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FOREWORD

A well performed and adequately documented safety assessment of a nuclear facility
will serve as a basis to determine whether the facility complies with the safety objectives,
principles and criteria as stipulated by the national regulatory body of the country where the
facility is in operation. International experience shows that the practices and methodologies
used to perform safety assessments and periodic safety re-assessment for non-reactor nuclear
facilities differ significantly from county to country. Most developing countries do not have
methods and guidance for safety assessment that are prescribed by the regulatory body.
Typically the safety evaluation for the facility is based on a case by case assessment. Whilst
conservative deterministic analyses are predominantly used as a licensing basis in many
countries, recently probabilistic safety assessment (PSA) techniques have been applied as a
useful complementary tool to support safety decision making. The main benefit of PSA is to
provide insights into the safety aspects of facility design and operation. PSA points up the
potential environmental impacts of postulated accidents, including the dominant risk
contributors, and enables safety analysts to compare options for reducing risk. In order to
advise on how to apply PSA methodology for the safety assessment of non-reactor nuclear
facilities, the IAEA organized several consultants meetings, which led to the preparation of this
TECDOC.

This TECDOC is intended as guidance for the conduct of PSA in non-nuclear facilities.
The main emphasis here is on the general procedural steps of a PSA that is specific for a non-
reactor nuclear facility, rather than the details of the specific methods. The report is directed at
technical staff managing or performing such probabilistic assessments and to promote a
standardized framework, terminology and form of documentation for these PSAs. It is
understood that the level of detail implied in the tasks presented in this publication is not
necessary for all types of facility or PSA applications. In fact, it is anticipated that for many
facilities, a ‘streamlined’ or ‘simplified’ interpretation of the information presented in this
TECDOC will be acceptable. The appropriate level and form of streamlining is dependent
upon the specific objectives of the analysis and the magnitude of the hazard that the facility
represents. Facility hazard can drive the depth of analysis, as it may well be appropriate to
analyse a lower hazard facility to less depth than higher hazard facilities (i.e., the depth of
analysis is commensurate with the risk). Thus, the concept of hazard-graded depth of
probabilistic safety analysis is considered as appropriate for non-reactor nuclear facilities.

This report was reviewed during a Technical Committee Meeting on Current Practices
in PSA for Non-reactor Nuclear Facilities held in Vienna, in November 2000. The IAEA
appreciates the work performed by all the participating experts and wishes to thank them for
their valuable contribution to the preparation of this report. The IAEA officer responsible for
this publication was V. Ranguelova of the Division of Nuclear Installation Safety.



EDITORIAL NOTE

The use of particular designations of countries or territories does not imply any judgement by the
publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (Whether or not indicated as registered) does
not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement or
recommendation on the part of the IAEA.
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1. INTRODUCTION
1.1. Background

The PSA approach provides a formal structured procedure for defining the functional
logic of complex systems, assessing the consequences of failure and deriving numerical
estimates of risk' from the operation of a plant.

In addition, PSA allows, through the calculation of risk measures, an explicit
demonstration of safety that is comparable across different types of systems and different
industries. Calculated risks can also be compared against explicitly defined risk criteria. Such
criteria are generally derived from publicly defined norms of what constitutes acceptable
levels of safety and promulgated through regulatory controls covering the industry. The risk
measures themselves are also more easily understood by the public than complex engineering
justifications of safety.

PSA can also support enhancement of plant safety. For example, it can provide plant
designers with an unbiased benchmark against which to rank the safety significance of
alternative design options, and enable them more easily to decide on the best option. Also,
PSA is being increasingly used to develop more rational (from a safety standpoint)
maintenance regimes.

These additional benefits of PSA can be applied to simpler and less hazardous nuclear
facilities or systems and are judged to be particularly beneficial to non-reactor nuclear
facilities (NRNFs). The underlying theme of this report is that these benefits can be obtained
while employing a simplified or graded version of the full PSA method that is matched to the
complexity and level of hazard® presented by each facility. The types of NRNFs where PSA
can be of benefit include, for example:

enrichment facilities of the diffusion or centrifugal type;

fuel fabrication facilities for a range of different types of fuel;

fuel reprocessing facilities;

waste treatment and waste conditioning facilities;

short and intermediate term storage facilities for irradiated fuel and other materials, e.g.,

fuel storage ponds;

e short and intermediate term storage facilities for storage of other solid radioactive
wastes and liquid wastes, e.g., storage tank facilities;

e irradiation facilities;

e hot cell facilities;

¢ radiation emitting devices, e.g., accelerators.

The first comprehensive application of methods and techniques of PSA to a nuclear power
plant (NPP) dates back to 1975 for the United States Nuclear Regulatory Commission’s Reactor
Safety Study (WASH-1400) [1]. Since that study, there has been substantial methodological

" A multiattribute quantity expressing hazard, danger or change of harmful or injurious consequences
associated with actual or potential exposures. It relates to quantities such as the probability that specific
deleterious consequences may arise and the magnitude and character of such consequences.

? For NRNF PSAs, ‘hazard’ is defined as an inherent physical or chemical characteristic that has the
potential for causing harm to people, property or the environment.



development, and PSA techniques have become a standard tool in the safety evaluation of NPPs.
The application of PSA to NRNFs started in the 1980s but this application was challenged to
some degree by major differences between the design and operation of NPPs and NRNFs.

Fuel cycle facilities differ from reactors in several important aspects. First, they employ
a greater diversity of technologies and processes. Second, fissile material and wastes are
handled, processed, treated, and stored throughout the nuclear installations. These treatment
processes use large quantities of hazardous chemicals which can be toxic, corrosive or
combustible. Consequently, the materials of interest to nuclear safety are more distributed
throughout the nuclear installations, in contrast to reactors, where the bulk of the nuclear
material is located in the reactor core or fuel storage areas. For example, the nuclear materials
in fuel cycle facilities are often present in solutions that are transferred between vessels used
for different parts of the different processes, whereas in reactors the nuclear material is
generally concentrated in the solid fuel.

Third, the facilities are often characterized by more frequent changes in operations,
equipment and processes, which are necessitated by treatment or production campaigns, new
product development, research and development, and continuous improvement. Fourth, for
fuel cycle facilities there is generally a significantly greater reliance placed on the operator, not
only to run the facility during its normal operation, but also to respond to fault® and accident
conditions. Fifth, the range of hazards in some NRNFs can include inadvertent criticality events,
and these events can occur in different locations, and in association with different operations.
Finally, major steps in the NRNFs consist of chemical processing of fissile materials, and if
not properly managed, this chemical processing may lead to inadvertent release of hazardous
chemical or radioactive substances.

Further details on the differences between NPPs and NRNFs, together with a
comparison with chemical process plants are given in Appendix 1.

In principle, the methodology applied to a PSA study for an NPP is the same as that for an
NRNF. However, the differences listed above have led to there being some features specific to
an NRNF PSA. In general, the following features distinguish a PSA study for an NRNF from
one performed for an NPP:

e For many NRNF PSAs, there is no differentiation between Level 1, 2 or 3 as used in
the study of NPPs. Depending upon the objectives of the safety analysis, the PSA
modelling process can encompass all aspects, from identification of initiating events®,
through the frequency estimation of the potential accident sequences’, and calculation
of the consequences in terms of the doses received by the workers and public which

3 For NRNF PSAs, “fault’ is defined as any unplanned departure from the specified mode of operation of a
system or component due to a malfunction or defect within the system or component, or due to external
influences or personnel error.

* For NRNF PSAs, ‘initiating event’ or ‘initator’ is defined as an identified event that upsets the normal
operations of the facility and may require a response by the facility operators and systems to avoid an undesirable
outcome.

> For NRNF PSAs, ‘accident sequence’ and ‘event sequence’ and ‘fault sequence’ are defined as the
combination of events, starting with an initiating event, that places a demand on a given set of safety measures.
The accident/event/fault sequence represents a combination of success and failure of these safety measures and
which then ends in a given set of consequences. They can also be defined as a scenario ending in a definable end
state. The end state or set of consequences can, depending on the sequence, be either desirable/acceptable or
undesirable.



could result from the sequences (though it may be appropriate for some studies to
calculate the magnitude of off-site release, or to determine the magnitude and frequency
of radioactive material being introduced to a specific environmental receptor, without
calculating resultant dose).

e The initiating events tend to be much simpler; they are also more varied in their nature,
leading to fewer opportunities for grouping and bounding of initiating events than for
an NPP PSA study.

e There is reduced benefit in the consideration of generic lists of initiating events, due to
the wide variety of NRNFs.

e The dominant hazard source at NPPs (the reactor core) is very centralized, whereas the
dominant hazard source(s) at NRNFs can be widespread in location. In some cases, this
leads to the need for assessing similar initiating events distinguished mainly by the
event location.

e There are a considerably greater variety of accident sequences and end states, although
they tend to be less complex than for NPP; in particular there is no need for models of
the same degree of complexity as those used to address the phenomena of core damage
and subsequent activity release. Accordingly, models representing details of the
accident progression, such as fault trees, are in most cases much simpler than those
used when modelling NPP accident progressions.

e With the greater reliance on operator actions at NRNFs to remain within the safe
operating envelope, there can be a requirement to model a greater number of operator
actions, both as initiating events, and in response to fault conditions.

This publication presents guidance on conducting a PSA study for an NRNF. The
guidance is based in principle on that presented in Refs [2—4], which are specific to PSA studies
for NPPs. Where these documents contain information applicable to a PSA for an NRNF, they
have been appropriately referenced, and the details not reproduced here. Guidance for
performing safety analysis on research reactors is available in IAEA Safety Series No. 35-G1
[5]. Several US Department of Energy publications [6—8] also include guidance on NRNF safety
analysis techniques. Reference is also made to two American Institute of Chemical Engineers
publications [9, 10], which discuss methodologies for hazard evaluation and quantitative risk
analysis for chemical plants.

Some of the terms used in this publication are defined in footnotes throughout the
present TECDOC. The definitions are those based on Refs [2—4], modified where appropriate
to relate more specifically to NRNFs.

1.2. Objective and purpose of the report

This report provides guidance on conducting a PSA for NRNFs. The main emphasis is
on the general procedural steps of the PSA specific for an NRNF rather than the details of the
corresponding methods. The report is intended to assist technical experts managing or
performing such PSAs. A particular aim is to promote a standardized framework, terminology
and form of documentation for PSAs so as to facilitate external review of the results of such
studies.

It is very important to understand that the level of detail implied in the tasks presented in
this report may not be necessary for all PSA applications for NRNFs. In fact, it is anticipated that
for many NRNF applications, a “streamlined” interpretation of the guidelines presented here will



be appropriate. The appropriate level and form of streamlining is dependent upon the specific
objectives of the analysis and the magnitude of hazard that the NRNF represents. Specific
objectives may influence the range of analysis into excluding some of the procedural tasks
outlined in this report. Facility hazard can influence the depth of analysis, since it may be
appropriate to analyse lower hazard facilities to less depth than higher hazard facilities (i.e., the
depth of analysis is commensurate to hazard). Similarly, facility complexity can influence the
depth of analysis, since it may be appropriate to analyse simple facilities to less depth than more
complex facilities.

Thus, the concept of hazard-graded depth of analysis is appropriate for NRNF PSAs. This
report seeks to provide a comprehensive guidance for assessing the risk of a high hazard NRNF
for regulatory purposes. Table I illustrates the concept of a graded approach and provides some
guidance as to how to reasonably apply reduced depth of analysis for facilities of lower hazard.

The publication of this report is not intended to pre-empt the use of new or alternative
methods; on the contrary, the promotion of all methods of achieving the objectives of PSA is
encouraged.

The methodology presented in this TECDOC may be considered as support to the safety
assessment guidance provided in the IAEA Safety Standards for nuclear fuel cycle facilities
and waste predisposal management. Information on these standards can be found on the
following Internet site: http://www.iaea.org/ns.

1.3. Scope of the report

The report provides guidance for conducting a PSA concerned with events that could lead
to undesirable consequences. As discussed above, the guidance is specific to NRNFs of high
hazard, but through the application of graded depth of analysis, the guidance is also applicable to
NRNFs of lower hazard. The scope of this report is confined to:

e PSA techniques for NRNFs;

e identification of internal initiating events;

e scenario® development, evaluation of accident sequence frequency’, and calculation of
accident consequences;

e accidents that could give rise to radiological hazards.

No specific guidance is given for:

e the calculation of the health effects of an accident;
e the calculation of a monetary value for the detriment resulting from an accident.

% For NRNF PSAs, ‘scenario’ is defined as a combination of events starting with a fault (the initiating
event) which places a demand on a given set of safety measures. The scenario represents a combination of
success and failure of these safety measures and which then ends either in successful mitigation, or with
undesirable consequences.

7 For NRNF PSAs, the “sequence frequency” is determined by multiplying the frequency of the initiator
(expressed as a frequency) with the conditional likelihood (unit-less measures) of success or failure of the safety
measures relevant to the particular accident sequence.



