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Abstract

Small modular reactors (SMRs) have gained global interest due to the demand for
carbon-neutral energy. However, their new technologies, such as passive systems and
modular design, may challenge current nuclear safety regulations and analyses. Current
safety analysis methodologies focus on individual units with few dependencies, whereas
SMR modules may have several dependencies, necessitating integrated modeling that
accounts for interactions between multiple modules within a single model.

This thesis focuses on modeling multiple SMR modules by creating a multi-module
modeling logic with probabilistic risk analysis (PRA) tools. The logic aims to model
accident sequences involving multiple modules. A literature review identified three
modeling methodologies for traditional multi-unit sites: the master event tree (MET),
single-top fault tree (SFT), and a hybrid of the two. Additionally, one SMR-specific
modeling approach was found. The approach applies basic event (BE) and initiating event
(IE) parametric adjustments to single-module models.

The goal of the thesis is to study how well the three PRA methodologies, originally
developed for sites with multiple traditional units, fit for modeling a plant with multiple
SMR modules. The BE and IE parametric adjustment approach is not as explicit as the
three other modeling approaches. However, the approach could be potentially used in
the graded approach, which involves assessing the safety significance of different events
by considering the varying levels of risk associated with different modules and their
interactions and then allocating the resources to the most risk-significant issues.

The thesis demonstrates that all three approaches, MET, SFT and the hybrid, can be
applied in multi-module modeling. Analysis of the approaches revealed that each approach
has distinct advantages and limitations in multi-module PRA modeling. In this thesis,
the efficiency of the modeling process, scalability of the models and the readability of the
resulting models are considered.

The hybrid and SFT approaches seem to have a great potential with modeling multiple
modules in PRA. The two enable efficient modeling and good scalability. The hybrid
approach may offer slightly greater efficiency and scalability. However, the two do not
visualize the accident sequences in a very user-friendly way. MET, on the other hand,
illustrates accident sequences very clearly. The problem is that the size of the MET grows
rapidly when more modules are modeled, and a larger model may be extremely difficult to
read.

Keywords Small Modular Reactors, Master Event Tree, Single-top Fault Tree, Graded
Approach, PRA, MUPRA, Multi-module PRA
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Tiivistelma

Vihapaastoisen energian tarve kasvaa jatkuvasti, ja pienet modulaariset reaktorit (eng.
small modular reactor, SMR) voivat vastata tihin tarpeeseen. SMR:ien markkinoille
tuominen vaatii kuitenkin viela paljon kehitystyot4, erityisesti turvallisuusvaatimusten
ja -analyysien osalta. Nykyiset turvallisuusanalyysit keskittyvit yksittaisiin reaktoriyksi-
koihin, joilla ei ole merkittéavia riippuvuuksia muiden yksikéiden kanssa. SMR:ien olete-
taan kuitenkin sisdltdvan useampia riippuvuuksia ja kiayttadvan laajemmin passiivisia
ominaisuuksia turvallisuuden parantamiseksi.

Tamé diplomityo keskittyy SMR:ien todennikéisyyspohjaisen riskianalyysin (eng. pro-
babilistic risk analysis, PRA) kehittamiseen. SMR:ien PRA-haasteet liittyvat pdéosin
mahdollisiin laajoihin riippuvuuksiin moduulien vililld. Kun riippuvuuksia on paljon,
tapahtumaketjut, jotka siséltaviat useamman SMR-moduulin, saattavat olla hyvinkin mer-
kittavia. Tassa tyossa pyritdéan 1oytamééan tehokas tapa kehittda multi-moduulilogiikka
hyodyntamalla kirjallisuudesta 1oytyvia PRA-menetelmii. Logiikka mallintaa tapahtu-
maketjut, joihin liittyy useampi moduuli.

Kirjallisuudesta 16ytyvat PRA-menetelmat, joita tutkitaan téssa tyossa ovat: Master
Event Tree (MET), Single-top Fault Tree (SFT) ja ndiden kahden hybridi. Nditd on aiemmin
sovellettu 1dhinn4 tavallisille laitoksille, joissa on useampi yksikko. Ndiden liséksi kirjalli-
suudesta 16ytyy mallinnusmenetelmi, joka kertoo tietyilla parametreilla alkutapahtumien
ja perustapahtumien todennidkoisyyksid. Tdméa menetelmé ei mallinna eksplisiittisesti
tapahtumaketjuja, vaan pyrkii arvioimaan yhden moduulin vikaantumisen vaikutuksia
muihin moduuleihin parametrisesti. Tyossi havaittiin tamén ldhestymistavan potentiaali
arvioida useampaan moduuliin liittyvien tapahtumien turvallisuusmerkityksié.

Aiemmin mainittuja menetelmii (MET, SFT ja hybridi) sovellettiin kuvitteelliseen SMR-
yksikkoon. Tyossa tutkittiin kuinka hyvin ndma perinteisille laitoksille kehitetyt menetel-
mat soveltuvat multi-moduuli SMR-yksikoéiden mallintamiseen. Ty6ssd huomattiin, etta
menetelmét toimivat SMR-yksikéiden mallintamiseen, mutta kullakin menetelmélla on
seki vahvuutensa etta heikkoutensa. Tarkeimmaét vertailukohteet mallien vilillé olivat
mallintamisen tehokkuus, mallin laajennettavuus ja sen lopullinen selkeys kayttajalle.

Taman tyon perusteella voidaan todeta, ettd hybridi- ja SFT-menetelmét sopivat par-
haiten multi-moduuli mallintamiseen, silld ne ovat mallintajalle kdtevia ja kayttajalle
selvid. Hybridi-menetelmé saattaa olla jopa hieman kitevampi ja selkedmpi. MET on
melko raskas mallintajalle useampaa moduulia mallintaessa. Sit voisi kuitenkin kayttaa
yksinkertaisen SMR-yksikon tapauksessa, kun yksikosséa on kaksi moduulia.

Avainsanat Pienet Modulaariset Reaktorit, SMR, Master Event Tree, Single-top Fault
Tree, Graded Approach, PRA, MUPRA
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1. Introduction

The European Union has set a target to achieve climate neutrality by
2050. Climate neutrality means an economy with net-zero greenhouse
gas emissions. According to the European commission [1], the goal can
be achieved by cutting emissions, investing in green technologies and
protecting the natural environment. The goal is ambitious and requires
quick and major changes to the current structure of energy production. [2]

Small modular reactors (SMRs) could play a key role in decreasing green-
house gas emissions and creating environmentally optimal energy mix.
The small modular reactors have the potential to enhance green energy
availability and security of supply in countries with existing nuclear energy
programme, as well as in countries newly initiating one. [3]

Due to the unique features of SMRs, they could offer some advantages
over traditional nuclear reactors. SMRs’ smaller size, modular manu-
facture and simpler design could make the deployment faster and more
cost efficient. The smaller size together with modular design could en-
able incremental capacity expansion which then enables matching the
power generation to the demand more precisely. The scalability of the
energy production could also make it possible to add nuclear power to
areas with smaller electricity grids. Furthermore, their smaller size and
safety characteristics may allow for the construction of SMRs in closer
proximity to urban areas, potentially even to replace old coal plants. In
short, SMRs could enable lower investment in both reactor and associated
nuclear infrastructure, safer energy production and more flexible nuclear
power compared to traditional nuclear power plants. [3-5]

However, licensing a new reactor type has its challenges. One major
challenge is demonstrating the safety of novel reactor design principles
and features. The novel characteristics of SMRs challenge the current

international and national nuclear safety requirements, and it must be
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evaluated if changes to them are needed to adapt to the new generation of
nuclear power plants (NPPs). For example, one major shortage of current
regulations is that they do not approve building nuclear reactors near
the urban area due to large emergency planning zone (EPZ). If urban
SMRs are desired, EPZ regulations must be updated to be more flexible.
Additionally, current regulations have gaps concerning the extensive use of
passive and inherent technologies. They also rely on licensing individual
units, which might be impractical for SMRs. Issuing a single license for
multiple modules could be more beneficial considering, e.g., the efficiency
of licensing process when incrementally adding modules. [6] [7]

To demonstrate the sufficient safety of SMRs, for example, that SMRs
require smaller EPZs, safety analysis methods require updates too. In
current practice, probabilistic risk analyses (PRA) are often conducted
separately for each NPP unit, as many units are highly independent. This
practice leads to limited consideration of inter-unit correlations. However,
certain SMR designs incorporate multiple interdependencies between mod-
ules, such as those based on proximity and shared structures, systems, and
components, and the current PRA practice might not be able to consider
these multi-module factors. To demonstrate the safety of SMR units, it is
crucial to broaden the single-module mindset to consider multiple modules
and their interconnections in the models. [8]

As previously discussed, traditional single-unit PRA can underestimate
some inter-unit dependencies but it has been learned that even with highly
independent units, interdependencies can be important [9]. Therefore,
multi-unit PRA (MUPRA) methodologies are currently widely studied.
For example, IAEA has already published a methodology description for
MUPRA [10]. The studied MUPRA methodologies could function as a
base for building a methodology for SMR units. MUPRASs handle similar
challenges that will occur with SMR PRA, such as, detailed analysis of
dependencies and application of novel risk metrics [11].

A PRA begins with the initial step of defining the analysis scope, which
involves determining what aspects need to be analyzed. This is followed
by the development of logic models that model potential accident scenarios.
Subsequently, the results are quantified and subjected to in-depth analysis
and interpretation. [10]

When addressing scenarios that involve multiple units or modules, the
PRA modeling process can get complicated. There is some research con-

ducted on modeling approaches, their differences, advantages and disad-
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vantages, for sites with multiple units. However, there is a notable scarcity
of research specifically focused on sites with multiple modules. There
are many references discussing the need for applying MUPRA for SMRs,
e.g., [8], [11] and [12]. A Chinese study [13] has explored the application of
a MUPRA approach to SMRs in more detail.

The primary objective of this thesis is to gather and assess the most well-
researched methods for MUPRA modeling and apply and compare them
within the context of a specific SMR unit. The MUPRA modeling methods
discussed in this thesis are the Master Event Tree (MET), Single Fault
Tree (SFT), the hybrid of the two and a Basic event parametric adjustment
approach.

This thesis is fundamentally driven by the central question: How ef-
fectively do these four PRA modeling method alternatives adapt to multi-
module modeling? Furthermore, it aims to provide a comprehensive com-
parison by focusing on a specific type of SMR site. This focused approach
provides a more nuanced comparison of advantages and disadvantages
compared to simply comparing studies conducted for different sites or
units.

The modeled SMR modules and unit in this research are influenced by
VTT’s LDR-50 concept but are fictional. The model aims to mimic the
LDR-50 reactor pool layout but the details of the SMR module are more or
less arbitrary. The illustration of LDR-50 reactor pool layout can be seen
in figure 1.1.

For an initial comparison of the PRA modeling approaches, a very sim-
plified model is considered. The PRA model includes the SMR module’s
reactor pool and the multi-module (MM) configuration consisting of four
reactor pools of this type. The insight gained from the simplified compar-
ison performed in this thesis could possibly aid the decision of the best
modeling approach for LDR-50 and LDR-50-like concepts. Ultimately, this
thesis gives insight into which MUPRA modeling methods work best for
SMR sites, especially those similar to the VI'T’s LDR-50 concept.
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Figure 1.1. Illustration of a unit containing multiple LDR-50 reactor modules. [14]



2. Safety of Nuclear Power Plants

The use of nuclear power may give rise to radiation risks to workers, public
and to the environment. The risks must be assessed, and if necessary,
controlled. The fundamental safety objective is to protect people and the
environment from harmful effects of ionizing radiation. Additionally, it is
important that nuclear power plants that have some probability of emitting
harmful amounts of radiation yield an overall benefit. Usually, a so called
SAHARA principle is adopted by NPPs. SAHARA stands for Safety As
High As Reasonably Achievable. [15, 16]

Primarily, the nuclear safety goal is to prevent accidents. Incidents that
can cause accidents are called initiating events (IEs). IEs perturb the
steady-state operation of a nuclear power plant and challenge the plant’s
safety systems. According to IAEA TECDOC-719 [17]: "An initiating event
is an incident that requires an automatic or operator initiated action to
bring the plant into a safe and steady-state condition, where in the absence
of such action the core damage states of concern can result in severe
core damage." Additionally, initiating events are usually categorized into
internal and external initiators based on the origin of the events.

