety analysis, the follogireview elements should be considered:

9 Plant design information, supported by layout, system and equipment drawings, and design
manuals.

1 Operating limits and permitted operational states.

1 Information about the functional capability of the plant, systemsd major items of
equipment.

1 The findings of tests which validate the functional capability.

9 The results of inspection of components.

9 Site characteristics, such as flood, seismic, meteorological, and hydrological databases.

9 Offsite characteristics, incling population densities.

1 Results of similar analyses.

1 Developments in analytical methods and computer codes.

1 Regulatory rules for safety analysis.

9 Safety analysis standards and procedures.

Guidance for the review of Safety Analysis

The followingrecommendations are provided for any type of review (peer or licensing) of the
Deterministic Safety Analysis.

The reviewers should verify that any claim or statement made in the document reporting the
analysis results should be fully justified by suppatevidence. If those claims/statements are based
in information that is included in referenced documents in the analysis report, those references
should be made available to the reviewers.

The reviewers should verify that for all plant states, a comprehenlist of the different types of
initiating events are established to ensure that the scope of the analysis of the behaviour of the
plant is complete. The term initiating event refers to an event, including operating errors or
equipment failures or inteal or external hazards, which, directly or indirectly, challenge one or
more safety functions.

The reviewers should verify that categories of initiating events and the consequential transients are
defined, to ensure that all possible scenarios are being addressed. There are different sets of criteria
for grouping, each of which will result in a difnt event list.

One possible approach, for example, is to group events by the principal effect that could result in the
degradation of safety functions. If the initiating events have been grouped following this approach,
the reviewers should verify thatategories of postulated initiating events include at least the
following transients:

Increase or decrease in heat removal from the reactor coolant system;

1
9 Increase or decrease in reactor coolant system flow rate;
1 Reactivity and power distribution anomed

1

Increase or decrease in the reactor coolant inventory;
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1 Release of radioactive material from a subsystem or component.

Reviewers should verify that the simulation of AOOs and DBAs to demonstrate the capabilities of the
safety systems have been performeasing deterministic safety analysis with conservative
assumptions.

The reviewers should verify that a description of the methods, assumptions and data that have been
used to perform the assessments is given; that the overall methodology that was usedfoonp

the assessments is described in sufficient detail to identify the specific assumptions that were
defined and a justification for the cases that have been addressed is provided.

The reviewers should verify that the analysis presents sound evidiératethe purpose of the
deterministic safety analysis for AOOs and DBAs has been met.

The reviewers should verify that the quantitative simulation errors (or uncertainties) obtained from

the validation of the tools used in the calculations are incorporatéd the analysis to provide part

of the basis for the conservatism assumed in the calculations. If this were not the case the reviewers
should inquire for evidence on how the safety
uncertainties associatt wi t h t he code models and pl ant par ar
with §3.10 of IAEANSS&, [6]) and how the margins determined from the analysis are reliable.

The reviewers should verify that appropriate uncertainty allowances, obtained frenvalidation
work, for the relevant input parameters have been taken into account in the calculations.

The reviewers should verify that computer code versions and models that were used in the analysis
are identified; that the nodalization and other pertinecharacteristics of the systems that have
been modeled in the analysis, including initial conditions and how they were generated, are
identified; that the approach followed to perform simulations for the specific safety analysis are
consistent with the aes used to validate the computer codes.

The reviewers should verify that all assumptions made in the analyses are listed and that the analysis
used supportable assumptions, methods and data in terms of research and development and
modeling physical phemoena.

The reviewers should verify that the analysis used supportable assumptions, methods and data in
terms of plant design; that assumptions are consistent with design documents and operating
conditions of similar existing plants.

The reviewers should vify that the analysis results include a description of the assumptions made
pertaining to equipment operation and availability; that the systems that were considered in the
analysis as operating/available are identified; that assumptions made regardingmsys
operation/response take into account possible consequential effects such as pipe whip, water
hammer, flooding, etc.; that the analysis should not take credit for mitigating process and control
system action unless the system being credited is passive.

The reviewers should verify that the assumptions regarding the Safety Systems are identified and
that they are consistent with design documents and those regarding availability are consistent with
reliability models.

The reviewers should verify that assptions regarding instrumentation uncertainty (error) and
delay (Safety Systems and process/control systems) are identified.

Reviewers should verify that the computer codes used in the safety analysis have been validated and
used for the analysis in accomtze with a quality assurance program that meets the requirements of
CSA N286:99([22]), or equivalent.
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The reviewers should make sure that information that a tool is properly qualified for the intended
application is available in the report documentilge t ool ' s val i dation wor k.

The reviewers should verify that the report documenting the validation work includes evidence that
the tool has been tested with qualified data to predict the phenomena that are relevant to the
postulated event being analyzed anthat the quantitative simulation errors (simulation
uncertainties) of the relevant parameters have been documented in compliance with N286.7

The reviewers should verify that the report documenting the validation work presents indication
that the toolhas been validated and the simulation uncertainties documented to predict parameters
that would be normally surveyed and that will be used to either control the power production or the
initiation of a mitigating system at the planned nuclear power plamtthe postulated event being
analyzed.

Requirement for update of deterministic safety analysis

The safety analysis shall be periodically reviewed and updated to account for changes in NPP
configuration, conditions (including those due to aging), operafagameters and procedures,
research findings, and advances in knowledge and understanding of physical phenomena, in
accordance with CNSC regulatory standaf@ SReporting Requirements for Operating Nuclear
Power Plants[23], or successor documents.

Qudity requirements of deterministic safety analysis

Safety analysis shall be subject to a comprehensive QA program applied to all activities affecting the
guality of the results. The QA program shall identify the management system or quality assurance
standards to be applied and shall include documented procedures and instructions for the complete
safety analysis process, including, but not limited to:

1. Collection and verification of NPP data
Verification of the computer input data
Validation of NPP arahalytical models

Assessment of simulation resylts

o~ DN

Documentation of analysis results
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