TABLE L. FACILITY AND ANALYSIS RANKING

Hazard Rank Low Medium High
(low activity inventory) (medium activity (large activity inventory)
inventory)
Examples of Radioisotope Lab Fuel Fabrication Research Reactor
Facilities* Facility
Small Calibration Facility | Waste Treatment Large Reprocessing Plant
Facility
Hot Cell Facility Low-Level Waste | High-Level Waste Storage
Storage Facility Facility
Depth of Analysis
Simple Intermediate Detailed
PSA Tasks (qualitative to semi- (semi-quantitative) | (quantitiative)
quantitative)
Familiarization (9) | Simple, minor effort <« - Detailed diverse review
Hazard Detailed systematic
Id;ptlﬁcatlon (10), Simple systematic or PAREN review (FMEA, HAZOP,
Initiating Events engineering evaluation etc.)
Selection (11)
Undesirable End <« - Detailed development
states (12)
Safety Measures <> Detailed identification
Identification (13) Simple, minor
Safety Measures effort <« - Detailed information
Information (14)
Event Grouping Included in tasks 10to 12 | € => Detailed development
(15) (simple grouping)
Event Sequence Simple modelling or <> Complex modelling (FTA,
Modelling (16) engineering evaluation ETA, etc.)
Human Simple (judgement) <> Detailed analysis (HRA,
Performance TA, etc.)
Analysis (17)
Consequence Simple analysis <> Detailed analysis
Analysis (18)
Parameter Few parameters, bounding | € = Many parameters, best
Estimating (19 to case, qualitative estimates
24) frequencies
Sequence Simple (dose, qualitative | € > Complex (uncertainty
Quantification (25, | frequency) analysis, sensitivity
26) analysis, distributions)
Documentation (27) | Basic <« - Detailed

*NOTE: examples of facilities may rank differently depending upon the size of the facility (for example, a smaller
reprocessing facility or plant involving a lower activity inventory may be ranked as a medium hazard).




While external events would often be included in the scope of an NRNF PSA, no specific
guidelines are given for identifying or analysing external events.

Similarly, while non-radiological hazards may be included in the scope of some NRNF
PSAs, no specific guidelines are given for identifying or analysing non-radiological hazards.
Some examples, however, of how non-radiological hazards are treated in PSA studies for
nuclear installations can be found in Ref. [11].

Risk and dose criteria used for evaluating risk tolerability are not provided in this report
because such criteria are specific to Member States, and unique criteria may be applied for
NRNF PSAs addressing unique objectives. For comparative purposes, however, examples of
criteria used in various Member States are presented in Appendix IV.

1.4. Structure of the report

This report is divided into sections corresponding to the six major procedural steps for a
detailed (quantitative) NRNF PSA. The six major procedural steps (illustrated in Fig. 1) are
discussed in an introductory manner in the paragraphs below. The different sections of this
report detail these procedural steps by breaking them down into (lower tier) tasks. Figure 2
illustrates the lower tier procedural tasks in the overall PSA procedure.

It should be emphasized that while all of the major procedural steps would often be
followed in some form in an NRNF PSA, not all of the detailed tasks need to be carried out for
all NRNF PSAs, and those tasks determined to be necessary do not necessarily need to be
carried out to the level of detail implied in this document: as discussed in Section 1.2, the
specific objectives of the PSA and the complexity and hazard level of the facility influence how
the methodology is applied, in terms of procedural tasks taken, and the depth of the analysis
applied.

It should also be noted that the steps and tasks should not necessarily be carried out in the
specific sequence implied by the task numbering; some of the tasks described within each step
can be performed in parallel with other tasks, both from within the same step, and from other
steps. Generally, the third, fourth and fifth steps (Sections 5-7) are very closely linked, and
activities could be defined which incorporate tasks from each of these steps. It will not be
necessary to complete Steps 4 and 5 in their entirety before commencing Step 6.

1.4.1. Step 1: Management and organization (Section 2)

This step includes the actions and activities necessary for the organization and
management of the study. It includes the definition of the objectives, the scope and the project
management scheme of the PSA; the selection of the methods and establishment of procedures
for the PSA, confirmation of the objective, scope and methodology by the PSA users®; the
selection of personnel and the organization of the team that will perform the PSA; the training of
the team; the preparation of a PSA project schedule; the estimation and securing of the necessary
funds; and the establishment of quality assurance (QA) and peer review procedures.

¥ “PSA users’ are the individuals, organizational units, or agencies (e.g., the regulator) that will use the
results of the PSA.
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FIG. 2. The 27 procedural tasks of an NRNF PSA.

1.4.2. Step 2: Identification of sources of radioactive releases/radiation exposure, and
accident initiators (Section 3)

During this step, the analysis team becomes familiar with the facility to be analysed, and
collects much of the required information on which to base subsequent analysis. The potential
sources of radioactive releases, or means of radiation exposure, are identified, and the initiating
events that could result in such releases or exposures are determined. The same process can also
be applied to non-radiological hazards, should they be included within the scope of the
assessment. The safety measures’ and features incorporated in the facility that could be
challenged by the initiating events or during the event sequences are identified. The collection of
this information enables the safety assessor to describe the potential accident sequences
qualitatively, and to formulate a preliminary risk model.

1.4.3. Step 3: Scenario modelling (Section 4)
The third procedural step deals with the construction of mathematical models covering:

e the logic of accident sequences from Step 2 (i.e., the combination of initiating event
and failure of relevant safety measures which could result in the undesirable
consequences).

e the calculation of the consequences that would result from an accident sequence,
generally in terms of doses to members of the public, and to members of the workforce,
or in terms of impact on to the environment. For calculations associated with the

? For NRNF PSAs, ‘safety measure’ is the combined effect of protective measures, operator actions and
mitigating systems which act alone or together in order to prevent or reduce the magnitude of undesired
consequences.



determination of doses to workers or the public, it will generally be necessary to create

(or to obtain) a set of models which achieve the following:

— evaluation of the effect of an accident in terms of quantity, type, and chemical form
of radioactive material discharged to the environment, and/or released to the
working area (specific models may be required for individual accident sequences;
the complexity of the model required may vary widely);

— evaluation of the effect of any material released to the environment, generally in
terms of dose to a member of the public (typically a small set of standard models,
covering all possible release pathways, will be needed; once created they can be
used for individual accident sequences. Because of the complexity, it is likely that
an existing consequence analysis computer code will be used for such modelling);

— evaluation of the effect of any material released to a working area generally in
terms of dose to a member of the workforce (it should be possible to create
standard models which can be used repeatedly for individual accident sequences);

— evaluation of the effect of direct exposure to a radioactive source as a result of an
accident, generally in terms of dose received, typically by a member of the
workforce (there are generally accepted, well established methods available for
this).

In some cases, largely dependent on the objectives of the PSA, and in particular the nature
of any risk criteria being applied, the consequence calculations may be used to predict the
detrimental health effects or monetary value of an accident (though specific guidance on these
aspects is not presented in this report).

If the objectives of the PSA include the characterization of the risk associated with the
potential introduction of radionuclides into a specific environmental target (for example, a local
river or a source of drinking water), it will be necessary to create (or to obtain) a set of models to
evaluate the transport of the radioactive material to the environmental target of interest. In
general, the models of interest are likely to be a subset of the required models identified above.

1.4.4. Step 4: Data assessment and parameter estimation (Section 5)

This procedural step involves the acquisition and/or generation of all information
necessary for quantification of the frequency and consequence models that were constructed in
the third step. In particular, the fundamental elements of the facility model and the parameters
that need to be estimated are identified. The data necessary to produce these estimates and their
associated uncertainties are collected and treated appropriately.

For frequency estimation, the parameters that are estimated can be divided into three major
categories: frequencies of initiating events, component and system unavailabilities, and human
error probabilities. Parameters necessary for the modelling of potential dependencies among
various events (initiating events, hardware failures or human errors) are also estimated.

A wide range of data will be required for the consequence assessment models. This will
include phenomenological parameters relating to the amount, form and transport of the
radioactive material and accident sequence specific data, as required to predict the degree of
facility damage and subsequent release of radioactive material to operating areas and to the
environment. More general data will also be required relating to the effect on a member of the
workforce of exposure to radioactive material, as well as data relating to the off-site migration
of radioactive material, and its uptake by members of the public or environmental receptors.



1.4.5. Step 5: Scenario quantification (Section 6)

In this step, the models constructed in the third step are quantified using the data
developed in the fourth step. The result of this step is the assessment of the frequency of accident
sequences, together with an estimate of the potential consequences, generally in terms of doses
to worker and/or members of the public. In some cases, this is accompanied by an assessment of
the associated uncertainties. Where appropriate, sensitivity studies are made for the important
assumptions and the relative importance of the various contributors to the calculated results are
indicated.

1.4.6. Step 6: Documentation of the analysis: display and interpretation of results (Section 7)

The results of the analysis are thoroughly documented in each step. In this step, the results
are displayed in the way that best meets the needs of the PSA users. This includes the
interpretation of the results, in line with the objectives of the PSA.

2. MANAGEMENT AND ORGANIZATION (TASKS 1-8)

The information provided under Sections 2.3-2.8 in IAEA Safety Series No. 50-P-4 [2],
covering the project management and organization for a PSA for NPPs is also applicable to an
NRNF study, with some minor modifications. Additional guidance can be found in Sections
2.1-2.5 of IAEA Safety Series No. 50-P-8 [3] and Sections 3.1-3.4 of [AEA Safety Series No.
50-P-12 [4]. This initial procedural step consists of the following eight lower tier tasks

(Fig. 3):

Task 1: Definition of the objectives of the PSA;

Task 2: Definition of the scope of the PSA;

Task 3: Project management;

Task 4: Selection of methods and establishment of procedures;

Task 5: Team selection and organization;

Task 6: Training of the team,;

Task 7: Funding and scheduling, and

Task 8: Establishment of a QA programme and interactive peer review.

It is important that all of these tasks be given adequate consideration before the detailed,
technical work on a PSA project starts. Task 1, which defines the objectives of the PSA
together with its intended and potential uses, is of utmost importance, since this should influence
every aspect of the PSA study.

Task 2 is also of primary importance since the scope determines the kind and amount of
effort required in the PSA study.

In order to assure the overall responsiveness of the PSA study, the definition of
objectives and scope of Tasks 1 and 2 should be preceded by a preliminary agreement
between the organization performing the PSA and the end users of its results. This would
assure the responsiveness of the PSA study to the requirements of the end users. The
preliminary agreement phase should also include clarification of any PSA implementation
aspects relevant to the NRNF being evaluated.

10



Establishment of a quality assurance programme and interactive peer review

Definition of the Team selection and
objectives of the organization
PSA — —>
1 5
\ 4 \ 4
Projects Selection of methods Funding and
management and establishment of scheduling
P > procedures >
5] B ]

A

Definition of the Training
scope of the PSA  —— L of the team

Tl TI (to task 9)

FIG. 3. Procedural tasks in the management and organization of a PSA.

Task 4 deals with the selection of methods and the establishment of procedures. The
selection of methods depends on the type of NRNF under consideration and the objectives and
scope (depth and range) of the analysis. Specific information concerning methodologies is
presented in the discussions of the tasks throughout this report.

While all the requirements of each of the tasks listed above depend on the nature of the
NRNF under consideration, particular attention is called to Tasks 5 and 6 (team selection,
organization and training). The functions and the operations taking place at the specific NRNF
under consideration may require specialized expertise to be added to the team in addition to the
expertise discussed in Refs [2—4]. For example, it may be desirable for a particular facility to
have expertise in process flow, chemical process safety and criticality safety. Task 9, dealing
with familiarization with the facility, will provide an additional check covering the required
make-up and training of the team.

3. IDENTIFICATION OF SOURCES OF RADIOACTIVE RELEASES/
RADIATION EXPOSURE AND ACCIDENT INITIATORS

3.1. General discussion

Section 3 describes the second major procedural step of a PSA. The main purpose of
this step is for the PSA team to become familiar with the facility and its operation(s) and to
begin the process of constructing risk scenarios. Through the completion of the tasks
described in this section, a list of initiating events (IEs) will be identified. This list will be
reviewed to determine which of the initiators should be subject to detailed analysis and how
they can be grouped in order to simplify the analysis without the loss of important risk
information. Upon completing this group of tasks, the PSA team will have developed a
detailed understanding of the operation of the facility under normal and abnormal conditions
and will have assembled sufficient information to permit the development of accident
scenarios.

11



(from task 6)

3

Familiarization with
the facility and PSA
information
gathering

)

(to tasks 16 and 18)

Preliminary
—P> identification of  |——
undesirable

end-states (to task 16)
12

Preliminary hazard Selection of Grouping of the
identification and initiating events initiating events for
P screening » > = g analysis
10 11 15
A
Identification of (to tasks 19-24)
safety measures with

P their safety functions —— EE——
(from task 16)

B

Collecting
information on
safety measures

Tl

(to task 16)

FIG. 4. Procedural tasks for the identification of sources of radioactive releases/radiation
exposure and accident initiators.

This procedural step consists of the following seven tasks (Fig. 4). The task numbering
follows consecutively from the eight tasks referred to in Section 2 and illustrated in Fig. 3.

Task 9:

Task 10:
Task 11:
Task 12:
Task 13:
Task 14:
Task 15:

Familiarization with the facility and information gathering;
Hazard identification and screening;

Selection of initiating events;

Preliminary identification of undesirable end states';
Identification of safety measures with their safety functions;
Collecting information on safety measures, and

Grouping of the initiating events for analysis.

The sequence of tasks presented here is not necessarily the most appropriate in all cases.
It will depend on the extent and detail of the information available as well as the iterative
stage of the analysis. It should be noted that each task does not need to be completed before
the next commences. Some tasks can run concurrently, in particular Tasks 11, 12 and 13 may
be carried out for an individual initiating event, before other initiating events (from a different
part of the facility, for example) are considered. The initiation of Task 9 precedes the other
tasks, as Task 9 underpins each of the subsequent activities. However, it should be noted that

' For NRNF PSAs, ‘end state’ is defined as one member of a set of conditions, usually defined in discrete
form, that characterizes the possible range of undesirable consequences identified in the PSA.
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the ‘information gathering’ aspect of Task 9 will likely require it to continue in parallel with
the activities associated with Tasks 10—15.

3.2. Familiarization with the facility and information gathering (Task 9)

Information gathering and familiarization with the facility represent the first ‘technical’
task of a PSA. These activities are important because they provide the bases for the PSA team
to efficiently gain a detailed knowledge of the facility which will be needed to develop the
PSA model. While gathering and reviewing important documents and information on the
facility, the PSA team will develop knowledge of the normal and off-normal operations of the
facility.