To ensure high-grade safety, NPPs are designed and operated based on
defence-in-depth (DiD) principle. The DiD principle ensures that an NPP
has dedicated systems in the preventive level and also in the protective
and mitigating levels. DiD is introduced in more detail in the next section,
2.1. The systems in the preventive level are provided in order to minimize
deviations from normal operating states. The prevention can be done with
high level of design and operation to avoid certain IEs from occurring.
[16,18]

The protective level means that in case the prevention fails there are
systems that can detect the problem and means to control the situation

so that an IE will not propagate into an accident. These means to control
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a nuclear reactor are called safety functions. The safety functions ensure
that the reactor is kept and/or maintained in a safe state. The safety
functions can be divided into three main categories: reactivity control, heat
removal and confinement of radioactive substances. The safety functions
can rely on inherent features, or on passive or active safety systems. It
is also possible to use them in combination. These types of systems are
discussed in subsection 2.2.2.

There are two main approaches to analyze the safety: deterministic safety
analyses (DSA) and probabilistic risk analyses. [19] Additionally, human
factors engineering (HFE) should be considered. None of the three are
used alone and each approach has its own purpose and provides important
input to the other approaches.

DSA predicts the response of the plant to postulated accident scenarios.
In the calculations, DSA applies conservative and/or best estimate models
and codes. Conservative models and codes use parameters from the un-
favourable end of possible range of values. The best estimate approach, on
the other hand, applies experimental research data that has been obtained
through time and the improved computer codes to obtain more accurate
results. Commonly, DSA applies, e.g., neutronic, thermohydraulic, radio-
logical, thermomechanical and structural calculations or simulations using

computational tools. PRA is introduced in chapter 3. [19,20]

2.1 Defence-in-Depth Principle

For a nuclear power plant, it is required that there are multiple subse-
quent and independent layers of defence, or barriers, that prevent the
propagation of faults into a hazardous condition. This safety principle
is called defence-in-depth (DiD) which functions as the principal safety
philosophy for an NPP. [18]

In DiD, multiple lines of defence are placed along a potential accident
sequence to prevent the mitigation of an IE. The lines of defence are
diverse in nature and include technical, operational and organizational
safety barriers, and not only physical defence. [21]

In practice, DiD is implemented into a nuclear power plant with redun-
dancy, separation and diversity to ensure that the needed function will
work even in case a failure or mistake were to happen. Redundancy is du-
plication or generally multiplication of components of a system to increase

the reliability of it. The redundancy is particularly effective when redun-
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dant components have no dependencies, such as common support systems,
common maintenance or common environment. The strategies to avoid
these dependencies include technological diversity between components,
by physical separation and by functional isolation (no common support
systems). [19, 22]

Generally, the DiD is divided into five levels [18]. The levels and their
objectives are in Figure 2.1. The subsequent levels of defence show that
it is highly unlikely that a hazardous event sequence causes a severe
accident.

The DiD levels are closely related to the event categories. Reaching
higher DiD level must be less and less probable, as the DiD levels aim to
prevent and mitigate the accident propagation. Each DiD level relate to a

plant state or states. This is illustrated also in Figure 2.1.

Strategy Prevention Protection Mitigation
Plant state Normal ‘:nz:;siit:j Design basis Be‘/“"d dESIgn omsls secieens Post accident
operation P TS No or limited core Severe
occurrences damage accidents
Dizifames- Level 1 Level 2 Level 3 Level 4
in-depth Level 5

Prevention of Control of

- = Control of Management to Mitigation to Mitigation of
Objective deviation from abnormal accidents within | avoid severe core | confine radio- radiological
normal operation design limits damage active materials ] consequences

Systems & Normal operating systems )
features Engineered safety features

Containment & complementary design features
Off-site
emergency
plan

Figure 2.1. DiD levels and the corresponding plant operational states combined with DiD
strategy and applied systems and features. (Adaptation of the table presented
in [23].)

2.1.1 Plant State Categories

To evaluate the capability of an NPP design to avoid accidents, the plant
must be analyzed in various plant states. The plant state categories usually
covered are normal operation, anticipated operational occurrences, design
basis accidents and design extension conditions.

Normal operation plant state refers to the planned operation of a nuclear
power plant including testing, plant start-up and shutdown, maintenance
and refueling. Initiating events can lead to states deviating from the
normal operation, i.e., anticipated operational occurrences or accident
conditions. It must be ensured that events causing more severe condi-

tions have lower frequency of occurrence. Events with higher occurrence
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frequency cannot lead to an accident and the design must be able to with-
stand them. More specific description for the plant states and the initiating
events leading to the conditions are discussed below and the occurrence
frequency limits, according to Finnish regulatory guide YVL B.1 [24], are
summarized in Table 2.1. The relationship of plant states to DiD is in

Figure 2.1.

Anticipated Operational Occurrences (AOO)
TIAEA SSG-2 [20] gives the following description for AOOs: "An anticipated
operational occurrence is an operational process deviating from normal
operation which is expected to occur at least once during the operating
lifetime of a facility but which, in view of appropriate design provisions,
does not cause any significant damage to items important to safety or lead
to accident conditions (it may result in a reactor scram, however)."

According to TAEA [25] and Finnish regulatory guide YVL B.2 [26], AOOs
are expected to occur once or several times during the operating lifetime
of an NPP (at least 102 times per reactor year). The Finnish regulatory

guide has named the event as design basis condition 2 (DBC 2).

Design Basis Accidents (DBA)
TAEA SSG-2 [20] gives the following description for DBAs: "Design basis
accidents are accident conditions against which a facility is designed ac-
cording to established design criteria, and for which the damage to the fuel
and the release of radioactive material are kept within authorized limits."

The occurrence rate of DBAs, according to IAEA, has to be between 1072
and 107, [25] In Finland DBAs are further divided into two categories,
those that have occurrence rate between 10~2 and 1073, and those that
have occurrence rate less than 1073. [27] The former mentioned category

is called DBC 3 and the latter DBC 4.

Design Extension Conditions (DEC)
Beyond-design-basis accidents (BDBA) are accidents that are very unlikely,
and therefore they are not all explicitly considered in the design of an
NPP. However, there must be some analysis on how the most risky BDBAs
affect the NPP to create mitigation strategies for these situation, because
they might cause severe accidents. The conditions that must be taken into
account in BDBASs are called design extension conditions. Thus, DECs are
a subset of beyond-design-basis accidents that are considered in the design
process. [28,29]

IAEA SSR-2/1 (Rev. 1) [30] gives the following description for DECs:
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"postulated conditions that are not considered for design basis accidents,
but that are considered in the design process for the installation or associ-
ated facility in accordance with best estimate methodology, and for which
releases of radioactive material are kept within the acceptable limits. DEC
comprise conditions both in events without significant fuel degradation
and conditions in events with core melting."

According to the previous description, the DECs are divided into two
categories: design extension conditions without significant fuel degradation
and design extension conditions with core melt. The occurrence rates,
respectively, are 10~* — 1075 and less than 1076. [25]

In Finland, the previously mentioned two IAEA categories are divided fur-
ther. The design extension conditions without significant fuel degradation
is divided into three categories: DEC A, DEC B and DEC C. DEC A in-
cludes DBC 2 or DBC 3 with common cause failure (CCF), DEC B includes
complex sequences and DEC C rare external events. These conditions
include a radiation dose limit. According to the Finnish Nuclear Energy
Decree 161/1988 §22b [31], the annual dose constraint for an individual of
the population shall be 20 mSv/event.

Lastly, the design extension conditions with core melt are named severe
accidents (SA). According to YVL A.7 [32], SAs have frequency limit values
for core damage frequency (CDF) and large release frequency (LRF). In
Finland, large release is 100TBq of Cs-137 [32]. Table 2.1 summarizes the

Finnish plant states and their occurrence. [24]

Table 2.1. Finnish regulatory guide on frequency of occurrence of different plant states.

Occurrence (1/reactor year) Finnish Terminology

Anticipated operational occurrences

> 1072 DBC 2
Design basis accidents

1072 -1073 DBC 3
<1073 DBC 4

Design extension conditions without significant fuel degradation
20 mSv/event, DBC 2/3 + CCF DEC A
20 mSv/event, complex sequences DECB
20 mSv/event, rare external events DEC C

Design extension conditions with core melt

CDF <107°, LRF <577 Severe Accident (SA)
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2.2 Systems, Structures & Components

Systems, structures and components, SSC, is a general term covering the
technical elements of an NPP. When considering the safety of SSC, the SSC
are classified according to their safety significance, and the dependencies
between SSC are analyzed to identify the possible ways a failure of an SSC
could propagate to other SSC.

According to the function of an SSC, it can be categorized as important to
safety or not important to safety. IAEA defines an SSC important to safety
as an item whose malfunction or failure could lead to radiation exposure
of the site personnel or members of the public and/or that is part of a
safety group, i.e., an assembly of SSCs that perform all required actions
for certain IE to ensure that the design basis limits for AOOs and DBAs
are not exceeded. SSC important to safety are further divided into safety
related components, safety systems and safety features for DECs. Figure
2.2 illustrates the structure of the SSC categorization. [21]

It is important to identify and classify the SSC important to safety to
make sure that the SSC are designed, manufactured, constructed, in-
stalled, commissioned, quality assured, maintained, tested and inspected
to standards appropriate to their safety significance. Therefore, a safety
classification must be done to each SSC important to safety. The SSC

classification is discussed in subsection 2.2.1.

Plant equipment

Items important to safety® Items not important to safety?
Safety related items? Safety systems Safety features (for design
‘ extension conditions)
Protection Safety actuation Safety system
system system support features

a
In this context, an ‘item’ is a structure, system or component.

Figure 2.2. Nuclear Power Plant SSC types. [21]

It is also important to consider the effect of one failed SSC to other SSCs.
It is required to make sure that any failure of items important to safety
in a system in a lower safety class will not propagate to a system in a
higher safety class. This also means that dependencies must be carefully

identified and analyzed.
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2.2.1 Safety Classification

IAEA TECDOC-1787 [33] describes the safety classification as means to
identify and classify structures, systems and components that are needed
to protect people and the environment from harmful effects of ionizing
radiation, based on their roles in preventing accidents, or limiting the
radiological consequences of accidents should they occur. The classification
gives design specifications and a safety performance level that a certain
SSC must fulfil. The sufficient design and performance is ensured with
established processes for design, manufacture, operation, testing and
inspecting.

TAEA defines three safety classes. The classes are safety class 1, safety
class 2 and safety class 3. The classes represent the severity of a conse-
quence of a component failure in an ascending order. The SSCs whose
failure leads to a consequence of high severity are grouped to class 1, whose
leads to a medium severity are grouped to class 2 and whose leads to a low
severity are grouped to class 3.

In Finland, there are classes 1, 2, 3 and Class EYT (non-nuclear safety).
Additionally there are three seismic safety categories: S1, S2A and S2B.
SSCs in safety class 1 ensure that the plant is kept in the normal oper-
ational status. The class 1 includes, for example, reactor cooling circuit
(primary circuit), and structures and components whose failure could result
in an accident compromising reactor integrity and requiring immediate
actuation of safety functions. SSCs in the class 2 are applied in the man-
agement of key disturbances and accidents. Class 3 components can be
found on every protection level. The SSCs not classified into any of the

three classes should be classified into the EYT. [26]

2.2.2 Types of Safety Systems and Features

Safety systems can be divided into passive or active systems or into inher-
ent features. According to IAEA TECDOC-626 [34], the inherent safety
feature can be defined as a fundamental property of a design concept that
results from the basic choices in the materials used or in other aspects
of the design which assures that a particular potential hazard can not
become a safety concern in any way. This means that the design is such
that a certain potential hazard cannot, in any circumstances, become a
safety concern.