It is necessary that the PSA team have complete access to all relevant information and
documentation. Typical information sources of interest to the PSA team include:

e descriptions of normal and abnormal operation processes including process operating
ranges and limits;

e if multiple operational processes are possible, historical estimates of the fraction of

time the different processes are in operation;

emergency procedures;

existing hazard analyses;

existing safety analyses;

operator training material;

test and maintenance procedures;

criticality analyses;

environmental impact statement;

descriptions of engineered safety systems and safety support systems;

site characterization including geography, demography, meteorology, seismology

and the location of nearby industrial facilities and transportation routes;

facility layout drawings, including relation of facility to other buildings on the site;

system flow, logic and control drawings;

history of incidents at the facility;

feedback from experiences at similar facilities;

inventories of hazardous materials;

applicable licences and licence conditions, if applicable.

A key element of this task involves direct communication with facility personnel in
addition to access to facility documentation. It is anticipated that the communication with the
facility personnel will continue throughout the project. Interviews with operations,
maintenance and safety personnel are important; such interviews are likely to reveal important
operational and safety insights.

Involvement of facility personnel is likely to have an additional benefit. By involving
facility personnel early in the PSA process, they are more likely to understand the PSA
results. This, in turn, will facilitate their acceptance and implementation of recommendations
that might be made as a result of the PSA.

The information assembled in this task will form the basis for the subsequent definition

of accident scenarios. Because of the importance of the information and the desire to make the
bases of the PSA well documented and traceable, the information must be clear, sufficiently

13



complete and contain enough technical detail to allow correct definition of accidents and their
potential consequences. It is therefore important that information be derived to the greatest
extent possible from controlled sources which are designated formally by the facility staff.
Additional relevant information should be collected in the form of interviews with key facility
personnel. This information should also be documented. It is anticipated that, as the
development of the PSA model proceeds, additional facility visits to gather information may
be necessary. Information gathered from these subsequent visits should be documented and
added to the existing documented information.

Because of the large amount of information gathered and because of the importance of
this information, an information management system may be desirable. This system would
organize and maintain the information in the form of a database. The information
management system would also call for the designation of a person at the facility to be a
central point of contact for additional information requests. The information management
system should also include verification of the information in the database by cognizant facility
personnel.

Operations at some NRNFs involve a number of distinct operations or processes
intended to produce a certain product within specification. Facility processes might be of the
‘batch’ or ‘continuous’ operation type. In either case, it is important to understand and
characterize the different processes (primary and auxiliary) and process phases, starting with
the storage, handling and any pre-treatment of feed material. This process mapping should
also include identifying the radiological, chemical and physical properties of process
materials since both radiological and toxic hazards can be present. All processes should be
reviewed closely for potential sources of risk. Activities associated with material processing,
whether waste treatment or fuel fabrication include, for example:

e receipt of the incoming material and initial storage;

e storage of liquid material in tanks, or solid material in wet ponds and dry cells;

o transfer of liquid material through pipes between different process points or
movement of solid material or containers by cranes and other transport means
throughout different areas of the facility;

e physical treatment (e.g. compaction) or chemical processes (e.g. dissolution);

e processing and packaging the material for storage or further processing off-site.

As discussed previously, information on the different processes and process phases
should be documented.

In addition, many NRNFs are capable of operating in a number of different modes.
Modes of interest include different processing regimes, primary and backup, start-up and
shutdown. An understanding of the different operational or process modes provides an
important basis for the PSA. These modes should be reviewed closely for potential sources of
hazards. The fraction of time the facility operates in each mode should also be determined. A
complete knowledge of systems functions, capabilities (both normal and in response to off-
normal conditions) is desired. It is also important to understand the training, procedures and
guidance given to the operators for each facility process and for each operating mode. Safety
functions which are to be fulfilled to ensure plant safety in each operational mode must be
documented. System functional and support dependencies are of interest; these may also
change as the operational mode of the facility or process changes. Existing safety analyses
should be reviewed to identify and document safety barriers, potential end states, and the
timing characteristics of important scenarios. The safety analyses may also provide
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information on scenario-specific radioactive material release rates, release fractions and
decontamination factors'' that will be of interest in later PSA tasks. Any unique hazards
and/or end states pertaining to specific operational modes should be identified as well.

The definition and understanding of the ‘safe operating envelope’ for the facility is of
particular importance to this task. The safe operating envelope comprises those critical values
of the technological process parameters and the physical and chemical properties of the
materials that bound safe operating regimes. A facility should be designed and operated in
such a way that it is not possible to breach this envelope under normal operations and very
frequent events like startup, shutdown and transfer between operational modes. This enables a
deterministic demonstration of safety to be made for normal and very frequent operations.

Any faults that cause the facility to move outside the safe operating envelope, and thus
present a hazard, should be addressed using PSA. The identification of such faults in detail is
the subject of Task 11.

Nuclear criticality hazards are of particular interest for some NRNFs. Existing analyses
of nuclear criticality hazards should be identified and reviewed. Experience has shown that
most commercial criticality events have involved the handling of liquids containing fissile
material. Barriers and procedures controlling the amount, concentration and enrichment of
material should be identified and documented. Similar information pertaining to the storage of
fuel elements or other solid fissile material should be collected and examined.

Processes within an NRNF that involve toxic, hazardous, or radioactive materials that, if
released, could interfere with the response of facility operators should also be identified and
evaluated closely. As discussed in Section 3.3, these sources can represent indirect hazards.

3.3. Hazard identification and screening (Task 10)

Using the information gathered in Task 9, it is possible to assemble a list of potential
facility hazards. Each hazard source could represent a threat to workers, members of the
public, or the environment. Several techniques can be applied to assist in identifying hazards,
such as hazards and operability study (HAZOPS), failure modes and effects analysis (FMEA),
preliminary hazards assessment (PHA) and check lists. Performing such an analysis results
usually in a large number of undesired events which need to be ranked. One methodology to
rank the undesired events is a ‘criticality analysis’. In this case ‘a criticality analysis’ is not
related to ‘nuclear criticality term’, but is understood as a calculation of a ‘criticality number’.
In this number, three aspects are taken into account: the probability of occurrence (P), the
severity of the consequence (S) and the probability that the most severe consequence will
occur given the occurrence of the deviation (Beta).

Criticality number = P * beta * S

For a specific application, a framework has to be developed to determine the value of
each parameter in a consistent manner. For instance, one can assign to each parameter a value
between 1 to 5. The framework determines which number has to be used for each of the
parameters in each specific case. The deviations with a high criticality number are those
hazards which have to be analysed in detail.

" For NRNF PSAs, ‘decontamination factor’ is defined as the ratio of the activity per unit area (or per
unit mass or volume) before a particular decontamination technique is applied to the activity per unit area (or per
unit mass or volume) after application techniques.
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Further information on some of the above mentioned techniques including “a criticality
analysis” is provided in IJAEA TECDOC-711 [12] and Ref. [9].

Both direct and indirect hazards should be identified and documented. Direct hazards
are those that pose direct threats to workers, members of the public, or the environment.
Indirect hazards are those that, while not leading directly to an initiator, would potentially
impact the progression of events by influencing the ability of systems or facility operators to
perform their functions. System functionality could be influenced, for example, by internal
flooding if components of mitigative systems are damaged from immersion or spray wetting.
Operator response to mitigate or terminate an event sequence could also be influenced by the
presence of radiological hazards or toxic chemical materials.

Direct and indirect hazards can be from radiological and non-radiological hazard
sources. Radiological hazard sources can lead to release of radioactive materials or exposure
to people. These sources (comparable to the core damage category for NPPs) are the primary
focus of the analysis. The complete list of hazard sources of this type should be developed and
examined in order to identify possible dependencies in their behaviour under abnormal
conditions. As a result of this consideration, some of the identified hazard sources may be
combined and considered together in subsequent stages of the analysis.

The second type of hazardous sources are those associated with non-radiological effects,
such as the release of toxic gases, the release of flammable materials resulting in fires, etc.
Hazardous sources of this type should also be identified and listed. Thus within the scope of
PSA for NRNF, these sources mainly affect common cause initiating event selection or
sequence modelling due to their potential for systematic effect on facility systems or
structures, operation and integrity.

For some NRNFs, there is significant overlap between the different types of hazards.
Nevertheless, each hazard should be carefully considered with respect to its potential to result
in an initiating event and its potential to influence the progression of events, given an
independent initiator. It is possible that some hazards can be shown to not have the potential
to cause upset of normal conditions, interact with other materials, or impact the ability of
operators or systems to carry out their functions. Given the appropriate evidence, these
hazards can be screened from further consideration. The disposition of each hazard must be
completely documented. At this stage it is recommended that the scope be revisited in the
light of the identified hazards and their anticipated consequences.

It may also be possible to show that, while the hazard has the potential to result in an
initiator or impact upon the ability of the operator or systems to function, the frequency of
such events is not significant. In such cases, it is suggested that this hazard be considered
within another (comparable) scenario category — without the loss of significant information.
It is not acceptable to completely eliminate such hazards from consideration at this point in
the analysis, since at this early stage the PSA team does not know what the frequencies of
other scenarios are. These hazards should be retained as a category for further consideration,
once additional results are known. The amount of documentation required to justify screening
out on a frequency basis should be weighted against the effort involved in retaining the
hazards in the risk models.

A preliminary risk model, which would most likely be approximate in nature, and

perhaps even coarse and simplified, should be developed as part of the facility familiarization
and hazard identification tasks. By constructing such a simplified model early in the PSA
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process, data voids can be identified early and a basis for the prioritization of specific
technical activities can be established. The preliminary risk model is useful for other
reasons — it allows:

e detailed consideration to be limited to the more important hazards;

e balancing of the effort which should be put into a refined and detailed analysis of the
remaining hazards;

e design changes and facility improvements potentially to be made at an early stage.

Given the potential for adopting different design options for an NRNF, and for
removing potential hazards by changing the design, this task is particularly useful during the
design stage of a facility.

3.4. Selection of initiating events (Task 11)

Note: identification of hazard sources and selection of initiating events are usually
conducted simultaneously.

The objective of this task is to produce a list of initiating events (or initiators) that is as
complete as possible. As noted in Ref. [2], it should be recognized that it is not possible to
produce a list that is exhaustive and complete. Judgement is required when determining that
certain initiators not identified would make a negligible contribution to risk. The scope of the
PSA, specified in Task 2, also influences the range of initiators that are to be considered.

Reference [2] discusses several approaches that have been used to identify potential
initiating events for NPPs. These approaches involve engineering evaluation, reference to
previous sets of initiating events, deductive analyses, and consideration of operational
experience. Each of these approaches can assist the analyst in identifying the initiating events
for an NRNF. Due to the diverse nature of NRNFs and the relatively small number of
published PSAs for NRNFs, consideration of initiator categories from PSAs of other facilities
may not be as important when compared with the corresponding analyses for an NPP;
nevertheless, comparison with the available NRNF information will contribute to the creation
of a list that is as complete as reasonably possible. Additional details for these approaches can
be found in Ref. [2].

Because NRNFs many involve chemical and toxic hazards in addition to radioactive
hazards, it is useful to consider additional approaches to identify potential initiators. [AEA-
TECDOC-711 [12] identifies additional approaches useful in identifying and characterizing
initiators. These additional methods, as mentioned in Section 3.3, include comparative
methods such as safety audits; so-called fundamental methods such as hazard and operability
studies (HAZOPS) and failure mode and effects analysis (FMEA); a ‘criticality analysis’ and
additional logic or deductive methods such as release tree analysis or cause-consequence
analysis. Additional information on these approaches can be found in Refs [9, 10, 12—-15].

It should be recognized that the subsequent steps in the PSA analysis may reveal

additional initiators for consideration and inclusion. Appendix II contains a listing of typical
initiating events, which may be identified for different types of NRNFs.
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3.5. Preliminary identification of undesirable end states (Task 12)

In the development of a comprehensive risk model, it is necessary to identify and
characterize the potential outcomes, given the occurrence of an initiating event. A preliminary
set of scenario end states is developed in this task. Scenario modelling is discussed in more
detail in Section 4. Each accident scenario developed in subsequent tasks will be mapped into
one end state. It is important, therefore that the end states be developed to allow a
comprehensive description of the outcomes of the analysis scenarios, while keeping with the
stated scope and objectives of the PSA.

If the objective of the PSA is to determine the probabilistic expression of the individual
and societal doses to the public due to the operation of a specific NRNF, a set of discrete
categories are to be developed to describe the spectrum of possible scenario outcomes. If the
scope of the PSA is to include individual and collective dose to facility workers, appropriate
categories for these measures are to be added to the set of end states. Of course, the chemical
form and type of nuclide are important considerations for characterizing the dose.

Likewise, if the scope of the analysis is limited to describing the potential introduction
of radioactive material into a specific element of the biosphere, then the end states must
characterize the amount, chemical form and type of nuclide involved.

Insight into the potential magnitude of scenario consequences is provided by the review
of existing safety analyses (Task 9) and the consideration of the hazard analyses performed
(Tasks 10 and 11). It is appropriate that the analysis end state bins be coarse at this point.
Refinement of the end states will occur in Task 18.

By establishing a preliminary set of analysis end states at this early point of the PSA,
some insight will be gained, which can be used in prioritizing subsequent analyses and
grouping initiating events.

3.6. Identification of safety measures and safety functions (Task 13)

Safety functions were identified in Task 9 for each operational mode of the facility. The
hazards and potential initiators specific to the facility were identified in Tasks 10 and 11. In
Task 13, the safety measures and safety features that need to function correctly in order to
prevent, mitigate, or accommodate the postulated accident should be identified for each
initiating event identified.

In addition, the specific requirements of the safety functions, first identified in Task 9,
are to be refined and documented. It is important to include, in the specifications of the
requirements, the operational characteristics of safety measures, and the features that would
distinguish between the spectrum of scenario outcomes identified in Task 12.

3.7. Collecting information on safety measures (Task 14)

This task also builds upon and expands the information gathered in Task 9. The main
objective of Task 14 is to provide the necessary confidence in the capability of the identified
safety measures in such a way that they can be modelled appropriately in the scenario
modelling tasks described in Section 4.

Factors to consider include whether the safety measure has an appropriate sensitivity
to detect the need for action following specific initiating events, and whether the safety
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measure has an appropriate response time, so that the fault condition arising from the initiator
can be made safe before the accident occurs.

That the safety measures are capable of functioning correctly under the conditions
created by the scenario should also be demonstrated. This consideration includes the
conditions brought about directly as a consequence of the initiator, as well as operational
limitations that are a result of additional potential degraded conditions (such as the
independent loss of environmental control leading to high ambient temperature and humidity).

Clearly, any failures of safety measures that would lead to consequences upon the
initiator should be identified, and any safety measures that have failed should not be claimed
to be available in the safety assessment. Likewise, the PSA team should identify limiting
conditions for safety measure effectiveness that might be encountered subsequent to an
initiating event.

The relevant information should be obtained from the design specifications for the
safety measures, and, for an existing facility, from testing carried out during commissioning
and/or as part of a regular examination, inspection, maintenance and testing programme.
These bases should be documented in the PSA.

In some cases, it may be necessary to consider specific development and testing
programmes (for non-standard instrumentation, for example). If expert judgement and
knowledge is used, it is important that the bases for the judgement and knowledge be
documented.

3.8. Grouping of the initiating events for analysis (Task 15)

The objective of this task is to determine which of the identified initiating events should
be analysed in detail in the PSA, and, furthermore, to attempt to minimize the amount of
detailed PSA analysis required. This latter is achieved by grouping initiating events where it
is possible to use the same or bounding scenario model without loss of significant
information. In turn, the frequency of a group of initiating events is the sum of all the
constituent group members. Initiators having different impacts on safety measures or features
(or on requirements of the safety measures or features) should not be grouped together.

The list of initiating events produced under Task 11 should be reviewed. Where
possible, certain initiators with ‘trivial’ consequences (below a predefined threshold), should
be excluded from the detailed PSA. The screening process and the basis for any predefined
threshold should be documented and should be within the context of the scope of the PSA.
This will only be possible in those cases where there is a high degree of confidence that the
consequences can be calculated accurately or with sufficient conservatism. This is likely to be
the case for many of the simple accident scenarios that would be expected to be postulated
typically for many NRNFs. Where the accident scenario is relatively complicated, and
detailed modelling of the radioactive release mechanisms is required, the decision to screen
out this initiating event or scenario should be deferred until Tasks 16—18 are undertaken.

It may also be possible, at this early stage, to exclude certain initiating events which are
of a very low frequency, and which will not make a significant contribution to the overall risk.
It is not possible to set a quantitative frequency screening criteria a priori. The cautions
described in Task 10 are also relevant here. Any screening done on a frequency basis must be
revisited once the quantitative results of the PSA are available to confirm the appropriateness
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of the screening. The concern here is whether relatively important contributors to low
frequency/high consequence end states have been appropriately identified and retained. Any
initiating events that are classified during this task as not needing further analysis should be
recorded in appropriate documentation.

4. ACCIDENT SCENARIO MODELLING
4.1. General discussion

This procedural step includes all aspects of building the accident sequence models. The
objective of this task is the development of a model that links the initiators of potential
accidents, the response of the facility to these initiators, and the spectrum of resulting end states.

The scenario modelling portion of the PSA consists of the following three tasks:

Task 16: Logic modelling of accident sequences;
Task 17: Human performance analysis, and
Task 18: Consequence analysis.

A schematic representation of these tasks is shown in Fig. 5. Once again, the task

numbering follows sequentially from the tasks described in Section 3 and shown in Fig. 4.
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FIG. 5. Procedural tasks for accident scenario modelling.
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4.2. Logic modelling of accident sequences (Task 16)

4.2.1. General discussion

Depending on the complexity of the process modelled, different methods can be applied
to modelling. The most widely known methods for modelling event sequences in complicated
systems and processes are the event tree analysis (ETA) and the fault tree analysis (FTA)
methods. Many applications utilize a combination of event and fault trees to represent potential
accident scenarios.

Regardless of the modelling methods chosen, the goal of Task 16 is to develop a logical
representation linking the initiating events to the corresponding possible end states. This is
accomplished by constructing an event sequence model that represents the possible combination
of safety functions (associated with the equipment performance) and operator responses
following the occurrence of each of the initiator groups. An event sequence model, therefore,
describes the sequence of events that, following an initiating event, lead either to a successful
state or to a failed state of systems and operator actions intended for mitigating the
consequences of initiating events.

System failures are logical combinations of simpler events (e.g., component failures). In
PSAs conducted for NRNFs, it may be convenient to represent the system response as multiple
discrete states, rather than simply binary states (success or failure). Also, it may be convenient
to include, along with the response of systems and facility operators, phenomenological
questions, or “events,” in the event sequence model. An example of the latter might be asking
whether an explosive amount of hydrogen has built up in an enclosed space during a certain
critical time. The probabilistic answer to such a question might be a function of the uncertainties
in the hydrogen generation or release process and dependent on the outcome of a previously
queried element of the scenario.

Particular techniques for event sequences and system modelling are presented in Refs
[16-19]. The general techniques for constructing, manipulating and quantifying fault trees are
described in Ref. [20].

Depending on the complexity of the facility, the scope of the PSA, and, to an extent,
analyst preferences, other methods can be applied both for event sequence and for system
modelling.

For event sequence modelling, alternate or supplementary methods include:
e cause-consequence diagrams, and
e cvent sequence diagrams.

For system modelling, additional methods include:

e state space diagrams and Markov analysis;

e block diagrams;

e go charts, and,

e general mathematical simulations of physical systems (e.g., Monte Carlo).

Time dependencies may be important in the consideration of accident scenarios in an

NRNF PSA. In situations where time dependencies cannot be modelled satisfactorily using
Markov analysis, special methods such as dynamic event tree analysis may be useful [21, 22].
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Appropriate care must be taken when using any modelling technique, as each has
advantages and disadvantages. For example, in the case of Monte Carlo simulations, it must be
considered that incidents with a low likelihood of occurrence can be inadvertently left out of the
simulations, unless care is taken. The analyst using fault trees, for example, might encounter
challenges when considering circular logic or may inadvertently eliminate information
involving ‘high order’ events (i.e., logic involving multiple failures, regardless of the likelihood
of such events).

4.2.2. Attempt at simplification

In many cases, the task of modelling accident sequences may be rather simple for NRNFs.
It may even be possible that frequencies of occurrences can be derived directly for accident
scenarios. In such cases, a simple spreadsheet might be sufficient to represent and quantify the
event sequence model. Examples of this are scenarios involving vehicle accidents in a nuclear
waste repository. The collection of vehicle accidents in the different parts of the facility are
directly quantified as regards their frequency of occurrence, the resulting releases of nuclear
materials are assessed and the consequences associated with each type of accident are calculated
directly.

In the case where PSA is performed in order to demonstrate compliance with a safety
criterion, it may be worthwhile to test how easily the safety criterion is met at an early stage of
the analysis. If the safety criterion is easily met, then the analysis can be made simpler and less
time consuming by assuming pessimistic values for the scenario frequencies. If the criterion is
met under these conditions, then ‘best estimate’ values need not be calculated, and sensitivity
analyses need not be carried out. The savings in effort and time could be large. An obvious
analysis assumption made in such a case is that by meeting the stated criteria, no unacceptable
risk is posed. However, caution should be exercised when using pessimistic values for
frequencies or consequences if the PSA results are to be used to determine the importance of
safety measures or to support planning of plant safety upgrading. Only by using a best estimate
approach or consistent level of conservatism for all fault sequences, can the relative importance
of different faults and corresponding safety measures be assessed.

In cases where the safety criterion is simply radiation dose or another quantitative
consequence parameter, considerable simplification can be achieved by focusing the analysis on
the bounding or extreme cases relevant to the process or group of accidents to demonstrate that
the criterion is met. If the maximum consequences for a particular process or group of accidents
can be shown to be less than the safety criterion of interest, then modelling to identify how such
accidents may occur might not be necessary. Similarly, early information on quantitative
consequences can be useful in defining categories of accidents, which can be used as a basis for
simplifying the modelling for the scenario. These consequence calculations can be performed
both before and during detailed scenario modelling.

One should be aware that some bounding assumptions that might be considered for such
calculations, such as release of 100% of the inventory, may be so physically unrealistic that the
results are misleading. The ideal bounding case is one that is physically possible, but at or near
the maximum. When such calculations depend upon input factors that may vary stochastically,
such as weather, the probability distributions on these factors should also be modelled.

4.2.3. Fault tree/event tree

Fault trees and event trees are the most common methods used for modelling the logic
representing the facility response to accident initiators. These methods are capable of
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representing all credible ways in which the defined undesired state may arise. Faults can be
events that are associated with component hardware failures, human errors, common cause,
maintenance or unavailabilities, or any other pertinent events that lead to the undesired state. If
available, the failure modes and effects analyses (FMEAs) for engineered safety measures
should be consulted as a basis for producing logic models of accident sequences to assure
completeness of the analysis. A detailed description of these methods is given in Ref. [20].

In the case of a nuclear waste repository, an example of a system for which event trees
and fault trees are an appropriate analysis method is the automated system of moving waste by
the mine hoist to an underground location. The loading of waste containers onto a low bed rail
carriage may be a final manual action, before an automatic process moves the rail carrier
through a series of interlocks (mechanically and digitally controlled) into the cage of the mine
hoist, then the cage is lowered and the rail carrier removed from the cage at the defined
underground depth. Assessing the accident scenarios associated with this process (e.g.,
collisions between mine cage and structural parts of the shaft, overrun of the cage, drop of
heavy loads onto waste containers) and assigning frequencies of occurrences can be facilitated
using the fault tree/event tree methods.

Depending on the complexity of the analysis, a cause-consequence or an event sequence
diagram in addition to fault tree and event tree may be useful. While a short description is given
here, more information is provided in Ref. [20].

A cause-consequence diagram may, under certain circumstances, be used instead of an
event tree. One key advantage of the use of a cause-consequence diagram is that this method
allows more complex branching than the simple binary (yes/no) logic offered by many common
event tree computer codes. The applicability of its use is left to the analyst [2] and is to be
judged given the complexity of the problem.

The event sequence diagram is a variation of the cause-consequence diagram. Its use
involves determination of a significant amount of design and operational information and is
mainly used as a step that is preliminary to the construction of event trees. It may be useful in
complex situations.

The use of cause-consequence diagrams or event sequence diagrams offers an additional
advantage. The diagrams created in these methods, in general, are more easily understood by
non-PSA specialists, and therefore can greatly assist in the documentation of the event model.

Before any specific method is applied, a thorough understanding of the operation of the
system and that of its components, operator actions, and the effects of their failure on system
success is necessary.

4.2.4. Dependencies and common cause failures

Dependent failures can be dominant contributors to the frequency of the undesirable end
states and to other PSA results and they should be taken into account in the analysis regardless
of the modelling approach selected. In cases where event trees are not used for event sequence
modelling, attention must be paid to the proper handling of the dependencies that would appear
in the fault trees and to ensure that the they are identified and modelled correctly [2].

The different types of dependencies that can occur include the following:
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— functional dependencies,

— physical dependencies,

— human interaction dependencies, and
— component failure dependencies.

Functional dependencies between safety measures, systems and components can arise
when the function of one system or group of components depends on the function of another
system or component. These can arise due to a number of causes including the following:

— shared components,

— common actuation systems,

— common isolation requirements, and

— common support systems, i.e. power, cooling, indication and control, ventilation.

Functional dependencies include physical interaction between measures, systems and
components which can occur when the loss of function of a system or component causes a
physical change in the environment of another system or component — for example, a loss of
trace heating on a section of pipe that allows it to freeze in cold weather.

Physical dependencies can arise in two ways. Firstly, an initiating event can cause the
failure of a safety measures, systems and components and failure of some of the safety
systems or components required to provide protection. Secondly, an internal hazard (such as a
fire or a flood) or an external hazard (such as extreme environmental conditions, a seismic
event, etc.) can cause an initiating event and failure of some of the safety structures, systems
or components required to provide protection.

It is important to analyse the interaction between the progression of the physical process
and the performance of the required measures, systems and components. To correctly
incorporate the effects of physical processes on the accident sequences, the operability of the
required systems must be assessed, i.e., the effect of accidental environmental conditions on the
engineering safety features and their support systems must be analysed in detail.

One example of how physical processes may influence the progression of events can be
found by considering the loss of the heating, ventilation and air conditioning system. Increasing
temperature and humidity may affect the functioning of mechanical or electrical equipment, the
ability of operators to take appropriate action and the quality of information provided to the
operators.

The equipment within the facility for enabling the operator to perform his tasks is a strong
influencing factor. This is also true of computer systems. As mentioned, there may exist in a
modern facility more or less sophisticated operator support systems that are computer based,
that monitor the facility performance and that display information to the human operator via a
man-machine interface (graphic display). The functionality of such systems is influenced by the
design goals specified during their development.

The ability and appropriateness of such systems to correctly inform the human operator of
the different facility states needs to be investigated and included in the facility modelling
process. For example, an initiating event may incapacitate some monitoring functions (the
initiating event may change the temperature of the environment in which a sensor is situated in
such a way that it operates out of its designed temperature range and its output may be
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unreliable). Hence, the ability of the operating staff to correctly interpret the information
displayed is reduced and this should be reflected in the facility model.