Passive safety systems are similar to inherent features, and sometimes
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the two terms are even used interchangeably. Passive systems are designed
to function without an active power source and the functioning is based
on natural forces or phenomena such as gravity, pressure differences
or natural heat convection. Respectively, active systems apply external
power sources. A system relying only slightly on active systems to initiate
subsequent passive operation, can also be defined as a passive system. [34].
According to IAEA TECDOC-626 [34], the most important distinction
between the inherent features, and passive and active systems is that
inherent features are characteristics of systems that never fail, whereas

passive and active systems are, in principle, subject to failure.

2.2.3 Dependencies and Common Cause Failures

The understanding of dependencies gives crucial information of the safety
of an NPP. For example, the principle safety philosophy, defence-in-depth,
is ensured with redundancy and separation/diversity. With redundancy, it
is important that there is as little as possible in common between redun-
dant components and systems in order to decrease the risk for dependent
failures. Therefore, the proof of sufficient DiD requires the understanding
of dependencies.

The previously discussed safety classes give information on which SSCs
should be analyzed more carefully when it comes to dependencies. Ad-
ditionally, it is required to design an NPP so that any failure of items
important to safety in a system in a lower safety class will not propagate
to a system in a higher safety class. [35]

Many sources of dependencies can be identified in NPPs. NUREG/CR-
2300 [36] identifies three types of dependecies: common-cause IE (type
1), intersystem dependencies (type 2), and intercomponent dependencies
(type 3). The intersystem dependencies include functional dependencies
(type 2A), shared-equipment dependencies (type 2B), physical interactions
(type 2C) and human-interaction dependencies (type 2D).

The common-cause IEs, or common-cause initiators (CCIs), consists of
external and internal events that have the potential for simultaneous
occurrence of an IE and functionally degrade or disable system(s) that
are designed to cope with this initiator. A potential example of a CCI
could be a LOCA in the reactor coolant system. This incident would
have a direct negative impact on the the LOCA mitigation system, i.e.,
the Emergency Core Cooling System (ECCS), thereby compromising the

mitigation process. [37]
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Intersystem dependencies lead to interdependences among the prob-
abilities of failure for multiple systems. The first type of intersystem
dependency is the functional dependency. The dependency type means
that the functional status of a given system depends on the functional
status of another. Two examples could be a system that is not used/needed
unless other systems have failed, and a system that is designed to function
in conjunction with the successful operation of other systems. [36]

The second type of intersystem dependency is a shared-equipment de-
pendency. The dependency means that multiple systems are dependent on
the same SSC(s). An example could be components in different systems
whose electricity is fed from the same electrical bus. [36]

The third intersystem dependency is the physical interaction which is
similar to CCIs because it increases the probability of multiple-system
failures, however it does not necessarily cause an IE. Often, the dependency
mechanisms are associated with extreme environmental strains caused by
the failure of one or more systems after an initiating event. [36]

The final intersystem dependency type is the human-interaction depen-
dencies. The dependencies are introduced by human actions, including
errors of omission and commission. This type of dependent failure can
occur, for instance, when an operator mistakenly shuts down a system
due to an incorrect assessment of the condition of the plant. This kind of
dependency possibility is likely to stand out in SMR units since all the
modules may be operated via single control room with same people making
the decisions for all the modules (contrary to traditional sites where each
unit has its own control room and operators). [36]

The third and last dependency type is the intercomponent dependency.
The dependency consists of events or failure causes that result in a de-
pendence among the probabilities of failure for multiple components or
subsystems. The intercomponent dependency has same sub-categories as
intersystem dependencies. [36]

Additionally, some failures of components can be, in a way, "dependent",
even though the components are independent of one another physically.
These kind of failures are called common cause failures, and they are de-
fined as failures of components due to shared root causes. The components
that have the potential to fail due to shared root cause form a common
cause failure group (CCFG). Usually, the components forming a CCFG are
similar in some way, or even identical. The components in a group may, for

example, perform the same function, share a manufacturer, a maintenance
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routine and/or function in a similar environment. [38]

Traditional single-unit PRA focuses on CCF groups including components
in a single unit. The groups are called intra-unit CCF groups. [39] The
CCFs including components in different units, i.e. inter-unit CCFs, are not
usually analyzed. However, in multi-module PRA (MMPRA), CCF's due to
similar components across multiple modules might be especially significant.
The groups including similar components from multiple modules are called
inter-module CCF groups. Analog to a intra-unit CCF group for traditional

NPP units, intra-module CCF group can be defined for modules.

2.3 Novel Multi-Module Safety Aspects

From a safety perspective, it has been agreed that SMRs should be treated
as NPPs, meaning the general principles of nuclear safety should be also
applied to SMRs. [4] This means that the design must fulfil the current nu-
clear safety standards, and the safety must be shown with comprehensive
analyses.

The already gained operational experience from larger NPPs and the
existing safety assessment methods can function as a basis for creating
means to ensuring and showing the safety of SMRs. SMRs have to deal
with new modeling challenges, such as the fact that there will be dependen-
cies between the modules that are not necessarily found from conventional
NPPs. Probabilistic risk assessment has been traditionally used to model
inter-unit dependencies, and the methods developed for conventional reac-
tors could be applied to SMR sites.

Most of the existing probabilistic risk assessment models focus on single-
unit (SU) accidents. However, after the accident at the Fukushima Daiichi
NPP, the development of multi-unit (MU) modeling methodology has ob-
tained more attention and more method development for MU analysis has
been done. [10]

The SMR-specific features that might challenge the modeling methods
traditionally applied for the large NPPs are, e.g. [4,40]:

* modular design
- new module installation during different plant operating states
of other modules.
¢ use of novel technologies and designs
- compact and simplified designs

— passive systems and inherent features
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- integral design (incorporation of primary system components
into single vessel)
* lack of operational experience
* multiple reactors in a unit/site
- possibly more inter-module dependencies (see Figure 2.3)
* gsiting solutions
— closer to the population
- on ground, under ground, on water etc.
- regions lacking in essential infrastructure (e.g., electrical grid,

cooling water)

Same design (principles)

. : Same hardware Same installation stat
Same direct IE N )
< . . Same function Same maintenance stat
Same conditional IE
Same software Same operators
s Identical
Initiating Events Human
Component
Dependencies
between multiple
units
Shared Ty m—
. g Proximity Organizational
Connection
Same support SSC Same room Same procedures
Same interface Same coupling structures Same tech specs
Same environment Same coupling mechanisms

Figure 2.3. Classes of multi-module/unit dependecies. [41]

The novel features utilized in the safety design of SMRs aim to improve
the safety of them which could possibly enable placing the SMRs closer to
urban areas. On the other hand, the features pose challenges to current
safety requirements and safety analysis methods, especially considering
emergency planning zone and multi-module modeling. [8,42]

For example, a power plant consisting of SMRs might extensively employ
passive features which could improve the safety. However, the passive
systems lack operational experience and their reliability might be difficult
to estimate. New requirements and safety analysis methods might be
required to assess the safety of the inherent features and passive safety
systems. [4]

Another novel nuclear reactor feature is that the SMR reactor modules
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may have a great amount of dependencies since they can share multiple
SSCs and they can be positioned quite close to each other in a same reactor
building. The whole site might share common main control room (MCR)
and operational crew. It must be proved that the safety is sufficient with
the dependencies. Modeling a large number of SMR modules with multiple
dependencies can be challenging. Therefore, the model should include the
most important dependencies so that the model is comprehensive enough
while remaining reasonable in size and complexity. [4]

There are many kinds of design concepts put forward that encompass
different novel, as well as, well researched technological features. There
are SMRs with different levels of inter-connections and inter-dependencies
between the modules. For example, multiple reactors might be in the same
pool, as in the NuScale or connected via spent fuel pool, as in the Nuward
concepts, or they might be in completely separate pools, like in LDR-50.
The NuScale concept proposes that even 12 modules could be in the same
pool. [14,43,44]

Additionally, SMR concepts employ different levels of passive features
and systems. For example, the most important safety function of nuclear
reactors, maintaining sufficient cooling for the fuel rods, can be obtained
passively. For example, in LDR-50, the reactor vessel is enclosed into
a containment vessel. The space between the reactor and containment
vessels has water in it. If the temperature in the reactor rises too much,
the water in the containment space begins to boil, which initiates passively
a heat transfer route to the large reactor pool. This process is illustrated

in Figure 2.4. [14]

Reactor pool The top part of the containment vessel
is filled with steam, which begins to

. condense on the cool outer wall. (5
Containment space

oA
Containment vessel

Pressurizer This opens a passive heat
transfer route into the pool,
involving no mechanical

moving parts. (4

Reactor vessel

Heat exchanger

If the operation of the main heat
exchangers is compromised, heat is
trapped inside the reactor vessel. (z

Also the temperature at the bottom Water in the intermediate
part of the vessel begins to rise. (2 space begins to heat up, and
eventually boil. 3

Figure 2.4. Illustration of the functioning of the passive reactor cooling in accident sce-
narios (the figure is created by combining two screenshots of LDR-50 passive
cooling tutorial found from the official LDR-50 site [14] and adding some
effects and the main parts of the reactor).
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In addition to the LDR-50 passive residual heat removal (RHR) solution,
there are two other types of passive strategies commonly found in the SMR
concepts and designs: (a) the steam generators (SG) are paired with heat
exchangers (HX) which are submerged into a pool of water. The steam
produced by the decay heat is directed into the HXs where the heat is
conducted into the pool and the steam condenses; (b) the steam produced
in the reactor is circulated via natural circulation through a loop which

has a passive HX. A water pool functions as a heat sink. [45]

2.3.1 Graded Approach

To ensure a balanced safety design in an NPP a graded approach is typically
applied. In a nutshell, graded approach is the appropriate scaling of the
level of analysis, verification, documentation, regulation, activities and
procedures to the posed risk of a hazard. The goal of the graded approach
is to enhance the regulatory efficiency by focusing resources to the most
risk-significant issues while at the same time maintaining a sufficient level
of safety. In a risk assessment, graded approach can be applied to optimize
the use of resources, such as analysis work, according to the significance of
the risk. The high risk hazards must be analyzed more thoroughly than
those that have a lower risk. [4, 46]

One way to apply the graded approach in a risk assessment is to perform
initial analyses that are comprehensive enough to get a (conservative)
estimate of the risks. After obtaining the initial risk estimates, the risks
can be ranked based on their risk-significance. The ranking can then be
used to allocate the available resources appropriately. The application of
PRA for the graded approach has been considered e.g. in an EU project
Benchmark Exercise on Safety Engineering Practices [47].

A discussion paper by Canadian Nuclear Safety Commission (CNSC) [40]
lists factors that are considered in the graded approach:

* "reactor power

® source term

¢ amount and enrichment of fissile and fissionable material

¢ spent fuel elements, high pressure systems, heating systems and the
storage of flammables, which may affect the safety of the reactor

¢ type of fuel elements

¢ type and the mass of moderator, reflector and coolant

¢ amount of reactivity that can be introduced and its rate of introduc-

tion, reactivity control and inherent and additional features
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¢ quality of the confinement structure or other means of confinement
¢ utilization of the reactor
¢ siting, which includes proximity to population groups or extent of

isolation from emergency responders."

The graded approach is widely discussed in the SMR realm. Many SMR
concepts and designs pose major changes to the above listed features when
compared to the existing commercial reactors. The goal of SMRs are to
be even safer than existing power reactors by operating at lower power,
by decreasing the amount of fuel, by applying inherent and passive safety
features and by consisting of fewer and simpler systems. [4,40,48]

A possible conclusion is that all these factors could enable greater use of
the graded approach. The uncertainties introduced by new technological
approaches, such as passive safety features, must be considered in the
grading process. Systems with higher uncertainty must analyzed more
comprehensively. Additionally, it has been discussed whether SMRs could
be placed closer to populated areas due to their enhanced safety. Closer
proximity to the population could mean that again more comprehensive
safety analyses should be conducted. [4,40]

The lack of operating experience of novel features will be reflected in the
safety analysis results as the safety claims cannot be reliably supported.
This may lead to more stringent safety requirements, such as the need for
greater safety margins and additional SSCs.