Human interaction dependencies arise when the operators make errors during repair,
maintenance, testing or calibration tasks which lead to the unavailability or failure of safety
measures, systems and components in such a manner that they will not operate when required
following an initiating event. Human interaction dependencies can also arise during the ‘post-
accident’ phase, when manual actions are to be performed that require the operator to interact
with multiple components.

Component failure dependencies cover those failures of usually identical components
which are otherwise not analysed. Such failures may be caused by errors in design,
manufacturing, installation, calibration or operational deficiencies and are treated
quantitatively by common cause failure methods or other dependence quantification
approaches. Common cause failure probabilities are usually quantified by using the alpha
factor approach, the beta factor approach, the ‘multiple Greek letter’ approach, or the
binomial failure rate model to assess the probabilities of common cause failures on similar
(redundant) components. Additional guidance in this area is given in Ref. [2].

4.3. Human performance analysis (Task 17)

4.3.1. General discussion

This task analyses the human performance associated with the initiating events and
subsequent system responses. Human acts to be covered are all those identified during the
course of model development as having a potential impact on the structure and results of the
models. Usually human performance analysis considers only errors of omission, although some
recent developments have been published providing guidance on how errors of commission can
be evaluated and modelled in a PSA [23, 24].

The evaluation of human performance depends on the complexity and the degree of
automation of the technical process. In general, there are more actions and tasks performed by
humans in NRNFs than in NPPs, and therefore the evaluation of the human performance can
take on a more dominant role. The depth of human performance analysis is driven by the PSA
scope and objectives, and influences the selection of analysis methodology. This section
segregates human performance analysis into two broad categories: qualitative or quantitative.

4.3.2. Qualitative human reliability analysis

A qualitative human reliability analysis (HRA) is necessary to identify those possible
operator actions which, if not properly performed, will have an adverse impact on the
development of the accidents.

HRA generally involves the evaluation of tasks within a procedure or sequence, taking
into account factors such as the complexity of the task, the conditions under which it is
performed and the mental and physical characteristics and limitations of the operator.

There are different forms of HRA task analysis, as detailed in Ref. [2]: task
decomposition, hierarchical task analysis, time line analysis, task simulation, and ergonomics
checklists. Each technique has particular applications, limitations and advantages and
disadvantages. The safety assessor must decide, possibly in consultation with a Human
reliability specialist, which technique should be applied and to what extent.
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4.3.3. Quantitative human reliability analysis

Whenever the depth of analysis is such that potential human errors are represented in
safety assessment fault trees or event trees, quantification of human error probabilities
through quantitative human reliability analysis is required.

4.3.3.1. Quantification of human error probabilities

Human error probability values may be assigned to the human errors using one or
more of a number of following information sources or techniques. In all cases, the individual
conditions of the human error under consideration must be taken into account, such as the
performance shaping factors, and the value must be adjusted as required. Suitably qualified
and experienced human reliability specialists should be consulted if necessary.

Previous examples

Whenever the safety assessor is revising a safety assessment and is able to confirm
that there have been no significant changes to the facility operating procedures and conditions,
it may be possible to use the human errors analysis of the previous safety assessment as a
basis for the current safety assessment.

Human error databases

It may be possible to select a human error value by comparing the human error with
others which have been compiled as part of a database, and for which values have previously
been assigned. Extreme care must be taken when using such a database. Justification must be
provided that the context and factors influencing the human performance are sufficiently
similar for the NRNF scenario under consideration when it is compared to the bases for the
actions found in the database.

Derivation of human error probabilities using quantitative HRA methods

In the absence of previous examples or relevant human error databases, human error
probabilities can be calculated using various methods published in the literature. There is a
consensus on the usefulness and applicability of certain techniques for evaluating human
performance, such as those discussed in Ref. [25] and in the IAEA report providing guidance
on HRA [26]. Examples of specific techniques include the THERP method [27], SLIM-
MAUD [28], ATHEANA [23, 24], and HEART [29].

The development of methodologies to represent and understand human performance is
continuing on several fronts. In the selection and application of a specific methodology, four
guidelines should be taken into consideration:

o the assessment applied to each action evaluated should be consistent;

e all actions should be evaluated within the context of specific event scenarios;

e the evaluation should have as a goal that the qualitative ranking of all actions be
correct; and,

¢ the quantitative evaluation of the actions should be traceable.

Software based quantification tools

Some software tools are available that will calculate a value for a human error.
Programs of this kind require the input of parameters that could influence the human error
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probability, such as the complexity of the operation, availability of instructions, degree of
training, time available to carry out the operation, etc.

Human reliability advice

Advice should be taken whenever necessary from suitably qualified and experienced
human reliability specialists. The advice may result in further examination of the human
errors, e.g. by qualitative methods.

4.3.3.2. Human interaction dependencies

Dependencies between different operators or between different tasks performed by the
same operator can significantly affect the overall level of reliability. The safety assessor
should therefore take great care to identify dependencies that may exist between different
operators, between different errors committed by the same operator, and even between
hardware failures and operator action.

Where dependencies exist, their effects need to be evaluated and quantified. In some
cases this is already accounted for in the individual human error data, and in other cases
dependencies are accounted for by the performance shaping factor effects. Specialist advice
should be sought where dependencies are identified that are not accounted for in the human
error data. Where specific dependencies cannot be identified, then human performance
limiting values are used to limit the claims for human reliability for multiple operator actions.
Human error evaluations implying error likelihoods less than 1E-4 require particular
justification, while evaluations implying error likelihoods less than 1E-6 are extremely
suspect and most likely should not be used.

4.3.3.3. Non-credible events

Where the safety assessor is able to determine that the adverse consequence of the
human error is not credible, then a suitable argument may be made in the safety assessment,
and the error need not be modelled in the fault trees. For example, where a failure to evacuate
would only result in an unacceptable dose to the operator after several days, since it is not
credible that an operator would remain in one place for this length of time.

4.4. Consequence analysis (Task 18)

Initiating events result in facility responses that develop in a spectrum of ways with
different consequences and likelihoods. It is possible that the response to some initiators could
result in the breach of the barriers of the facility and subsequently result in off-site
consequences by releasing radioactive material into the environment. Other facility responses
may have only on-site effects, and are of consequence only to the operating personnel. Either
cases, or the combination of them, are important and it is of fundamental importance that the
PSA identifies and describes all such significant scenarios.

The consequence analysis task can be divided into four sub-tasks, i.e. the estimation of:

the source term;

off-site consequences;

on-site consequences (including airborne releases), and
direct radiation consequences.
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4.4.1. Source term estimation

This requires suitable calculations to estimate the effect of an accident in terms of quantity
and type of radioactive material discharged to the environment, and/or released to the working
area (specific models may be required for individual accident sequences, and there may be a
wide range in the complexity of model required).

Certain accidents may have end states leading to the emission of direct radiation. The
magnitude of this radiation should be calculated and may require complex computer codes,
for example to estimate source strength from criticality accidents.

The analysis requires systematic consideration of the breach of barriers, both the
process ones, such as vessels and surfaces, and safety barriers, such as cell structures,
ventilation systems, and other containment.

The determining element of the consequence analysis is the source term calculation.
This requires good understanding of the physical process under off-normal conditions. The
source term is usually defined as time-dependent release of radioactive material from a
defined boundary, which can be an internal boundary of a facility (e.g. from the breach of a
waste container) or the facility perimeter. A radiation source can be generated by a criticality
event or by a release of radioactive material in a compartment. The degree of sophistication of
these calculations should be appropriate for the intended use.

4.4.2. Estimation of off-site consequences

This entails calculation of the effect of any radioactive material released to the
environment (as liquid or airborne effluents), generally in terms of dose to a member of the
public. Typically, a small set of standard models, covering all possible release and exposure
pathways, will be needed. Once created, the models can be used for individual accident
sequences. Because of the complexity of some of the pathway modelling, it is possible that a
consequence analysis computer code would be used. See Ref. [4] for comprehensive details.

4.4.3. Estimation of on-site consequences (including airborne releases)

This sub-task requires calculation of radiation exposures to persons on-site through
different models. Estimations of the dispersion within operating areas and around the facility,
and other exposure related data such as breathing rate and period of exposure (related also to
response to alarms, effectiveness of emergency procedures, etc.) can be used to accomplish
this task. For non-radiological hazards, where applicable, the evaluation of consequences can
involve calculating air concentrations of toxic substances and comparing the concentrations
with published criteria.

4.4.4. Estimation of direct radiation consequences

If the accident can result in direct radiation exposure, generally only applicable to
members of the workforce, the effects, typically in terms of dose received, should be
calculated. An example in a fuel storage facility may be the inadvertent over-raise of
irradiated fuel from a pond. There are generally accepted, well established methods available
for this type of calculation, and no further guidance is given here. However, in addition to the
detailed calculations for exposure, it may be necessary to estimate an exposure time. This will
be dependent on the time taken to evacuate the area following the accident. This in turn is
dependent on how obvious the accident is, whether and when installed alarms will be activated,
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the degree of training the workforce has received in matters of emergency responses, and how
easily a worker can escape from the affected area. All these matters need to be taken into
account in calculating the exposure.

5. DATA ASSESSMENT AND PARAMETER ESTIMATION

5.1. General discussion

The objective of the fourth major procedural step is to acquire and generate all
information necessary for the quantification of the sequence frequency and consequence
assessment models developed using the methodology described in Section 4.

The data assessment and parameter estimation portion of the PSA consists of the
following six tasks:

Task 19: Assessment of component/system reliability, common cause failures
and initiating event frequency;

Task 20: Assessment of human error probabilities;

Task 21: Data for the determination of the facility damage and undesirable end
state and source term;

Task 22: Data for estimating the effect of releases on members of the public;

Task 23: Data for estimating the effect of airborne releases on members of the
workforce; and,

Task 24: Data for estimating the effect of direct radiation.

Tasks 19 and 20 are related to sequence frequency estimation, whereas Tasks 21 to 24
are concerned with consequence assessment. Completion of all the above tasks may not be
required for every particular sequence assessment. For example, a sequence with the end state
of an exposure to a sealed source or waste container would not require the completion of
Tasks 22 and 23.

A general recommendation applicable to the derivation of most categories of data is that
best estimates of key parameters should be selected over conservative estimates. The use of
best estimates allows for a realistic determination of accident frequencies and consequences.
In contrast, the use of conservative parameter values can lead to excessively conservative
determinations that loose sight of realism. It should also be noted that because of the nature,
diversity and complexity of the processes and phenomena considered within NRNFs, the
uncertainty of the data used within the sequence frequency and consequence assessment
models should be considered. Furthermore, simplification of the modelling of complex
processes and phenomena may result in additional uncertainty. Chapter 6 provides further
discussion on the issue of uncertainty within the quantification tasks. Again, the task
numbering follows sequentially the tasks described in Section 4.

5.2. Data for sequence frequency estimation

Section 5 of Ref. [2] (Data Assessment and Parameter Estimating) contains information
on methods that can be used for collecting, generating and using data in order to provide the
necessary input to the sequence frequency model. More specifically, the assessment of
initiating event frequencies is discussed in Section 5.2 of Ref. [2], component and system
reliabilities and unavailabilities are discussed in Section 5.3, common cause failure
probabilities are discussed in Section 5.4, and human error probabilities are discussed in
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Section 5.5 (although these last topics are treated only briefly, with considerable references to
supporting documents).

For certain NRNF accident sequences, there may be significant time-scales involved in
the development of the accident scenarios. This may call for a more detailed evaluation of
recovery actions in PSAs for NRNFs than would be the case for PSAs for NPPs. The
consideration of actions that could lead to return to the safe status of the facility within the
sequence frequency and consequence assessment may require careful consideration of the
reliability data utilized. For example, consideration of a successful repair of a component, and
the related variations in the human error probabilities (to reflect the available time-scales and
scenario conditions) influence the sequence frequency and consequence. Examples of the
treatment of recovery events within NRNF analyses are given in Refs [30-33].

As for all PSAs, the data used in NRNF PSAs, including the component reliability, has
to adequately take account of the possible dynamic process and facility conditions that might
exist at the time of the initiating event and throughout the accident scenario. An example of a
review of the effect of time dependency of reliability data on the frequency is given in Ref.
[34].

5.2.1. Assessment of component/system reliability, common cause failures and initiating
event frequency (Task 19)

In general, data can be of two types: facility specific or generic. Facility specific data,
1.e., data obtained from records of system or component failure rates or non-availabilities are
the preferred data, however, in most cases plant specific data are not available for NRNFs.
Generic data (data derived from an industrial facility of a similar nature or component
behaviour under equivalent conditions of usage) are applied to the models whenever facility
specific data are not available. Reference [35] includes a listing of eight databases of generic
component reliability. Other information on component reliability is available in Ref. [36].
One of the main issues with generic data is their applicability to the facility considered, its
particular components and operating regime. Rarely are data available which are entirely
applicable, and the analysts should use their judgement in selecting the best sources for each
case.

If facility specific data are available but sparse, one alternative is to create a facility
specific database by combining facility experience with generic information using Bayesian
techniques [2]. Either way, the data used should be sufficiently well justified in the PSA
documentation and should be shown to be relevant, item by item.

It is important that the frequencies of common cause initiators and the probabilities of
mechanical interactions on the engineered barriers (including filters) be included in the scope
of detailed analyses. Information on equipment or component repair times is also important
for assessing the recovery of degraded safety functions.

5.2.2. Assessment of human error probabilities (Task 20)

This task is integrated with Task 17 discussed in Section 4. Data for use in such models
should preferably be derived from facility operating experience, or from similar facilities
under similar operating regimes. Additional information on this topic is available in Refs
[26, 37].
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5.3. Data for consequence assessment estimation

5.3.1. Data for the determination of facility damage/undesirable end state and source term
(Task 21)

Some degree of analysis is required to determine selected facility and process conditions
following an accident. Examples of such conditions include the temperature of a vessel’s
contents during a loss of coolant scenario, the degree of rupture of a vessel as resulting from
an internal hydrogen explosion, and the degree of damage to a container following a drop.
The undesirable end state depends on the specific conditions that result from the accident. For
example, the severity of a hydrogen explosion and the corresponding severity of vessel
rupture will depend on the amount of hydrogen generated, the presence of oxygen or other
oxidizing agent, and the characteristics of the vessel that is ruptured.

The actual data requirements depend on the damage/release model postulated. Where
simplified analysis is acceptable, it may be convenient to make the conservative assumption
that the undesirable end state is the rupture of the vessel with complete loss of its contents. In
other cases, where a complex analytical model is to be used and/or where a more refined
analysis is desired, there may be significant data demands. Also, for complex modelling, the
use of best estimates for key parameters is recommended over conservative values to avoid
the cumulative effect of multiple conservatisms. Finally, in some cases, actual tests can
provide the data needed; for example, impact tests for a container will provide the needed data
directly.

Having determined the facility and process state produced as the result of an accident, it
is then possible to calculate the amount of radioactive material that will be released to the
working area and to the environment. In general, this will require modelling the fraction of
material released from a given source as well as the behaviour of containment barriers such as
glove boxes, cell walls, building fabric, waste containers, etc. Models used to calculate this
release were developed in Task 18, as described in Section 4. The data required for these
models to be quantified, generally take the form of release fractions (RF) and
decontamination factors (DF), and are ideally based on experiments or derived from well
understood physical models. Some data are available in the open literature; some may be
obtained from in-facility data acquisition processes; other data are likely to be available on a
commercial basis. Every effort should be made to acquire ‘good’ data, or confidently
pessimistic data, since the calculated consequences are generally proportional to, and thus
‘sensitive’ to, such values. This is especially true where a minor change in RF or DF value
would affect the conclusions of the assessment. Sensitivity studies should be considered when
the uncertainty in the data is high.

5.3.2. Data to estimate the effect of releases on members of the public (Task 22)

Health effects information and models are used to determine the doses to workers and
the public as the result of an accident. To calculate doses for members of the public, it is
necessary to consider the transport of radioactive material to the environment where it can be
breathed, ingested, or absorbed. Site specific meteorological and topographical data are
needed for use in the transport models, e.g., the average wind speed and direction,
temperature, atmospheric stability. The locations of the nearby population groups (critical
groups) must also be identified, as the distance and direction (relative to prevailing wind
directions) will influence the rate of transport of radionuclides and the degree of atmospheric
dispersion. Transport through surface and ground water, would require information on water
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velocity and direction, water temperature, and the physical, chemical and biological agents
present.

To assess the exposure of individuals from the released radioactivity, the characteristics
of nearby population groups must be determined. The data required for this includes, for
example, site specific information on the location and size of water sources, population
density, location and size of any farms used to produce fruits, vegetables, and meats, etc.
Based on these characteristics, the exposure pathways are then identified, such as inhalation,
direct exposure to radionuclides in air and water, absorption of radionuclides in soil and water
and subsequent biological transport through the food chain. Analysis to determine the
exposure of individuals via the identified pathways (pathway analysis) requires additional
data, such as soil characteristics, water chemistry, etc. The final data needed in the pathway
analysis are dose conversion factors (DCFs), such as those published in Refs [38, 39].
Reference [4] contains details of the data requirements for off-site consequence modelling.
Table II lists typical examples of data that might be required to calculate the dose arising from
a release of radioactive material from an NRNF.

5.3.3. Data to estimate the effect of airborne releases on members of the workforce
(Task 23)

For indirect exposure of the worker, models must take into account the airborne
concentration of radioactive material, the breathing rate of the worker, the rate of absorption
through the skin, and the biological half-life of the various radionuclides. In addition, data
relevant to the dispersion of material within the working area will be required; this may
involve parameters relevant to ventilation flows, etc. The final data needed in calculating

worker exposures are dose conversion factors (DCFs), such as those published in Refs [38—
40].

5.3.4. Data to estimate the effect of direct radiation (Task 24)

There are well established methods for calculating the dose resulting from direct
exposure. The data needed for these models include the amount and configuration of
radioactive material, the shielding provided, and the distance of the material from the affected
individual.

6. SCENARIO QUANTIFICATION

6.1. General discussion

This section addresses the process of scenario quantification, sensitivity and importance
measure analyses, which greatly aid in the interpretation of the PSA results. Again, the
numbering of these tasks follows sequentially from the tasks discussed in the previous
section.

6.2. Quantification of the accident scenarios and calculation of risk (Task 25)
The intent of a PSA is to deliver qualitative and quantitative results that enable the
safety of the facility to be assessed. The depth of analysis, whether semi-quantitative or

quantitative, is dictated by the objectives of the PSA study and the nature of the facility
(Section 1.3). In connection with the objectives of the study, it is important to determine what
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TABLE II. INFORMATION/DATA REQUIRED TO CALCULATE THE DOSE DERIVED FROM
A RELEASE OF RADIOACTIVE MATERIAL FROM AN NRNF

Failed fuel, gap release Release rate for noble gas, halogens, volatile solids, and non-
volatile solids (aerosol)
Boiling pool release, evaporating | Release rate for noble gas, halogens, volatile solids, and non-

pool release volatile solids (aerosol)

Fire release Release rate for noble gas, halogens, volatile solids, non-
volatile solids (aerosol), and fly ash airborne particle size

Explosions Release rate for noble gas, halogens, volatile solids, and non-
volatile solids (aerosol) airborne material density and particle
size

Criticality Initial pulse — number of fissions

Secondary pulse — number of fissions and pulse interval
Total number of fissions and total time

Gas release fraction

Halogen release fraction

Solid release fraction

Material release fraction

Particulate filters HEPA filter DF for each stage

Sand filter bed filter DF

Fiberglass — deep bed filter DF

Halogen filter Inorganic absorber DF
Silver zeolite DF
Miscellaneous parameters Resuspension factors

Plate-out DF for iodine and particulate
Pool DF for gas, inorganic and organic iodine, and solids
Release from free liquid surface Release rate of radioactive material from liquid phase to

atmosphere
Release from surface of molten Release rate in the compartment of volatile radioactive material
glass from glass

types of results are required. The regulations in several Member States (refer to Appendix IV)
provide various criteria that must be complied with for facilities resident in those States and
there may be operational reasons for understanding the significant risk contributors in a
facility so that operations may be optimized. The PSA analyst should be fully aware of these
requirements and focus the analysis so as to provide information to address them directly.

It should be noted that the PSA process, by its nature, is iterative. Initial results are
obtained, the results are reviewed, the models refined, and new results sought. This process is
repeated until subtle modelling and expert judgement errors have been corrected and analysis
conservatisms relaxed to a sufficient degree to permit the PSA results to be used. Sections 6.2,
6.3 and 6.4 of Ref. [2] contain additional guidance in this regard.

Generally, but not always, an important goal for a PSA for an NRNF is to quantify risk.
Various risk measures can be defined depending on regulatory and operational requirements.
These include:

— Semi-quantitative risk, i.e., the use of a mixture of quantitative and qualitative
information to make risk informed decisions about the facility.

— Frequencies of important fault sequences. This is generally not used as a risk
measure in itself, but in conjunction with dose information to aid risk informed
decision making.
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— Dose to an individual worker or member of the public from the worst fault
sequence.

— Frequency of dose uptake per year from all pathways to an individual worker or
member of the public, integrated over all fault sequences.

— Frequency of fatality per year to an individual worker or member of the public,
integrated over all fault sequences.

These risk measures can be applied to workers and/or members of the public. Different
definitions of these categories of persons are given by Member States; the analyst must
understand the definition that applies to his analysis so that the correct consequence models
can be used. Other factors might also be considered in particular cases, such as rate of dose
uptake or duration of release of radioactive material. These are often important for emergency
planning purposes.

For the quantitative risk measures (e.g., annual frequency of fatality), either fault
sequence frequency, or dose consequence, or both must be quantified. Description of
techniques for this quantification used in NPP PSAs can be found in Refs [3, 4, 41]. Although
specific to NPP PSAs, these techniques can be extrapolated for use in PSAs for NRNFs.
Often, regulatory bodies or individual organizations provide specific guidance on PSA
quantification methods.

When integrated risk for a facility or process is calculated, this is generally taken as the
sum of the individual risks for all fault sequences in the facility. The analyst must take care to
account for the following effects:

— All significant faults should be assessed in sufficient detail to enable the required
risk measures to be reliably computed.

—  When bounding fault sequences are assessed, an estimate of the effect of the faults
they bound should be included (e.g., by summing all the bounded fault frequencies
and using this as the frequency of the bounding fault).

— The effect of screened out faults should be simplistically assessed. Individual
screened out faults may be trivial, but if a large number of such faults exist, their
cumulative effect may not be. An allowance for this effect, if it exists, should be
made.

The proper calculation of accident frequency requires the correct construction of event
trees, fault trees, or other logical representations, including a realistic representation of all
dependencies between equipment failures and human actions. Data must be supplied for
initiating events, equipment unavailabilities, and operator errors (see Sections 4 and 5). It is
inevitable that there will be simplifying assumptions and idealizations of rather complex
processes and phenomena. These simplifications and idealizations will involve uncertainties
that are reflected in the probabilistic nature of the parameters.

With regard to this probabilistic nature, the analyst may choose to calculate these
uncertainties explicitly. This requires explicit probability distributions to be defined for input
parameters and results in probability distributions being calculated for risks, rather than single
values. If single values of risk are needed they can be extracted from the probability
distributions as, for example, the mean value or 95% confidence level value. Explicit
uncertainty calculations are generally complex and require the use of computer codes and
specialist techniques. Guidance on these techniques can be found in Refs [42, 43]. One of the
main advantages of PSA is that it can identify a number of sources of uncertainty, and
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quantify and describe a substantial part of it. This approach would be suitable for application
to more complex facilities or to those with large radioactive inventories.

Apart from the uncertainties in the numerical computation of PSA results, there are
some other sources of uncertainties, which may include, but are not restricted to:

¢ incompleteness in the selection of initiating events and scenarios;

e incompleteness in recognizing dependencies of systems or system functions in
complex facilities (including common cause);

e shortcomings in modelling process situations or time dependencies because of
missing experience and/or information regarding the process under analysis;

e incompleteness regarding human behaviour, for example modelling the behaviour of
an individual instead of a group of operators or vice versa;

e incompleteness in the evaluation of expert opinions;

e reliability of software/hardware of computer based functional control systems or
operator support systems;

e shortcomings in the computer codes used in the PSA;

o false estimation of the general safety culture of the facility staff.

The impact of these uncertainties on the final results may be minimized through an
iterative process of re-evaluation of the PSA modelling process. In the case of software used
in performing the PSA, the use of verification and validation procedures may be advisable.
An example of a validation procedure is given in Ref. [44].

6.3. Importance and sensitivity analyses (Task 26)

Importance analysis requires the determination of the importance of contributors to
facility end states, fault sequence frequencies, system unavailabilities, and consequences.
Importance measures aid in the interpretation of the results of the PSA.

The purpose of sensitivity analysis is twofold: (1) to determine the sensitivity of the
facility end states to possible dependencies among component failures and among human
errors, and (2) to address those modelling assumptions suspected of having a potentially
significant impact on the results. These assumptions are generally in areas where information
is lacking and heavy reliance must be placed on the analyst’s judgement. That is why
sensitivity analysis may need attention for an NRNF.

The nature and extent of sensitivityy analyses will be driven by the needs of the PSA
and the nature of the dominant fault conditions. Where the data used are very uncertain or
unreliable, more extensive studies are advisable. Given the range of PSA applications to
NRNFs, specific guidance cannot be provided. However, the extent of sensitivity analysis can
be judged sufficient if the analyst is confident that the PSA results can be used for their
intended purpose, e.g., that the risk measures can be reliably compared against risk criteria.

7. DOCUMENTATION
7.1. General discussion

The final procedural step presented in this report pertains to documentation and quality
assurance. The discussion of these two important aspects of the PSA at the end of a set of
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guidelines such as this by no means implies that these activities are to take place solely at the
end of the PSA effort. As stated in the discussion of the previous tasks, documentation is a
key aspect of the analysis and should be initiated concurrently with the analysis. To the extent
possible, the same can be said of the quality assurance and the review process. Focused
review efforts made during strategic points of the analysis can be most efficient. Of course, a
portion of the documentation and review efforts must be drafted and performed near the end
of the PSA effort. Once again, the task numbering follows sequentially from the tasks in the
previous section.

7.2. Documentation (Task 27)

The nature of the PSA documentation that is developed depends on the objectives of the
PSA. The overall objective of PSA documentation is to record the analysis basis (assumptions
made, data and methods used, etc.) and the results (detailed analysis results, interpretation of
results, etc.). The documentation enables a technical review of the analysis to be carried out.

In general, there are two key uses for the finalized PSA document. First, the PSA
document can be used by the facility management to help establish good risk management
practices. Thus, the results of the PSA can be used to help define the requirements for various
elements of the facility safety programme including maintenance, training, operating
procedures, safety inspections and audits, and management of change. Second, the
documentation of the PSA process and its results can be used to demonstrate to facility
management, regulators and the public that the risk associated with the facility is known, and,
furthermore, that the facility is ‘safe’ to operate. That is, the documentation can provide
assurance that the PSA was conducted using sound practices, and that the risk from operating
the facility meets some specified (risk) criteria.