Currently, the goal of regulatory bodies is to determine what is enough
to prove the safety claims of SMRs, how extensive and deep technical
information is required. The technical information can be obtained with

results from R&D, safety analyses and engineering judgement. [4]
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3. Multi-Unit Probabilistic Risk Analysis

PRA is a method used to estimate risks posed by an NPP. It involves
computing risk values to determine what can go wrong, how likely it is,
and what the consequences are. PRA offers valuable insights into the
strengths and weaknesses of a nuclear power plant’s design and operation.
The PRA is divided into three levels: Level 1 PRA, Level 2 PRA and Level
3 PRA.

Level 1 PRA identifies the event sequences leading to core damage and
estimates the core damage frequency. Level 2 PRA analyzes the severe
core damage events identified in the Level 1. The focus is on releases of ra-
dioactive material from fuel that can result in releases to the environment.
It estimates the frequency, magnitude and other relevant characteristics
of the release of radioactive material to the environment. In the Level 3
PRA, public health and other societal consequences are evaluated. In this
thesis the focus is on Level 1 PRA. [49]

While traditional PRA focuses on individual units, it has been observed
that units co-located on a multi-unit site may share significant common
accident sequences. This observation has led to the study of multi-unit
PRA. The objective of MUPRA is to assess the risk of accidents affecting
multiple units simultaneously. To accurately evaluate this multi-unit
risk, a comprehensive and systematic analysis of the interactions and
dependencies among the units is essential. [10]

MUPRA gives insight into whether the multi-unit safety goals are achieved
or not. In PRA, typically, the safety goals are quantitative risk criteria,
such as the core damage frequency criterion and large release frequency
criterion. Risk criteria generally refer to any quantitative criterion that is
used in decision making process with the results of risk assessment, such
as goals or limits for acceptable risk. Risk criteria are always associated

with a corresponding risk metric. [10,50]
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The multi-unit PRA could also help to assess the risks in sites that have
multiple small modular reactors. It is possible that accidents affecting
more than one module will occur more frequently compared to a regular
MU site. The multi-module configuration can increase the risk because
some of the SMR designs and concepts share more common structures,
systems and components, such as common reactor building, control room
and ultimate heat sink. For example, if multiple reactors are under the
same reactor building, they will likely lack a physical barrier and they will

be closer to each other.

3.1 Comparison of Unit and Module

A unit is a single power generating nuclear facility at a nuclear power
plant. Usually, a single unit includes a reactor and a spent fuel pool. In
most cases, a unit has its own operating license. [11]

A module, on the other hand, is a (small) nuclear reactor and its asso-
ciated structures, systems, and components in a multiple modules’ unit.
The term multiple modules’ unit denotes a configuration of multiple mod-
ules under the same infrastructure close to each other. Additionally, the
modules in the multiple modules’ unit may share SSCs to a larger extent
than traditional one-reactor units, each module can be operated mostly
independent of the state of completion or operating condition of the other
modules in the unit, and the modules are essentially identical. The licens-
ing for SMR modules may differ from the licensing for traditional units. It
is currently discussed if it would be beneficial to be able to license multiple
modules at the same time, acknowledging for the need to incrementally
bring modules online. [7, 8]

The above mentioned facts indicate that a unit and a module are two
different concepts. With larger conventional reactors, the concepts multi-
unit and multi-module site can be regarded equivalent, since each unit on
a multi-unit site is almost completely autonomous and SSCs are shared as
little as possible. [8,10] According to [8], "An SMR module may or may not
be completely autonomous and may not always include individual safety
systems and safety support systems such as separate heat sinks or AC
power." As discussed in section 2.3, it is common for SMR designs and
concepts that, e.g., the reactor building and the control room are shared
between multiple modules.

Thus, in this thesis, with the term unit it is referred to a nuclear facility
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with no major dependencies to other nuclear facilities. Units on a multi-
unit site may differ from each other and each of them has its own operating
license. A module, on the other hand, is an installation close to other same
kind of installation(s) under the same reactor building. The modules may
have significant dependencies. The modules form a multiple modules’ unit
and there is a possibility that several modules have common operating

license.

Site
Reactor unit 1 Reactor unit 2
Reactor Fuel Reactor Fuel
core 1 pool 1 core 2 pool 2

Interim storage
for spent fuel pool

Figure 3.1. Illustration of "multi-unit site" and "units". Adaptation of a figure presented

in [50].
Site
Reactor 1 Reactor 2 Reactor 3
7 MEREN e MEEREN e AEEREN
N \ /7 A} 1 A} :
(\ ) Reactor pool 1 | ) Reactor pool 2 | ) Reactor pool 3

Module 1 Module 2 Module 3

Multiple modules’ unit

Figure 3.2. llustration of site with one "multiple modules’ unit" and "SMR modules".

3.2 Event Trees and Fault Trees

Event tree (ET) analysis is a commonly used method to analyze accident
progressions in risk and reliability analyses. An event tree is a logical
diagram that begins with a basic initiating event and systematically traces
the sequence of events leading to various possible outcomes or conse-

quences [51]

21



Multi-Unit Probabilistic Risk Analysis

An event tree includes the possible event sequences arising from an
initiating event. An initiating event has a consequence which may initiate
another event, and that event has a consequence, and so on. Well designed
systems are implemented with safety systems that stop or reduce the
consequence of an initiating event. Usually, the event tree is developed
by analyzing whether there is an event that can propagate or whether a
safety system fails or succeeds until an end state is reached. This means
that each event is divided into a binary, yes or no — failure or success until
certain outcome is obtained. The probabilities of each binary value can be
evaluated, and finally, by using conditional probability, the probability of
an outcome can be calculated. [52,53]

Figure 3.3 shows an example of an event tree and the red path drawn is
an example of an event sequence. The example with three intermediate
events could be that there is an explosion as an initiating event (f = 10*2%)
that starts a fire (p1; = 0.8), the sprinkler works (p2s = 0.99) but the fire
alarm is not activated (p3y = 0.001). The outcome of the accident sequence
would then be a controlled fire with no alarm. [51] Assuming that the
event sequences are mutually independent, the probability of the outcome

is calculated as follows:

1
a

1
P=f pis-p2s-p3y = 10*25 .0.8-0.99-0.001 ~7.9-1076

| Initiating Event | Event 1 | Event 2 | Event 3 | Outcome |

Success Outcome A

PA={ PiE} ! P:s} ( Pz;} ! st:‘

Success (3s)

Success (2s)

Success {1s)

Failure Outcome B
Failure (3f)

—— Po=( Pig) ( Pis) ( Pas)  Pa)

Initiating event (IE}

Failure Qutcome C

Pc:( p\E) [ pas:' ( pzf}

Failure (2f)

Failure Outcome D

Po={ Pie) ( P1s)

Failure (1f)

Figure 3.3. An example of an event tree and an event sequence example. [54]
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Another commonly used method to study risk and reliability of a system
is a fault tree (F'T) [55,56]. A fault tree is also a kind of logic diagram.
The fault tree displays the interrelationships between a potential critical
event in a system and the causes for this event. This means that the
fault tree analyzes the ways a certain undesired event or a failure of a
system can occur. As a comparison, the event tree studies the possible
event sequences, both successes and failures of systems. A fault tree is
essentially a qualitative model that can be evaluated quantitatively.

The event under analysis, referred to as the top event, represents an
undesirable outcome. As implied by its name, this event is placed at the top
of the fault tree diagram (see Figure 3.4). Because the fault tree analyzes
the top event in question, it includes only those faults that contribute
to this event. When no further breakdown of an event is possible at the
lowest level, the event is called a basic event (BE). A BE is usually some
kind of failure, like human error or process failure. For the BEs, failure
probabilities are evaluated.

A fault tree consists of entities known as gates which serve to permit
or inhibit the passage of fault logic up the tree. The gates illustrate the
relationships between events required for a higher event to occur. The
higher event serves as the gate’s output, while the lower events act as its
inputs. Table 3.1 provides a selection of common symbols used to represent
events and gates in a fault tree. Additionally, Figure 3.4 demonstrates
their practical application.

An integral part of fault tree analysis are cut sets and minimal cut
sets. A cut set is any set of basic events that, if occurring simultaneously,
lead inevitably to the top event. [52] A minimal cut set is a set of basic
events that is no longer a cut set if any of the basic events is removed. [52]
Figure 3.4 has a top event T and basic events A, B, C and D. A minimal cut
set of this fault tree would be that A occurs, B occurs and C or D occurs.

The minimal cut set presentation with probabilities is:

P(T) = P(A)- P(B) - [P(C) + P(D)]
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Table 3.1. Examples of fault tree symbols.

O Basic event

Top event/Intermediate event

Q And-gate

Or-gate

PiA)=0.1 PB)=01

PIC)=0.1 P(D)=0.2

Figure 3.4. Simple example of a fault tree.

3.3 Risk Metrics and Importance Measures

In nuclear safety assessments, a risk metric (RM) is a quantitative measure
used to evaluate the likelihood and consequences of potential accidents or
incidents involving radioactive materials. In the traditional single-unit
PRA, there are usually the following risk metrics: Core Damage Frequency,
CDF, and Large or Early Release Frequency (LRF or ERF). These are
expressed in events per reactor year. If the whole site is in the focus of
PRA (MUPRA), the risk metrics must be expanded for the whole site, and
they should be expressed in events per site year. Therefore, the traditional
risk metrics are not enough for MUPRA, and additional risk metrics are
needed. [10]

Importance measures (IM) are utilized to rank system components based
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on a chosen criterion relevant to the decision problem. Few commonly used
IMs are discussed in this thesis briefly. The three IMs are Fussell-Vesely
(FV), Risk achievement worth (RAW), sometimes called Risk increase factor
(RIF), and Birnbaum importance (BI). These IMs offer valuable insights
into the relative importance of different system components within the
model studied in this thesis. However, the practical application of these
IMs falls outside the scope of this thesis and is recommended for future

analysis. [57]

3.3.1 Fuel and Core Damage Frequency

One traditional RM used for single reactor is called core damage frequency.
Core Damage Frequency is defined as a measure of the likelihood that a
reactor core is damaged due to an accident. It is defined for level-1 PRA

and expressed in units of [1/reactor-year]. [10]

In MUPRA, the traditional RMs must be extended to take into account the
whole site and multiple reactors on the site [10]. The typically used RMs
for core damage in MUPRA are:

1) Single Unit Core Damage Frequency (SUCDF), which is equivalent
measure to "traditional" CDF, however, SUCDF accounts for all the
reactors on the site but includes accident sequences involving core
damage only on a single unit.

2) Multi-Unit Core Damage Frequency (MUCDF), which is a measure
of the likelihood that two or more reactor cores on a multi-unit site is
damaged due to an accident.

3) Site Core Damage Frequency (SCDF), which is a measure of the
likelihood that one or more reactor cores are damaged due to an

accident.

All the three values are expressed in units of [events/site-year]. The above
mentioned risk metrics only consider the damage to the reactor core(s).
As shown in figure 3.1, it is possible, and very likely, that there are other
fuel locations in addition to the reactor cores. Therefore, one may be
required to analyze the possible fuel damage at the other locations. For
these situations, additional risk metrics can be used. The additional risk

metrics could be, according to [10], e.g.:

1) Multi-Source Fuel Damage Frequency (MSFDF), which is a measure
of the likelihood that fuel is damaged from two or more sources due

to an accident.
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2) Site Fuel Damage Frequency (SFDF), which is a measure of the
likelihood of an accident involving fuel damage on one or more sources

on a multi-unit site.

The two values are expressed in units of [events/site-year], as for other MU
risk metrics. There is one important distinction between the previously
mentioned two risk metrics, that is, the SFDF does not include contribution
from fuel in the reactor cores but MSFDF (or similar) includes fuel damage

in any location including in the reactor cores.

3.3.2 Large or Early Release Frequency

The other RM traditionally used in PRA is large or early release frequency
(LRF or ERF). Large or Early Release Frequency is defined as a measure
of the likelihood that a significant release of radioactive materials from the
facility occurs during the initial stages of an accident (regulatory limits
might be defined for certain country, e.g., in Finland the large release is
100 TBq of CS-137 [32]). The LRF or ERF are defined for level-2 (and

level-3) PRA and the values are expressed in [events/reactor-year]. [10]

As for the CDF, the LRF or ERF must be modified to fit the site level PRA.
According to [10], the risk metrics for level-2 (and level-3) multi-unit PRA

are:

1) Site Large or Early Release Frequency (SLRF or SERF), which is
equivalent to "traditional” LRF or ERF, however, it accounts for a
large or early release, either from one or more reactors or onsite
facilities.

2) Site Release Category Frequency (SRCF), which is a measure of
the likelihood of a release for each release category for a level-2
MUPRA. The release categories include the ones already defined in
level 2 single-unit PRA (SUPRA) for each reactor or onsite facility,
for release from a SU, and categories for accidents involving multiple

reactors or onsite facilities.

Both values expressed in units of [event/site-year].

3.3.3 Importance Measures

Importance measures give an indication of the contribution of various
objects, such as a certain component, subsystem, basic event or part of a

process, to the failure risk of a system. The absolute values of importance
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measures may not be as important as their relative rankings. The ranking
gives information on the most dominant contributors to risk and guides
the safety and reliability improvement process. [58,59]

Importance measures can indicate subsystems where reliability improve-
ment is particularly valuable in terms of lowering the risk for the whole
system. Additionally, the measures can be used to do a graded approach
in risk modeling by showing which parts are the most risk significant and
must be modeled accurately and which parts have lower impact on the
system’s risk and can be modeled more cursorily. Couple more examples of
the uses of importance measures are to assign safety classification of SSCs
and to optimize the test intervals and allowed repair times. [60]

The first step to understanding the importance measures is to find a
mathematical representation for risk. If we are interested in a certain risk
factor i (e.g. some basic event in a fault tree), the risk can be represented
as a (multi)linear function, assuming i is independent from other basic

events in the function [57] [59]

R(XZ) =aX;+Db, 3.1)

where aX; represents the minimal cutsets that include i with failure
probability X; and b represents the ones that do not include i. As an
example, the fault tree example from previous chapter 3.4 has a minimal

cut set representation of the form

Ptopevent:A'B'(C+D):A'B-C+A-B-D.
Then, e.g., R(C)=aC + bwherea =A-Bandb=A-B-D.

Most of the IMs can be divided into three groups, namely, risk reduction
(RR), risk achievement (RA) and partial derivative (PD). [57]

A very commonly used RR importance measure is the Fussell-Vesely
IM. Fussell-Vesely represents the probability that a certain basic event,
component or cut set is the cause of the top event occurrence. It is the
fractional contribution to the result, or in other words, "Probability of
top event due only to cutsets of interest" divided by "Probability of top
event". [61]

A commonly used RA importance measure is the risk achievement worth
(RAW). Risk achievement worth is defined as the increase in risk when
a component is assumed to be absent or has failed, or in other words,

"probability of top event with component failure probability = 1" divided
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by "probability of top event". [61]

Finally, the commonly used PD IM is the Birnbaum importance (BI).
Birnbaum importance is applied to the probability of a fault tree top event.
It represents the probability that the system is in a state where a particular
component is critical, meaning that the failure of this component leads
to the failure of the system. The value can be computed by subtracting
the probability of the top event when the component failure probability
is 0 from the probability of the top event when the component failure
probability is 1. [61,62]

3.4 Common Cause Failure Modeling

The goal of common cause failure (CCF) modeling is to model each CCF
event explicitly applying fault trees. However, some CCFs are too compli-
cated to be modeled explicitly or lacks data, and require implicit, proba-
bilistic, CCF models. Implicit CCF models include parametric methods,
such as Beta factor model (BFM), multiple Greek letter model (MGLM)
and Alpha factor model (AFM). [63]

The Beta factor model is perhaps the most widely used approach across
industry sectors. The model has two input parameters Q;,; and 3. The Qo
denotes the total unavailability for each basic event in the CCF-group. The
unavailability is usually calculated by a PRA software. The 3 denotes the
fraction of the total subsystem failure rate due to common cause failures,
e.g. if 5 = 0.1, ten percent of all failures are due to common causes.
Systems including three or more redundant subsystems cannot be modeled
with S-factor model. The model is not capable of distinguishing between
two and three or more failures. [63,64]

The multiple Greek letter model (MGLM) can be used to model systems
with three or more redundancies or systems that require n-out-of-m sub-
systems to operate. The model has additional parameters compared to the
SB-factor model. Sometimes, the MGLM is even called extended (-factor
model. The parameters represent the conditional probability for the second
order common cause failure. [63, 64]

The -factor denotes the probability that at least one other component (or
subsystem) fails due to common cause, given that one has already failed.
The ~-factor denotes the probability that at least one more component fails
due to common cause, given that one has already failed with one other

component. The §-factor denotes the probability that the fourth component
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fails, given that the one component has failed with two other components.
Nowadays, the a-factor model is used instead of MGLM because a-factors
fit better into the uncertainty analyses. [63,64]

As mentioned, usually the a-factor model is used instead of MGLM. The
AFM models all the possible combinations of multiple failure events. In
this thesis, the AFM is applied within the model. According to [38], the
a-factor represents the ratio of probability of failure events involving any
k components over the total probability of all failure events in a group of
m components. That is, "the probability of events involving k component
failures in a common cause group of m components" divided by "the sum
of the probabilities". Mathematically the a-factor can be represented
as [63,64]

(%) Qx
O = m my o
Zk:l (k ) Qrk
The a-factor model can be then written as
k A
Qk (]’Z' 11) Ctos Qtota

where oy = fozl kay, and N is the number of basic events in the CCF-

group.
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4. Literature Review of Modeling
Alternatives

TAEA has published an extensive MUPRA method description [10]. The
report explains thoroughly all the steps required to complete a full MUPRA.
Additionally, the report compares three different ways to model multi-unit
sequences: 1) Master event tree, or in short MET, 2) Single-top fault tree,
or in short SFT, and 3) a hybrid of the two.

In addition to the IAEA’s extensive report, there are more specific studies
focusing on a single modeling approach. For example, Institute of Nuclear
and New Energy Technology of Tsinghua University in China has a pilot
study published that researches the MUPRA with MET approach for high
temperature gas-cooled reactor-pebble bed modules (HTR-PM) [13]. Addi-
tionally, Korea Atomic Energy Research Institute (KAERI) has published
a study on the MUPRA with SFT [65].

NuScale has a PRA methodology, [66], that is also very extensive. In the
NuScale PRA, the multi-module risk is calculated by manipulating the
single-module PRA (SMPRA) model values with parameters to take the
inter-dependencies into account. The method is named for this thesis as

parametric base model manipulation.

4.1 Master Event Tree Approach

In the MET approach, a combined event tree (or a set of combined event
trees) is created for each IE to model the plant response. The main idea is
that, first, single module models are created for each module on the site.
The top events and accident sequences in the module-specific models can
be used to create event trees with accident sequences including multiple

modules. [10]
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4.1.1 MET approach for HTR-PM

This chapter summarizes the results of PRA study [13] for Chinese SMR
design, HTR-PM. Figure 4.1 shows the steps developed for the HTR-PM
MUPRA.

The first step of HTR-PM MUPRA is the IE re-categorization according
to the IE’s potential influence. The categorizations gives an indication of
which IEs should be analyzed first. The most significant contributors to
the site risk should be investigated first. The IE categories are S type,
C type and D type events. The S type events are the "least significant
multi-module initiators" and include the IEs that are limited within one
module. C type events are more significant and include events that will
affect multiple modules but only under certain circumstances. D type
events include events that will always affect multiple modules. Typical
D type events could be LOOP and loss of ultimate heat sink (LUHS) and
most of the external events (e.g. seismic events and tornadoes) will be
classified into this type, since all units on the site will be affected by these
external events simultaneously.

1) Definite

2) Conditional

3) Single-unit only

| IE re-categorization 1) FT models for each unit

* 2) Inter-unit and intra-unit CCFGs

. 3) Shared components
System analysis

* 1) Integrated modeling approach

2) MCS post-processing approach
Event sequence analysis

l 1) Multiple release categories

2)  Multi-source release on a site
Release category

. 3) Multiple release timing and duration
analysis =

Legend l 1) Site-based risk acceptance criteria

IE=nitiating Event § 2) Method of aggregating multiple risk contribution
Site-based risk SETTETTE

FT=Fault Tree

MCS=Minimum Cut Set acceptance

CCFG=Common Cause Failure Group

Figure 4.1. MUPSA MET methodology for the Chinese SMR HTR-PM. [13]

The second step is the system analysis that consists of creating fault
tree models for each unit, identifying inter-unit and intra-unit common-
cause failure groups and shared components and lastly implementing the
dependencies into the fault trees. The dependencies addressed in the
HTR-PM study are inter-unit CCFs and shared SSCs. For example, there
could be a CCF group including two identical safety valves. If also another
unit on a same site has the same components, an inter-unit CCFG can be

identified. The inter-unit CCFG consisting of four valves can lead to nine
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inter-unit and two intra-unit combinations during cut set analysis.

In the paper, inter-unit CCF events are considered for all the IE types.
Although S-type initiating events (IEs) do not lead to multi-unit situations,
according to the definition, they are included in the inter-module common
cause failure analysis to maintain a consistent modeling approach across
all types of IEs. This simplifies the initial assessment framework. The
approach may lead to over-conservativeness, however, the "fake" inter-unit
CCF events can be excluded from the MCSs during the PRA quantification
step based on the event tree sequence logic in question.

In the HTR-PM study, inter-unit SSCs were divided into two, fixed shared
SSCs and swing SSCs. Fixed shared SSCs can support multiple units
simultaneously, but swing SSCs cannot. Fixed SSCs can be modeled
like in traditional PRA but swing SSCs can lead to dynamic response
sequences. However, the study is simplified and the swing SSCs are
arbitrarily assigned to one unit and no other unit’s model will consider
them. The analysis results for HTR-PM, shows that inter-unit CCF's has a
dominant role in dependencies.

In the third step, multi-module event sequences are developed. In the
HTR-PM study, two integrated modeling approaches for multi-module
event sequence development were introduced: (1) multi-branch node and
(2) function event (FE) serialization. The FE serialization was adopted for
the HTR-PM case study, thus it will be discussed more.

In the FE serialization, all the units on a site are modeled sequentially
in the event trees (corresponds to the MET discussed previously). Each
function event represents the state of a system modeled in the ET for all
modules. It considers whether a given system in all units succeeds or fails.

This modeling approach alone can lead to the explosion of the number of
accident sequences in case multiple units are modeled. The HTR-PM study
introduced a so called phased evolution method that can be applied with
the FE serialization to reduce number of sequences. This could increase
the operability of the model. The method is based on dividing the whole
set of event sequence evolutions into set of smaller ETs. Illustration of the
phased evolution method mechanism can be seen in figure 4.2.

To implement the phased evolution method, the following steps were
given in the study [13]: 1) It is suggested to classify all the function events
involved in the entire event tree evolution process into distinct groups.
These groups of FEs should then be prioritized accordingly; 2) Each phase

constructs the event tree sequences based solely on the current group of
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FEs; 3) Once the sequences for the current phase are created, an analysis is
performed to determine the end states of these sequences. These sequences
are then grouped into several intermediate end states (IESs) based on their
outcomes; 4) These IESs are subsequently considered as the IEs for the
event trees of the next phase, provided the end state does not satisfy the

success criteria. [13]

Phase I: FE Group #1 Phase II: FE Group #2

Conseq. Ib | FE#3 | FE#4 | Conseq.
1S

1F
ET#2-1

la 1F 1S
1a 1F

1S

1E FE#1 FE#2 Conseq.