The PSA documentation should include not only the results of the assessment (e.g.,
logic diagrams showing potential accident sequences and safety controls used to prevent or
mitigate accident consequences), but also other information related to the conduct of the PSA.
The amount of information used and generated during the PSA process can be substantial.
The process safety information alone can include many detailed drawings and diagrams as
well as hundreds of pages of specifications, procedures, etc. In addition to the process safety
information and the results of the PSA, the documentation of the PSA should include a
description of the site, the facility, the processes that were analysed, the method that was used,
the people who performed the analysis, the time frame during which it was performed, and
any assumptions made. Several specific documentation requirements have been identified in
previous sections of this document. Table X VI of Ref. [2] provides sample contents of typical
documentation for a PSA study for an NPP. Reference [5] also provides guidance on type of
documentation to be produced within a PSA for an NRNF. All documentation associated with
the PSA process should be maintained by the facility’s configuration management system to
assure that it is representative of the current facility configuration. Thus, the conclusion that a
facility is safe to operate is based on the current facility configuration. Also, keeping the PSA
documentation current permits an accurate evaluation of the risks associated with any
proposed changes to the facility.

The structure and format of the PSA documentation is dependent upon in the scope of
the analysis. Documentation of the analysis of lower hazard facilities, where less depth of
analysis is applied, can follow the guidance in Appendix I of Ref. [5]. Where considerably
more information requires documentation, such as in the case of a detailed, quantitative PSA
study of a high hazard or complex facility, the guidance in Ref. [2] is more applicable. The
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recommendation in this case is that the PSA study be divided into three major parts: summary
report, main report, and appendices to the main report. The summary report should provide an
overview of the PSA project’s motivations, assumptions, objectives, scope, results, and
conclusions at a level which is useful to a wide audience of nuclear safety specialists and
which is adequate for high level review. If the PSA results are used to demonstrate
compliance with regulatory requirements, the PSA documentation that is submitted for
regulatory review will consist of the main report plus any additional information needed for
the regulator to make a safety determination. The amount of detail that needs to be submitted
depends on the nature of the review with a more comprehensive review requiring a higher
level of detail. If the requisite detail is not submitted in the summary and main report, the
regulatory reviewer may consider visiting the facility to see the internal PSA documentation
in its entirety.
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Appendix I

TYPICAL DIFFERENCES BETWEEN REACTOR, CHEMICAL PROCESS AND
NON-REACTOR NUCLEAR FACILITIES OF RELEVANCE TO PSA STUDIES

The qualitative differences between NPPs and NRNFs have to be considered when
conducting PSA for such NRNFs. Whereas the reactor core of an NPP presents a very large
inventory of radioactive material at high temperature, high pressure, and within a relatively
small volume, an NRNF, generally, operates at near ambient pressure and temperature and with
comparatively low inventories at each stage of the overall process. In nuclear waste repositories,
the total nuclide inventory will progressively increase to a maximum over the operating period
of the facility.

Usually in NRNFs there are long time scales involved in the development of accidents
and, compared to reactors, less stringent process shutdown requirements are required to
maintain the facility in a safe state. Such facilities also often differ from reactors with respect to
the critical importance of ventilation systems in maintaining their safety — even under normal
operation. This is because materials in these facilities are in direct contact with ventilating or
off-gas systems. In general, the robustness of barriers between radioactive inventories and the
operators as well as the environment differ strongly to those of reactor systems.

With fuel reprocessing or fuel fabrication facilities, the wide variety of processes and
material states such as liquids, solutions, mixtures and powders must all be considered in a
PSA. From this point of view, the safety features of NRNFs are often more similar to chemical
process plants than those of reactors. In addition, criticality issues are likely to warrant more
attention in NRNFs compared to NPPs.

A further comparison of relevant features of an NPP, a chemical process plant and an
NRNF is presented below and in Table I.1.

— NPP:

e Source of hazard is limited to the core (although significant inventories of
irradiated fuel may be stored on site and off-gas inventories might be significant
enough to be considered a hazard to on-site personnel).

e There are only a relatively few basic design variants.

e PSA methodology for NPP is relatively mature.

—  Chemical Process Plant:

e Sources of hazard are many, depend on type of plant, and are distributed through
the process.

e Fault sequences are more varied.

e Hazard and accident scenarios have to be identified at first by qualitative analysis.

—  NRNF (has both the characteristics of an NPP and a chemical process plant):

e Hazardous inventories are generally in a non-energetic state.

e Hazardous radioactive inventories are spread widely in the facility.

e Inventories, safety functions and barriers are varied.
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TABLE I.1. TYPICAL DIFFERENCES BETWEEN NPPs, CHEMICAL PROCESS PLANTS AND

NRNFs

Feature NPP Chemical Process Plant | NRNF

Areas of hazardous | Localized at core and | Distributed in the Consisting both of nuclear

sources and spent fuel pool. process. materials and chemical

inventories materials.
Standardized Flowing through the Co-existence of NPP
containment system. | process. features and chemical

plant features.

Cooling of residual Flowing through the
heat. process mainly handling
Criticality materials in the facility.
management.

Type of hazardous | Mainly nuclear Wide variety of Fissile materials, nitric

materials materials. materials dependent on | acid, hydrogen fluoride,

the plant, e.g., oil,
poisons, acids,
explosions.

solvents, process and
radiolytic hydrogen, etc.

Physical forms of
hazardous materials

The core is solid.
Liquid, gas and dust
(aerosol) of
radioactive materials

Wide variety of physical
forms depend on the
process, €.g., as solid,
liquid, gas, slurry,

All physical forms of
fissile material and a wide
variety of chemical
materials. Immobilized

accidents

the core and the
safety system,
initiated by internal
or external events.

Loading of the wrong
amount of or wrong raw
material into the reactor
or storage tank;
Accumulation of the
reactant in the reactor;
Too high temperature of
the reactor;

Operator failures.

released to the powder. radioactive materials.
environment in
accident phase.

Potential causes of | Incidents related to Agitator failure; Incidents related to safety

function and barriers, fire,
explosion, loss of
ventilation, loss of
barriers, transport failures.

Consequences of

Core damage, failure

Wide variety, e.g., the

Possible radioactive

analysis.

Based on the qualitative
analysis, conduct
quantitative analysis for
areas of key hazard
sources.

accidents of containment, number of casualties and | release and exposure to
radioactive release time-scale of the personnel, public and
and radioactive contamination (both on- | environment.
exposure. site and off-site),
Releases of toxic gasses,
Damage to the facility.
Recommended Plant specific Initially, qualitative Hazard identification and
PSA methodology | quantitative risk analysis for each plant. screening. Evaluation of

accident scenarios and
failures of barriers.
Combination of
qualitative and
quantitative analysis.
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Appendix 1T

TYPICAL INITIATING EVENTS TO BE CONSIDERED IN PSA STUDIES FOR
NON-REACTOR NUCLEAR FACILITIES

This appendix provides listings of initiating events that might be considered when
performing PSA on NRNFs. The lists are presented in tables: each table pertaining to a
different type of NRNF. The initiating event lists are not intended to be complete, nor
necessarily applicable for each of the NRNFs — they are provided only as examples, and
should be used only as guidance in deriving facility specific initiating event lists.

TABLE II.1. INITIATING EVENTS FOR NUCLEAR FUEL REPROCESSING FACILITIES

INCIDENT

INITIATING EVENT

Fuel receiving and storage

Leakage of coolant from irradiated fuel
cask

Cask damage in transit
Valve failure

Cask inadvertently vented

Valve failure
Erroneous instructions/procedural mistake

High temperature in cask primary coolant

Fuel cooling time too short
Failure of secondary heat transfer system

Off-gas treatment

Loss of off-gas header vacuum

Flow restriction/blockage
Fan failure

Loss of power

Operating error

High radioactive particulate release to
building ventilation filters

Damaged process ducts or filters
Maintenance errors

Filter failure

Dust explosions
In-cell fires
Condensation on HEPA filters

Vitrification and high level vitrified waste storage

High activity level in the storage pool
water

Release from storage canisters
Contamination from canisters to water

Contaminated canisters

Cracks in welds
Canisters not properly decontaminated

Inadvertent criticality

Violation of operational procedures, Changes in the
ambient atmosphere, e.g. increased humidity, etc.

Loss of cooling water and shielding

Pool leak
Loss of heat exchanger/tower cooling
Power outage

Solidification of intermediate level liquid waste

Fissile material in feed

Transfer error in another facility
Leaks in another facility

Uncontrolled reaction in mixer or product
container

Chemical addition error in dry mix added to grout mixer
Chemical addition error to feed
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TABLE I1.2. INITIATING EVENTS FOR FUEL FABRICATION FACILITIES

INCIDENT

INITIATING EVENT

Flow transient

Degradation of control function
Single active component failure/Operator error

Fissile material density transient

Degradation of control function
Single active component failure/Operator error

Solvent density transient

Degradation of control function
Single active component failure/Operator error

Inventory transient

Single active component failure/Operator error
Leakage from pipes/vessels

Uncontrolled changes in heating capability

Degradation of control function
Single active component failure/Operator error

Uncontrolled process change

Leakage from pipes/vessels

Intervential operator actions leading to deviation
Loss of power supply

Fire/explosion in plant

Disturbance of temperature regime

Degradation of caution function

Hydrogen burner extinguished in
UF6 conversion unit

Operator error

Humification of output product

Operator error

Self-supported chain reaction

Increase of uranium concentration
Violation of loading norms
Increase of the product moisture
Clog of gas-line

Decrease of the unit temperature
Extinguished hydrogen burner
Depressurization of the filter
Leakage of the cooling system

TABLE I1.3. INITIATING EVENTS FOR DRY INTERIM SPENT FUEL STORAGE FACILITY

INCIDENT

INITIATING EVENT

Mechanical failure/radioactive release

Drop of load from crane (result of failure of crane or
hoist). Fall of heavy body on the cask from crane as
result of failure of building

Mechanical failure/radioactive release/ fire

Fall of the cask during transportation or manipulation as
a result of collision (may be followed by fire)

Seal failure/radioactive release

Failure of sealing of the cask
Loss of heat removal in underground storage

TABLE I1.4. INITIATING EVENTS FOR RADIOACTIVE WASTE INSTALLATION

INCIDENT

INITIATING EVENT

Mechanical failure

Drop of load from crane (result of failure of hoist) onto
container

Radioactive release from the cask

Cask failure due to overpressure

Radioactive release from tank

Leakage in the tank

Overexposure

Loss of shielding
Cask failure

Radioactive release

Cask failure during transportation

Radioactive release

Overheated
Cooling failure
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Appendix III

NON-REACTOR NUCLEAR FACILITY PSA CASE STUDY —
WASTE STORAGE FARM

This appendix presents an example of the development of an NRNF PSA to aid in
understanding and applying the techniques reviewed in this publication.

II1.1. INTRODUCTION

This study considers the safety of the high level liquid waste (HLLW) tanks in a waste
storage farm. Although the study was not undertaken, and is not described in a way that
follows rigidly the process described in the main report, most of the task elements have been
addressed. The management and organizational elements (Tasks 1-8) are not described. More
detail on the study may be obtained from Ref. [III.1]. The process is described in the
following steps:

system description (Tasks 9, 13, 14);

initiating events (Tasks 10, 11, 15);

accident sequence modelling and quantification (Tasks 16, 17, 19-21); and
consequence assessment (Tasks 18, 22-25).

II1.2. SYSTEM DESCRIPTION

The HLLW tank consists of three concentric structures: (first) an outer, reinforced tank
designed to sustain induced loads from soil and seismicity; (secondly) a secondary, carbon-steel
tank that lines the concrete tank and is designed to serve as a barrier to primary tank leaks; and
(thirdly) a free-standing carbon-steel primary tank that rests on an insulating concrete pad
within the secondary tank. The primary tank contains the waste material; the secondary tank,
which is larger than the primary tank, encloses the primary tank to create a surrounding annular
space. The annulus is ventilated and monitored constantly for evidence of primary tank leakage.
The active induced-draft ventilation system for the tank has two completely separate
subsystems: a primary tank ventilation system and an annulus ventilation system. The tank is
connected to the two subsystems by manifolds, which maintain a slightly negative pressure
within the tank and annulus. The ventilation subsystems have no redundancy; the ductwork is
above-ground in some cases, and underground in others. The ductwork routes the ventilation air
from the primary tank and annulus of each tank to the respective filter trains and exhaust fans.

II1.3. INITIATING EVENTS
The first step in developing a risk model is to define a set of initiating events. For an
accident sequence to occur, an event must first perturb the steady-state condition of a waste

tank or its contents. Subsequent events may (or may not) result in a release of radionuclides or
chemicals.

The primary objectives of the initiating event definition exercise are:
e to provide a comprehensive list of initiating events with adequate assurance that all

possible events are taken into account;
e to account for unique tank design and operational features;
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e to provide a way of categorizing events into a set of sequences covering all the ways
that the event may developed, and
e to group events that present similar threats to safety functions for quantification.

The concept of grouping initiating events by similarity of expected response is common
to most PSA models and helps to limit the number of event sequence models that need to be
developed. Given knowledge of the approximate frequency of the initiating events and the
relative effect of these events on the tank, it is possible and desirable to group and screen
initiating events to simplify the quantification of risk without introducing large errors into the
risk estimates.

The individual initiating events listed in Table III.1 are put into initiating event groups
in Table III.2. Different individual events that affect the tank in a similar way are grouped
together. Where an event could be applied to multiple groups, the event has been assigned to
the more severe initiator group. This grouping results in a one to one correspondence between
an individual event and an initiating event group.

A master logic diagram (MLD) was used to identify the potential initiating events. A
MLD is similar to a fault tree and provides a deductive approach for directly answering the
question: “how can a significant release of radioactivity, chemicals, or toxic gas occur?” This
technique is one of the “deductive” tools identified in Ref. [2] of the main report. The first
page of this study’s MLD is depicted in Fig. II.1. A key objective of developing the MLD is
to identify all possible types and sources of the hazardous materials and pathways by which
the top event can be satisfied down to a level of detail at which all important safety functions
and barriers have been taken into account. When this is accomplished, specific causal events
that can threaten a safety barrier or function can be listed.

Many of the initiator events shown at the bottom of the MLD may be subdivided to
reveal more specific causal events. Table II1.1 is a list of events that could threaten the safety
barriers of functions shown at the bottom of the MLD. The events listed also are matrixed
against the MLD initiator events to help identify common cause initiators that can threaten
multiple safety barriers or functions simultaneously.

RELEASE OF
HAZARDOUS MATERIAL
TO THE ENVIRONMENT

MATERIAL
TANK LIQUID AEROSOLS TOXIC GAS <RELEASED>
PRELIMINARY PRIMARY PSF\;IQAT/}ERNTXEIL\‘AT PRIMARY VENT PRIMARY VENT SOURCE
VENTILATION TANK FILTER DOME DOME OF
DRAIN SYSTEM WASTE BURDEN SPACE SPACE MATERIAL
(SHEET 2) (SHEET 3) (SHEET 4) (SHEET 5) (SHEET 6) RELEASED
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DRAIN SYSTEM
(SHEET 2)

ANNULUS VENT
SYSTEM HEPA
FILTER
BURDEN
(SHEET 4)

SECONDARY
TANK ANNULUS
SPACE
(SHEET 5)

FIG.II1.1. Top of master logic diagram for HLLW tanks.
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v

TO SOURCE TERM AND

CONSEQUENCE ANALYSIS

FIG. II1.2. Accident sequence modelling steps.

II1.4. ACCIDENT SEQUENCE MODELLING AND QUANTIFICATION

The accident sequence model serves two primary purposes: to document the PSA
team’s understanding of how radionuclide and/or toxic gas releases from the facility could
occur and to create a logic model describing the potential release scenarios that can be used to
quantify the likelihood of releases. The general approach used to develop accident-sequence
models is shown in Fig. I11.2.

Generic initiating event groups that had the potential to lead to material releases from
one or more tanks were identified in the initiating events section. The accident sequence
modelling process began by examining each generic initiator to identify any characteristics of
the tank or waste material that could influence the assessment of the frequency of occurrence
of radioactive releases.
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Event sequence diagrams (ESDs) and event trees were developed for each initiator
family. The ESDs describe and document the subsequent system responses,
phenomenological events, and mitigating actions that can occur in response to the initiator.
The ESDs can also specify the accident sequence time lines and thereby the most appropriate
release category describing the end state of each sequence. The release categories defined for
this study are presented in Table III.3. To quantify the accident sequence frequencies for each
initiator, event trees corresponding to the ESDs were developed and quantified. The results
represent the total frequency per year of each release category for each initiator.

The frequencies of accident sequences were determined by combining initiating event
frequency estimates with the branch point probabilities, or split fractions, for the occurrence
of each event on the event tree paths. The quantification of the branch-point probabilities used
a combination of historical operating databases and occurrence reports, generic
component/system failure data.

II1.5. CONSEQUENCE ASSESSMENT

The consequence analysis provides estimates of radiological health risks for both co-
located workers and off-site residents via the airborne pathway and, for off-site residents only
for the ground-water pathway. Details of the source term/dose modelling are shown in Fig.
II1.3.

The atmospheric dispersion of released aerosols was calculated with a gaussian plume
model code that tracks the dispersion of particles. To estimate the range of potential doses to
an individual, a cumulative probability distribution of dose values was constructed by using
the joint-frequency meteorological data for the site.

Inhalation dose factors were calculated based on values of committed dose equivalent
factor per unit intake given in ICRP publications. Particle size dependent and solubility class
dependent DOS factors for various radionuclides were used to calculate appropriate long-term
off-site dose (50 years) resulting from continuous ingestion of contaminated food and water.

Airborne releases were characterized by three frames: short term energetic (occurring in
less than 2 hours), short term (occurring in less than 8 hours), and long term (occurring from 8
hours to 60 days). The long term, ground-level releases were considered only in the
evaluation of the off-site population doses because the on-site personnel would not be
permitted to return if there was a release lasting for days.

To obtain the maximum individual doses corresponding to the various release
quantities, it was necessary to obtain the product of the appropriate release quantities.

II1.6. RESULTS

The final results of the PSA for this study are the unconditional risk curves. Risk curves
present the relationship between the frequency of occurrence of radionuclide release events
and the level of damage sustained as the result of the release; they are presented as
complementary cumulative distribution functions (CCDFs) for total health and economic
consequences and for those release categories that contribute significantly to these risk
indices. In addition, an uncertainty quantification was performed to generate risk bands (i.e.,
percentile curves) for the total unconditional health effects for both on-site and off-site
receptors.
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FIG. II1.3. Source term and consequence model assessment.
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The CCDFs for total off-site and on-site risk of airborne release were calculated by
summing the appropriate probability distributions for exceeding frequencies at corresponding
damage levels for all contributing release categories. The 5th, 50th, and 85th percentile curves
and mean risk curves were calculated for total off-site and total on-site consequences. Figure
I11.4 shows the Sth, SOth, and 85™ percentile total off-site consequence curves. The Sth, SOth,
and 85" percentile total on-site consequence curves are presented in Fig. I11.5.

REFERENCE TO APPENDIX III
[II.1] SULLIVAN, L.H., et al., Probabilistic Safety Assessment for High-Level Waste Tanks

at Hanford, LA-UR-96-3912, Los Alamos National Laboratory, Los Alamos, NM
(1996).
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Appendix IV

PROBABILISTIC SAFETY CRITERIA FOR
NON-REACTOR NUCLEAR FACILITIES

The objectives of some PSAs can include comparing the risk profile of the subject facility
(defined by accident probabilities and related consequences) to defined quantitative risk criteria
in order to decide whether the overall facility risk is acceptable.

There is a variety of risk acceptance criteria proposed or in use in different countries.
The following sections summarize some of the practices used. Their presentation in this
document is not intended to indicate their suitability for any purpose. They are presented for
illustrative purposes only, and caution should be exercised when comparing criteria for different
countries/organizations, since their exact interpretation will be subject to specific rules and
requirements.

IV.1. CANADA

In Canada, safety criteria and licensing criteria proposed for small reactors [[V.1] have
also been applied to non-reactor nuclear facilities.

The criterion is divided into two portions: individual dose criterion, and collective dose
criterion, as given in the tables below. Each criterion is defined by three frequency ranges, and
for each range, there is a dose band spanning approximately a factor of ten in dose. Predicted
doses below the band are applied as ‘design targets’ and would normally be considered
acceptable, while those above the band are applied as ‘safety goals’ and would normally be
considered unacceptable. Predicted doses within the band require justification as to why they
cannot be reduced.

Dose criterion for the most exposed individual

Effective dose |Total predicted frequency

(mSv) (per year)

Upper limit |Lower limit
0.1t00.5 3% 107" 3x 1072
0.5t0 5.0 3x102  |3x107*
5 to 100 107 10°

Collective dose criterion

Effective dose |Total predicted frequency
(Person-Sv) (per year)

Upper limit |Lower limit
0.1t0 1.0 3x 107" 3x107
1.0 to 10 3x10%  [3x107°
10 to 100 10 10°

Note: these criteria are different from those used for CANDU reactors.
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IV.2. FRANCE

In a reprocessing plant design study in France, an acceptability graph was used in
applying a probabilistic approach [IV.2]. The acceptability graph gives the correlation of
probabilities and consequences.

In the acceptability graph, situations are divided into five frequency categories.

The first category covers the common operating incidents, with a frequency of greater
than 10" per year. They are classified as normal operation. The release limit of the annual
liquid and gaseous radioactive waste correspond to an irradiation of the population far lower
(by a factor of around 100) than the regulatory limit of 5 mSv per year.

Categories 2 to 5 are defined in the following table. Category 5 events are extremely
low frequency events that correspond to ‘beyond design basis’ accidents for an NPP and
should not pose bigger risks than those posed by PWRs.

Category Maximum effective dose Total predicted frequency (per
(mSv) year)
Upper limit | Lower limit

1 <0.05 Normal operation (>10 )

2 <0.5 10~ 10~

3 <5 10~ 107

4 <150 10° 10~

5 Lower than 10’

This approach is not of a regulatory nature but has been judged an acceptable practice
by the French safety authorities.

IV.3. GERMANY

In Germany, protection from radiation exposure, i.e., maximum exposure limits, have
been laid down in the Radiation Protection Ordinance [IV.3].

It is generally accepted that incidents occurring with a frequency from 1 to 107 per year
fall into a range covering the normal running of a facility. Hazardous incidents are defined as
those occurring with a frequency between 107 to 107 per year. Accidents that occur with a
frequency of <10~ per year are considered to belong to a class of accidents that form the
remaining small risk of the facility.

From this, a probabilistic safety criterion for an individual member of the public has
been derived, as given in the table below:

Maximum effective dose (mSv) Total predicted frequency (per year)
Upper limit Lower limit
<1.5 1 10~
<50 10~ 107
>50 Less than 10
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IV.4. INTERNATIONAL COMMISSION ON RADIATION PROTECTION (ICRP)

The ICRP has proposed radiation safety considerations as listed in the table below
[IV.4]. From the ICRP point of view, these are intended to illustrate the type of constraints
that might be imposed based on experience, and taking into account the benefits derived from
the particular practice. They might also be imposed as tentative constraints in the absence of
operating experience, subject to revision as experience is gained. In such cases, the constraints
may be regarded as upper bounds for selecting the desired performance objectives, e.g., in the
design of safety systems.

Maximum effective dose (mSv) Total predicted frequency (per year)
Upper limit | Lower limit

<50 10~ 10~

1-500 10~ 107

200-5000 10° 10°

> 2000 Less than 10~

These constraints refer to potential exposure of an individual, and are consistent with
risk criteria as specified by the Commission for Solid Waste Disposal.

IV.5. SOUTH AFRICA

In South Africa, the fundamental safety criteria are given in a licensing guide [IV.5]. The
following summarizes the fundamental safety criteria.

Normal operation, classified as Category A, includes exposures resulting form minor
mishaps and misjudgements in operations, maintenance and decommissioning. Events that
could give rise to facility damage leading to radiation hazards to facility personnel and members
of the public are classified as Category B and occur with a frequency between 10 and 107 per
year.

Risk to the public

The safety criterion for a member of the public is given in the following table:

Maximum effective dose (mSv) Total predicted frequency (per year)

Upper limit Lower limit
0.25 1 >10~
50 10~ 10°

Risk to facility personnel

The safety criterion for facility personnel is given in the following table:

Maximum effective dose (mSv) Total predicted frequency (per year)
Upper limit Lower limit

20 1 >10

500 10~ 10°
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Note: in addition to the above stated criteria, the facilities must also meet annual fatality risk
criteria.

IV.6. SWITZERLAND

In Switzerland, a tentative probabilistic risk criterion has been established for nuclear
waste repositories [IV.6]. For an individual member of the public, this risk criterion is given
in the following table.

Maximum effective dose (mSv) |Total predicted frequency (per year)

Upper limit |Lower limit
<0.2 10 10~
<1 10 107
<100 10 10°
>100 Less than 10°°

IV.7. UNITED KINGDOM

In the UK, safety assessment principles for nuclear plants (SAPs) have been published
by the Health and Safety Executive for the regulation of nuclear facilities [IV.7]. The
following summarizes the particular SAPs relevant to PSA criteria for NRNFs.

Risk to the public

The total predicted frequencies of accidents that would give doses to a person outside the
site should be less than the values given in the following table.

Maximum effective dose (mSv) |Total predicted frequency (per year)
BSL BSO

0.1-1 1 10~

1-10 10 10

10-100 10~ 107

100-1000 10 10

>1000 107 10°

BSL = Basic safety limit
BSO = Basic safety objective

A subsidiary aim should be that no single class of accident contribute more than about
one tenth of the total frequency in any dose band, to avoid placing excessive reliance on
particular features of the plant or on particular assumptions in the analysis.

Risk to workers

The total predicted individual risk of death (early or delayed) to any worker on the plant
attributable to doses of radiation from accidents should be less than:

Basic safety limit: 107 per year
Basic safety objective: 107° per year
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It is recognized that calculation of individual risk to workers may be difficult and hence
only a broad estimate will normally be required, sufficient to show that the BSL is very
unlikely to be exceeded and the ALARP aim has been appropriately applied. This principle is
not intended to apply to personnel returning to perform actions after an accident.

Large release criterion

The total predicted frequency of accidents on the plant with the potential to give a
release to the environment of more than:

e 10000 TBq of iodine-131, or
e 200 TBq of caesium-137

Quantities of any other isotope or mixture of isotopes which would lead to similar
consequences to either of these should be less than:

Basic safety limit: 107 per year
Basic safety objective: 1077 per year

Plant damage criterion

The total predicted frequency with which the plant suffers damage and a significant
quantity of radioactive material is permitted to escape from its designed point of residence or
confinement, in circumstances which pose a threat to the integrity of the next physical barrier
to its release, should be less than:

Basic safety limit: 10~ per year
Basic safety objective: 107° per year

Such plant damage is interpreted as a degraded core in the case of a reactor. For other
plant, it would include a major breach of vessel pipework, for example, together with the
potential for events such as fire, explosion, or aggressive chemical attack which might lead to
degradation of the containing cell or its ventilation/filtration system (even though there may
be a safety system provided to prevent such degradation).

Criticality incidents

The total predicted frequency of an accidental criticality excursion on an NRNF should
be less than:

Basic safety limit: 107 per year
Basic safety objective: 10~ per year

This principle is also applied to facilities handling or storing fissile material outside the
reactor core on a nuclear power station.

IV.8. COMPARISON OF SAFETY CRITERIA

A graphical comparison of the safety criteria of the ICRP, the UK, Switzerland and
Germany is given in Fig. IV.1.
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FIG. IV.1. Comparison of safety criteria (visk based) for nuclear installations.
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