MUS 1

= = ¥] (=)

ET#1-1 Ib

LS 1b Conseq. lc FE#3 FE#4 Conseq.

c ET#2-2 1F28

2FIS

MUE

Figure 4.2. Example of phased evolution method in MET for two modules. Three IESs
can be seen in the first ET, 1a, 1b and 1c. 1a meets success criteria of accident
mitigation and no further modeling is needed. [13]

(FE = "Function event”, 1S (2S) = "Module 1 (2) succeeds”, 1F (2F) = Module 1 (2) fails”,
MUF = "Multi-unit failure”, MUS = "Multi-unit success”, 1F2S (2F1S) = "Module 1 (2)
fails and module 2 (1) succeeds”)

4.1.2 MET approach suggested by IAEA

TAEA MUPRA methodology report [10] introduces useful screening cri-
teria and steps to develop a MUPRA with MET. Every step in the JAEA
MUPRA methodology presumes existing SUPRAs. For this methodology
assessment, the structure of IAEA MUPRA with MET is divided as follows:
* preparation for developing MET
- scope and risk metric selection
- review and refinement of existing SUPRA model
- MU IE analysis
¢ development of MET
— creation of fault trees and event trees
- systems analysis, human reliability analysis and data analysis

(which are not discussed in detail in this thesis)

Preparation for developing MET

The preparation for MET begins with the scope and risk metric selection.
TAEA suggests that the scope could be determined by extracting possible
MU factors, such as IEs, hazards and plant operational states (POS), from
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the SUPRA. POS refers to the plant configurations that can occur at an
NPP. For example, the POSs can be chosen so that a system availability
and the physical states are as constant as possible. An example of a POS
at reactor shutdown could be power reduction until all control rods are
inserted. [49]

It may be necessary to expand the SUPRA and MUPRA to show that the
site safety goals have been satisfied. In the later steps, the selected MU
factors are compared to a screening criterion to review their significance
in MU scenarios more closely.

The risk metric selection is dependent on the selected scope decided pre-
viously. For example, if the scope includes PRA with fuel damage frequency,
the MU fuel damage frequency must be included into the MUPRA.

The next step is the review and refinement of the existing SUPRA model.
This thesis focuses more on developing methodology that could be used
whether an SMPRA exists or not and thus review and refinement of SUPRA
is not discussed in detail. If an existing SUPRA is used, the IAEA report is
a good and comprehensive reference. In short, the step consists of screening
of low risk contributors to the risk metrics selected, ensuring that the MU
accident sequences are correctly modeled and developing models for all the
units.

The TAEA report suggests a qualitative screening to choose the IEs that
may lead to MU accidents from the SU IEs. In the report, the screening is
done for SUPRA IEs that could have a MU impact. However, the screening
criterion could be possibly used regardless of the existence of SUPRA.

The third step is the MU IE analysis. The IEs included into the MUPRA
can be SU IEs that might have MU effects, or there may be a need to
analyze completely new IEs. The method used applies screening criterion
for IEs. The screening criterion in the report suggests that some hazard
groups or IEs could be screened out from the MUPRA model as a low risk
contributor provided that all three of the following are true: "(i) The event
does not immediately result in a trip of multiple units, (ii) The event does
not result in an immediate trip of one unit and a degraded condition at
another unit that will eventually lead to a trip and (iii) The event does not
result in a degraded condition at multiple units that will eventually lead

to a trip of the units." [9]
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Development of MET

The master event tree can be used to model MU logic. In practice, MET
can be used to analyze accident sequences leading to MU events. The first
step of developing the MET is the identification of the sequences leading to
an undesired event (e.g. core damage) for each unit for the corresponding
initiating event.

The TAEA report assumes that SU accident sequence models (SU ETs and
FTs) exist for the MU IEs, and they can be used to create an MET. The SU
models are investigated, and the possibility of simplification is evaluated.
The simplification means that some of the resulting combinations of MU
accident sequences can possibly be screened out.

According to the IAEA report, a quantitative screening can be done to a
hazard group, correlated hazard, IE accident scenario or POS combination
if a bounding or demonstrably conservative estimate of CDF or fuel damage
frequency over the full range of hazard event severity is less than a% of
the internal events CDF or fuel damage frequency. IAEA suggests that the
a-value is typically 0.1 [10].

The next step in developing the MET is the conversion of the accident
sequence models for individual units into the MU event tree logic. The
modeled accident sequences are dependent on which risk metrics are used
in the PRA, whether the analysis focuses solely on MUCDF or additionally
on SUCDF.

An example of a MET is shown in Figure 4.3. The event tree represents a
two-unit LOOP on Units 1 and 2, and the risk metric used is MUCDF. The
multi-unit accident sequences are developed from the Unit 1 event tree
by adding the Unit 2 accident sequences to it. In the TAEA example, the
Unit 2 sequences are not added to the Unit 1 accident sequence not leading
to a core damage, since the focus is on MUCDF. The possible end state
is either "No damage to U1 or U2" (OK), "no multi-unit core damage but
core damage to U1" (NMU) or "multi-unit core damage" (2CD). If SUCDF
had been included, the Unit 2 core damage sequences would have been
developed also for the non-core damage sequences from the unit 1 event

tree. [10]
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2LO0P12 SGCOOLU1 F&BU1 RECIRCU1 SGCOOLU2 F&BU2 RECIRCU2
Two Unit LOOP Steam Generator Feed & Bleed (U1) | Recirculation Cooling | Steam Generator Feed & Bleed (U2) | Recirculation Cooling
(U1U2) Cooling (U1) (u1) Cooling (U2) U2)

{NMU
2CD

2CD

2CD

2CD

Figure 4.3. Example of two-unit master event tree for MU LOOP. [10]

(U1/2="Unit 1/2", OK = "No damage to U1 or U2", NMU = "No multi-unit core damage
but core damage to U2", 2CD = "Multi-unit core damage”)

4.2 Single-Top Fault Tree Approach

In the single-top fault tree approach, the risk logic can be combined for all
units, all hazards, and all modes under a single top logic gate. Multiple
risk metrics can be modeled using a different SF'T top gate for each risk

metric.

4.2.1 SFT Approach Suggested by KAERI

This section introduces the main idea of the KAERI MUPRA [65]. The
KAERI study proposed the following steps for conducting MUPRA for a

certain IE:

1. Estimate the MU IE frequency on a per site-year basis.

2. Construct a single-top fault tree logic for the site CDF model.

3. Develop each individual unit model based on the base single-unit
model, and integration of each unit model into the top logic.

4. Modify the single-top fault tree considering inter-unit dependencies.

5. Quantify the accident sequence frequencies.

The first step is the MU IE frequency estimation. As in a single-unit
PRA, the occurrence frequency of each MU IE is determined using various
methods tailored to their specific characteristics. For internal events,
such as thee MU LOOP, the frequency distribution is typically derived
from plant-specific or industry-wide data. In the case of exceptionally

rare initiating events (like MU loss of ultimate heat sink), engineering
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judgment can be used to estimate the frequency. For external events, such
as seismic and tsunami events, the frequency assessment is typically based
on a site-specific probabilistic hazard analysis. The MU initiators taken
into account in the study were multi-unit LOOP, multi-unit loss of ultimate
heat sink, multi-unit seismic events and multi-unit tsunami events.

The second step is the development of SFT logic. In the report, the SFT
logic is illustrated with a top logic fault tree for a site CDF due to multi-
unit LOOP. The site in question consists of six units. The illustration of
the logic can be seen in Figure 4.4. As it can be seen from Figure 4.4, each
core damage combination (one, two, three, four, five or six modules in CD)
is modeled in the same FT as separate events.

Under the single-unit and each multi-unit CD event, there is a place
for unit-specific CD fault trees. In Figure 4.4, the three unit CD event
is modeled in such a way that every unit’s unit-specific CD event tree is
added under it. The model then solves all the three unit cut sets leading
to CD (3/6 logic). Additionally, a tag "event" with probability of 1 is used
to mark the three unit cut sets. The same logic would be used for all CD
combinations.

To develop a working model with the created logic, the unit-specific fault
trees must be created. Thus, the next step is the creation of unit-specific
fault trees. The unit-specific FT could have as a top event a certain IE
(such as LOOP) or multiple IEs combined with an OR-gate. For example,
the top event could be a CDF due to MU LOOP in the unit under study (as
in the example Figure 4.4).

Site CDF due to
Multi-Unit IOOP
initiating event

MULOOP-CDF

Core damage in 1 Core damage in 2 Core damage in 3 Core damage in 4 Core damage in 5 Core damage in 6
i units units units units units

MU-1FAIL-T MU-2FAIL-T MU-3FAIL-T MU-4FAIL-T MU-5FAIL-T MU-GFAIL-T
Core damage in at Tag event for core
least 3 units damage in 3 units
MU-3FAIL #3UNITS
0 O
[ I T I I 1
Unit 1 - LOOP model |  [Unit 2 - LOOP model | [Unit 3 - LOOP model | | Unit 4 - LOOP model |  [Unit 5 - LOOP model Unit 6 - LOOP model
LOOP-TOP-1 LOOP-TOP-2 LOOP-TOP-3 LOOP-TOP-4 LOOP-TOP-5 LOOP-TOP-6

A A A A A A

Figure 4.4. Illustration of single top logic fault tree with six units. [65]

Now, after the SFT logic is developed, the inter-unit dependencies are
analyzed. In this step, the SFTs are modified to take into account the
dependencies. In the KAERI study, five types of inter-unit dependencies
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were analyzed. The first type of dependency is common-cause IEs, the
second is SSCs shared between units, the third is dependencies between
human factors in different units, the fourth is inter-unit CCFs and the
fifth is inter-unit fragility correlations.

In the study, the common-cause IEs were modeled applying a certain
initiator equally to all six units, because it was assumed that MU IEs
challenge all units simultaneously. The only shared SSCs were two al-
ternate AC diesel generators (AACDGs). The modeling of the AACDGs
was based on choosing a priority for each unit so that in case of a station
black-out in two or more units, the unit with highest priority is connected
to the generator. HFE dependencies were restricted to only off-site power
recovery actions because multiple units share a switchyard or grid and
other human actions are highly unit-specific due to separate control rooms.
There could be many inter-unit CCFs and therefore FV risk measure was
used to select five most risk-significant components. All possible CCF BEs
were modeled under the assumption that all SSCs, except for the diesel
generators, are identical across units.

The dependency analysis is then followed by model quantification in
which the selected risk metrics are calculated. The quantification can be

done with various PRA software.

4.2.2 SFT Approach Suggested by IAEA

As for the JAEA MET, the IAEA SFT is divided into the preparation of SFT
and the development of the SFT itself. The preparation steps are exactly
the same as for MET presented in the subsection 4.1.2.

In the IAEA report, the development of SFTs is divided into three tasks.
The first task is the identification of the sequences leading to the undesired
event (e.g. core damage) for each unit for corresponding initiating event.
This step is the same as for the MET in the section subsection 4.1.2.

The second task is the conversion of the accident sequence models for
individual units into the fault tree logic, i.e., the creation of unit-specific
top logic models. The accident sequences are converted into a single-top
logic fault tree for each unit based on an undesired event. A single-top
event can combine, e.g., all POSs and hazards, such as at-power, shutdown,
refuelling, fire, flood and seismic, for each unit. There might already be
existing unit-specific single top models or it can be created using a PRA
software.

The last task of developing SFT is the construction of SF'T for the multi-
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unit site. The step includes combining all the unit-specific top logic models
under SFT top events representing the risk metrics chosen for the MUPRA.
For example, a two-unit MUCDF SFT would be created so that the unit-
specific top events are combined with an AND-gate.

The IAEA report also refers to the study discussed in the previous chapter,
[65], and provides significant observations for the creation of such SFT.
The first note was that there might be a need to analyze a specific amount
of unit core damages. For example, it could be interesting to analyze core
damage probability in four and only four units. To be able to analyze the
exclusive CDF, the branches including higher number of core damages
(such as five and six) would need to be deleted. The deletion could be done
with additional fault tree logic or with post-processing.

Secondly, the IAEA report noted that even tough the method is called
a single-top fault tree, multiple top logic fault trees are actually needed
for each risk metric, such as MUCDF. Additionally, it was pointed out that
a site with more than two units could benefit from dividing the MUCDF
into MUCDF involving two or more units, MUCDF involving three or more
units and so on.

Another note was made regarding the accident sequences of multiple
units during an MU IE in which the same IE affects multiple units. During
an MU IE different units may experience similar or different accident
sequences. The results of the IAEA’s case study indicate that similar units,
that have predicted MU CCFs, will experience the same accident sequence
when an MU IE occurs. However, differing units, that have only few
predicted CCFs, will experience different and similar accident sequences
equally likely.

Lastly, the report noted that in case a SU IE is retained in the model,
the SFT logic might need to be developed slightly differently. SU IE can
be retained in the MU model if the event on one unit leads to degraded
conditions of some other unit(s) causing the unit(s) to be tripped.

Two approaches that can be used to develop an SFT in such a case were
introduced: (1) Conditional core damage probability (CCDP) approach that
includes developing SFT logic for the units being shut down. The logic
would calculate a conditional core damage probability. The proper CCDP
logic can be developed with the help of manual shutdown/trip accident
sequence logic but now the trip frequency is set to 1. If the degraded
condition leads again to another IE for the subsequent unit(s), an alternate

accident sequence logic can be included; (2) Approach that includes creating
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a new logic for the SU IE affecting another units. In the approach, the
units undergoing a manual shutdown, trip or degraded condition would
require a new SU top logic for their accident sequences. In case there is an
existing SUPRA, it can be used by altering it to account for the degraded

condition.

4.3 Hybrid Approach

A hybrid approach is a combination of SFT and MET. The hybrid approach
applies the single-top fault trees created for each module or unit, and
a master event tree for calculating the possible accident sequences and

scenarios.

4.3.1 Hybrid approach suggested by IAEA

The hybrid approach is briefly introduced in the IAEA report [10]. The
development process of the hybrid model follows the same first steps as
in the SFT. The steps were: 1) Identification of the sequences leading to
an undesired event (e.g. core damage) for each unit for corresponding
initiating event; and 2) Conversion of the accident sequence models for
individual units into the fault tree logic. The steps 1) and 2) results in
unit-specific single-top fault trees.

The difference is that the final step consists of a creation of a hybrid MET.
This step integrates the previously developed unit-specific fault trees into
a single event tree, known as the hybrid MET. The development of the
hybrid MET is dependent on the risk metrics chosen for the PRA. If also
SUCDF's are analyzed, the hybrid MET should include all the core damage
and non-core damage sequences.

Figure 4.5 illustrates the structure of a hybrid MET for four units. The
events in the hybrid MET are those that lead to core damage at a specific
unit following a multi-unit initiating event. Understanding the subsequent
events of the Figure 4.5 requires knowledge of the site and inter-unit
dependencies. For this thesis, it is sufficient to recognize that each event
in the hybrid MET represents the core/fuel damage event in a specific unit
given the MU IE.
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Figure 4.5. Illustration of the structure of a hybrid approach event tree for a four-unit
site. [10]

(SLB = "Steam line break”, LMFW = "Loss of main feedwater”, GT = "General transient”)

4.4 Base Model Parametric Adjustments

The previous methods aim to identify the accident sequences of specific
module or set of modules. However, developing such extensive and compli-
cated models may not be necessary for all events and module combinations.
It could be justified to first estimate the order of magnitude of a risk. Only
after the first, light, risk estimation, it can be decided which accident
sequences should be analyzed in more detail.

To do this initial risk approximation, certain parameters to manipulate
the single module PRA could be used. For example, NuScale has used
parametric adjustments to single module basic events and initiating events
in their multiple-module risk evaluation. In this thesis, the methodology is
called base model parametric adjustments (PA) and it is briefly discussed

next. [43]

4.4.1 Base Model PA Approach Developed for NuScale

The NuScale’s methodology, introduced in [43], identifies the characteris-
tics and associated risk to two or more modules given an accident involving
one module. The basis of the risk evaluation lies in the SMPRA models,
and finding coupling mechanisms of initiating events and basic events
between modules, and assigning parametric values for single-module PRA
IEs and BEs to account for the coupling.

The PAs are applied to the single module PRA at a cut set level. The
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adjustment factors used are multi-module adjustment factors (MMAFSs)
and multi-module performance shaping factors (MMPSFs). The MMAF is
described in the [43] as a conditional occurrence or failure probability that
an event which has occurred in one module occurs in more than one module.
The value is between 0 and 1. The MMPSF is described as a multiplicative
factor greater than or equal to 1. The NuScale report specifies that the
occurrence of such an error for one module increases the likelihood that a
similar error could occur in additional modules.

The core damage frequency, for example, was conservatively calculated
based on the parametric adjustments by assuming that if two or more
modules are affected, all the modules are affected.

For example, in the NuScale multiple-module risk evaluation the follow-
ing risk estimates for IE coupling were made:

* A loss of reactor coolant system (RCS) inventory, LOCA or pipe break
due to IE coupling, e.g., pipe age, manufacturing defects, similar
phase transformations, environmental conditions, or water chemistry
effects has MMAF of 1% estimated based on engineering judgement

* A CCF initiating event due to a transient that result from CCF
within one module (e.g., CCF in at least two DC power busses of one
module). The coupling mechanisms can be electronic and mechanical
functional faults, environmental and site wide conditions, spatial
considerations and test and maintenance issues. For the MMAF, a
conservative estimate of 30% is used based on the commonly used
B-factor of 0.1

* A site-wide event, e.g. a LOOP due to IE coupling, such as, weather
related outages, grid related issues, switchyard centered issues and

plant-centered issues has MMAF of 100%.

For BE coupling, some of the estimations made were:

* A Single Failure Basic Event that includes potential coupling of inde-
pendent single failures in each module that affect multiple modules.
The MMAF value was estimated based on the commonly applied
B-factor to be 10%.

* A CCF basic event which includes the potential coupling of failures
in a short time period due to a single shared cause. The MMAF value
was estimated based on conservative evaluation of commonly used
B-factor to be 30%.

* A human failure event which corresponds to a performance shaping

factor that accounts the additional stresses or complexities of servic-
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ing a multiple module configuration. The evaluated MMPSF value is

110%.

The results of the NuScale multi-module risk evaluation show that the

sequence contributing the most, approximately 31 %, to the multi-module

CDF includes a LOCA inside containment initiating event. The whole

sequence can be seen in Figure 4.6 (sequence 3).

LOCA Inside Containment

Reactor Trip System

ECCS RX Vent Valves and RX
Recirculation Valves Open

CVCS for RCS Injection

|IE-RCS—-ALOCA-IC-

RTS-TO1

ECCS-T01

CVCs-TO1

End State
(Phase - PH1)

RX Trip

ATWS

oK

|
RCSinventory addition ‘

OK

e a—

LEVEL2-ET

OK

RCSinventory addition

OK

O_
O—

LEVEL2-ET

|
|
b
|
)

Figure 4.6. One of the NuScale event trees. Sequence 3 represents the sequence contribut-
ing the most (31 %) to the multi-module CDF [43]

ATWS = "Anticipated transient without scram”
CVCS = "Chemical and volume control system”
ECCS = "Emergency core cooling system”
LEVELZ2-ET = "Accident sequence does not end with successful mitigation and results
in damage to the nuclear fuel. The sequence is evaluated further in the Level 2 PRA to
determine the containment response.”
RCS = "Reactor coolant system”

RX = "Reactor”

In the NuScale report, the most significant cut sets were presented,

too. From the cumulative total of the cut sets it was seen that the LOOP

initiator is the most significant initiator for multi-module CDF.

The approach based on parametric adjustments has not been applied in

this thesis. However, the approach is considered in the discussion part

because the parametric adjustments could be a beneficial tool in the graded

approach (discussed in subsection 2.3.1).
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5. Modeling Methodology Developed for
Multi-Module Sites

Based on the literature references in the previous chapter, there are four
main modeling methodologies applicable for the PRA modeling of multi-
module SMRs. The methodologies can be seen as extensions to SU models.
MET combines the single-module (SM) event trees, SFT combines the
fault trees developed for each module, hybrid combines the two previously
mentioned methods, and base model parametric manipulation focuses on
CCF modeling. The modeling methodologies developed for MET, SFT and
hybrid are discussed next. The methodologies use fuel damage frequency

as a risk metric. However, it could be as well, e.g., core damage frequency.

5.1 Master Event Tree

The master event tree aims to combine all the module-specific ETs for
certain IE into one larger even tree in a way that MU event sequences can
be analyzed. This thesis combined the [10] and [13] MUPRA methodologies
to create multi-module PRA modeling methodology for MET. Figure 5.1
shows the developed process description. In [10], TAEA MUPRA method-
ology, everything begins with scope and risk metric selection (I1) and IE
analysis (I2). Similarly, the HTR-PM MUPRA modeling methodology [13]
started with IE re-categorization.

The scope and risk metric selection is inevitable and it seems that the
HTR-PM methodology in 4.1 did not considered the selection as a MUPRA
step. However, as the HTR-PM study showed, the risk metrics can be quite
unique depending on the reactor design. Due to the many possibilities in
the risk metric selection, it is integral to specify and motivate the selected
risk metric in MMPRA. Therefore, scope and risk metric selection step is

added to this thesis’ MMPRA methodology as a starting point.
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FT =Fault Tree

ET = Event Tree

IE = Initiating Event

MM = Multi-Module
MMPRA = Multi-Module PRA
SMPRA = Single-Module PRA

11:
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5
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3 Integration of event trees — Quantification
2 to obtain MET

Figure 5.1. Process description of master event tree (MET) methodology.

The IE analysis follows the scope and risk metric selection and it includes
the IE re-categorization discussed previously. If there is a base model
developed for a single module, the IEs found there can be the starting
point of IE analysis. The IEs with low contribution to MU situations can be
screened out, as mentioned in subsection 4.1.2 and then the remaining IEs
can be grouped as mentioned in the HTR-PM MUPRA in subsection 4.1.1.

The previously described MMPRA steps initialize the modeling part. The
modeling begins with identification of intra- and inter-module dependen-
cies (M1). Next, the event sequence analysis is conducted for each module
(M2). It can be conducted as in traditional PRA with ETs. The use of acci-
dent sequence simplification to screen out some sequences with negligible
risk contribution can be used.

Following the event sequence analysis, F'Ts for each module are developed
(M2). Again, if single-module PRA exists, it can be used as a starting
point for each module. If there are no SMPRA models, they should be
developed. The identified dependencies should be considered in the FTs. In
this thesis, the dependencies considered are CCFs and shared SSCs. More
complex dependency modeling, such as modeling of proximity dependencies,
human dependencies and dependencies between different components, is
left for future improvements. Lastly, the developed single-module FTs are
integrated with the single-module ETs.

Finally, the developed module-specific event trees can be combined to
create MET (M3). The combining is done for each IE separately. Addition-
ally, each IE scenario can be divided into different phases by following the
HTR-PM phased evolution method. This can be more efficient, especially if
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more than two modules are analyzed or the module-specific ETs are very
complicated.

The MMPRA methodology is finished with quantification of the model.
The results obtained are dependent on the scope and risk metric(s) selected
as well as on the selected modeling type.

The basic PRA architecture for MET is shown in Figure 5.2. In the

architecture figure, some of the process steps of Figure 5.1 are shown.
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Figure 5.2. Basic PRA architecture for MET. (Note: The illustration of MET is simplified,
and not all event sequences are included.)
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5.2 Single-Top Fault Tree

A single-top fault tree is a way to combine fault trees of multiple modules on
one unit. The top event can be a given IE or a risk metric. As in the method
description of MET, the found reference multi-unit methodologies for SFT
were combined to create a multi-module PRA modeling method description
with SFT. The developed process description is shown in Figure 5.3. Similar
to MET methodology, everything starts with selection of scope and risk
metrics (I1) and they are followed with IE analysis (12).

FD = Fuel Damage

FT = Fault Tree

ET = Event Tree

IE = Initiating Event

MM = Multi-Module
MMPRA = Multi-Module PRA
SMPRA = Single-Module PRA

11:
MMPRA scope and risk
metric selection

|

12:
MM IE analysis >

M1:
Development of single-top
fault tree logic

!

Base SMPRA MM M2: Copies of base
initiators Development of single- SMPRA with MM
module ETs and FTs changes

'

M3:
Development of module-
specific FD top logic FTs

!

M4:
Integration of the module-
specific FTs into the single-

Initialization (I)

top logic
M5: Extracting
Identification of dependencies
dependencies from base SMPRA
s
S v
£
3 M6:
§° Final modificationsto  |— Quantification

account for dependencies

Figure 5.3. Process description of single-top fault tree (SFT) methodology.

The scope should carefully consider what kind of core/fuel damage combi-
nations are required for the multi-module site in question. With some PRA
software, it is easier to calculate "fuel damage in more than N modules on
M-module unit" (N+/M) rather than "fuel damage in N and only N mod-
ules on M-module unit" (N/M) with fault trees. However, sometimes the
certain number of modules in CD/FD might be especially interesting, e.g.,
in a situation where certain modules on a site exclusively share certain

SSCs. There could be multi-module risk metrics for N/M situation, such
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as NCDF or NFDF (so that, e.g., 2/4 in fuel damage would have a risk
metric 2FDF). Additionally, for suitable situations, N+FDF could be used
(2 or more modules in FD would have a risk metric 2+FDF). In the SFT
approach the same IE groups could be used as in the MET approach if it is
seen that the most risk-significant initiators should be analyzed first.

After the initialization, the modeling can be done, beginning with a
development of single-top fault tree logic (M1). An example was shown in
Figure 4.4. The logic should solve the multi-unit combinations related to
the selected risk metric or initiating event, such as NFDF and/or N+FDF
or FD due to LOOP.

As the logic is developed, SM FTs and ETs should be created (M2). If a
single-module model exists for some module, it can used to create the other
single-module models. The model can be copied and the module-specific
features can be added and event names can be changed to take into account
the specific module number.

Next, the module-specific top logic FTs can be developed (M3). The
top event should correspond to the chosen IE or risk metric for a single
module. For example, if multi-module FDF is the MMPRA risk metric, the
module-specific top event should be a fuel damage (due to an IE).

Now each module should have its own top logic FT. The next step is
combining them according to the single-top fault tree logic created in
the first step of the modeling (M4). Then, the intra- and inter-module
dependencies are identified (M5) and implemented to the model (M6).

It could be beneficial for the dependency identification and modification
that all the fault trees were combined into one single-top fault tree. How-
ever, in principle, the dependency identification and modeling resembles
the one presented in the MET approach. After the dependency considera-
tion, the results can be quantified.

The basic PRA architecture for SFT is shown in Figure 5.4. In the

architecture figure, some of the process steps of Figure 5.3 are shown.
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Figure 5.4. Basic PRA architecture for SFT.

5.3 Hybrid

The hybrid approach can be thought of as a modified SFT where the single-
top logic fault tree has been converted into an event tree, which can also be
called hybrid master event tree. The steps are summarized in Figure 5.5.
The development of hybrid multi-module model begins with the creation
of hybrid MET logic with fuel damage (FD) events (M1). Each node in a

hybrid MET will correspond to one module’s risk metric top logic fault tree
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(such as, module 1 in FD, module 2 in FD,...).

Once the hybrid MET logic is established, development of SM models
and creation of top logic fault trees follow. This process involves developing
single-module FTs and ETs (M2) and combining the fault trees of a single
module such that the top event aligns with the chosen risk metric, similar
to the SF'T approach (M3).

Subsequently, dependencies are identified and incorporated into the fault
trees (M4 & M5). After dependency analysis, the module-specific FT's,
including the dependencies, are integrated into the hybrid MET logic (M6).

As a result from the hybrid MET, risk metrics with different module
combinations are obtained. For instance, if there are two modules and the
risk metric utilized in the PRA is fuel damage, the results would encompass
scenarios of fuel damage exclusive to module 1, exclusive to module 2, and

occurring in both modules.
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ET = Event Tree

IE = Initiating Event

MM = Multi-Module
MMPRA = Multi-Module PRA
SMPRA = Single-Module PRA
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Figure 5.5. Process description of hybrid methodology.

As for the other methodologies, the basic PRA architecture for hybrid
approach is shown in Figure 5.6. In the architecture figure, some of the

process steps of Figure 5.5 are shown.
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6. A Case Study on Comparing
Methodologies for an Example
Multi-Module Unit

Following the formulation of the methodologies for MET, SFT, and the
hybrid approach, these can be applied for an example SMR unit. This
chapter explains the application of the methodologies to the example
unit. Furthermore, the derived models are showed, accompanied by their

computed outcomes.

6.1 Example Unit and System Description

The example SMR unit consists of four identical modules. All the modules
are inside the same reactor building. A module consists of a reactor pool
which includes a reactor and a fuel storage rack.

The example SMR unit created for this thesis is fictional and highly
simplified. The simplifications are done to make the modeling easier and
to focus on the comparison of the modeling approaches rather than to the
accurate values of the model. An illustration of the example unit’s modules
and systems can be seen in Figure 6.1.

Each module has two distinct redundant pumps and heat exchangers
which ensures cooling for the reactor pool. One of the pumps and heat
exchangers are used in normal operation and the other ones are used in
scenarios where the normal operation systems are compromised. If both of
the redundancies are lost, there is a make up tank that can pump make up
water into the reactor pools. The make up line has two redundant identical
pumps. One pump is enough to pump the make up water into the reactor
pool.

The general grid is the main power supply of the example plant. If the
general grid is lost, there are three stand-by diesel generators (DGs). The
first DG provides power to the normal operation systems, the second to the

redundant systems and the third powers the make up system pumps.
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Figure 6.1. Illustration of the modules and systems on a multi-module site. (The placing
of the modules and systems are not realistic.)

6.2 Modeling Background and Scope

The scope of the thesis is in the creation and application of different
MUPRA modeling approaches. Therefore, a reference model was utilized,
and no model initialization was carried out (see, e.g., figure 5.1). However,
the other methodology steps were followed as shown in figures 5.1, 5.3 and
5.5.

The PROSAFE model [67] for a simple single unit was used as the back-
ground reference model. The reference model was modified to represent
a fuel pool of the example multi-module unit. The resulting fuel pool
model was copied four times to obtain models for each module, and the
inter-module dependencies and CCFs were included.

Two initiating events, a LOOP and a transient, were modeled by the ref-
erence model and subsequently incorporated into this work. Furthermore,
the BEs and their associated probabilities were also utilized with only
minor modifications. The reference model applies DIGREL [68] values for
the BE probabilities.

The reference model is a SU model and does not take into account inter-
module dependencies. The inter-module dependencies identified in this

work were common initiating events, shared connections and identical
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components between modules. The modeled IEs are general transient
and LOOP. General transient can be initiated with a pump failure, heat
exchanger failure or leakage or their common cause failure. The common
cause initiating events were modeled with a fault tree to be able to prevent
the model from adding two IEs into a same cut set. The LOOP modeled in
this thesis, affects all the modules simultaneously and in a similar way.

Shared connections are the make-up tank and the DGs. The connections
regarding DGs were modeled in the fault trees. The shared make up tank
was modeled in the specific multi-module model (SFT, MET, hybrid). For
example, in MET, the reactor pool make up failure event was added as a
last event into the event tree.

Identical components, such as certain group of pumps or heat exchangers,
were modeled with implicit CCF models. The used model was a-factor
model. The required parameters were directly copied from the reference
model. The values represent commonly used a-factors.

It was expected that modeling will become more complex with more
modules. Therefore, each modeling approach was first applied with a two-
module plant followed by the four-module plant presented in Figure 6.1.
The two-module models gave some intake on the approach-specific weak-
nesses and advantages and assisted the creation of four-module models.
Additionally, when expanding the two-module model into the four-module
model, the scalability of the models with different MUPRA modeling ap-

proaches could be analyzed.

6.3 Modeling Assumptions

The assumptions made for simplifying the model and modeling are:

1. The modules are completely identical and the positions of the modules
and systems are insignificant.

2. For the comparison of the modeling alternatives, it is sufficient to
model the reactor pools alone.

3. The selected risk metric is fuel damage frequency.

4. A reactor pool has two redundant (diverse) pumps and two redundant
(diverse) heat exchangers. One pump and one heat exchanger is
enough to cool a reactor pool.

5. Modules have a common make up tank that has two similar pumps
distinct from the reactor pools’ pumps. One pump is enough to pump

the make up water into the pools.
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6. No diverse and flexible coping strategies (FLEX systems) are consid-
ered and if the last fixed redundancy fails, it leads to a fuel damage.
7. There are three diesel generators. One supplies power to systems
used in normal operation, one to the redundant systems and the last
one supplies power to make up system pumps.
8. Slightly modified DIGREL values are used for the IE/BE probabilities
and CCF modeling parameters.
9. LOOP (external event) and a transient in a reactor pool (internal
hazard) are modeled.
10. LOOP affects all the modules simultaneously and in a similar way.
11. A transient can cause an IE that includes any combination of the

modules (one, two, three or four modules).

Some of the above assumptions are arbitrary decisions to simplify the
model. However, some of the assumptions have some more a rationale
behind them. For example, it is assumed that the modules resemble the
LDR-50 such that, in an accident scenario, the reactor is cooled passively
and the heat is conducted into the reactor pool (as discussed in Chapter
2.3). This means that in an accident scenario the reactor pool has a major
role. The cooling of the reactor is very much dependent of the state of the
reactor pool, whether the cooling of the pool is sufficient and the water
level can be maintained high enough. In the highly unlikely case where
the reactor pool cooling fails completely, the reactor and the reactor pool
experiences fuel damage.

Because the residual heat removal of the reactor depends on the state of
the reactor pool, it was decided that a good starting point for the modeling
would be to model the reactor pool alone and study how probable the failure
of reactor pool cooling is. Reactor pool cooling is provided actively with
pumps and heat exchangers.

Additionally, the PRA models developed in this thesis are based on the
PROSAFE fuel pool model, which is presented in [67]. In this thesis,
the example model values offer a general indication of the results’ order
of magnitude. Given it’s focus, a broad understanding of the order of
magnitude is sufficient, as precise values are not the primary concern.

LOOP and transient IEs were analyzed in the reference model, and
therefore they were included also in to this model. The model developed
for the thesis’s purpose considers LOOP an IE that affects all the units
simultaneously and in a similar manner. This could be a LOOP caused by

an external hazard that affects the power supply to all the modules. The
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LOQOP will result in a disruption of the electricity supply to all pumps and
HXSs in the reactor pool, triggering the activation of the DGs.

General transient, on the other hand, can be less likely to affect all the
modules simultaneously and the transient can affect any combination
of modules, either only one module or multiple modules through CCFs.
Therefore, it is necessary to model each of these transient module com-
binations as a separate IE. For example, an event can cause a transient
in two modules due to CCF of pumps or HXs. The two-module transient
would then be one IE that affects only the pumps/HXs of the two specific

modules.

6.4 Modeling Results

The calculated fuel damage frequencies (FDF) for each model are in Ta-
ble 6.1. From the table, it can be seen that each model produces similar
FDF values. Some values differ slightly but the order of magnitude is the
same. The slight variations in the calculated results can be explained by
the small differences in the calculation mechanisms applied by fault trees
and event trees.

e B e or two and four modulo sites, Velues on bhue background havs been

calculated from the values on white background on the same row. (Note: Values
with higher accuracy was used in the calculations.)

Modules| 1inFD | 2in FD 3inFD | 4in FD >1inFD | >2inFD | >3in FD
onsite | (l/year) | (l/year) | (1/year) | (1l/year) (1/year) (1/year) (1/year)
MET

2 2.8-107° | 8.2.10~6 3.7.10~5
4 5.6-10° | 2.8.1076 | 3.9-10~7 | 7.3.1076 | 6.6.107° 1.1.107° 7.7-10—6
SFT
2 2.9.10-° | 8.2.1076 3.7.10~5
4 6.1-10=° | 3.0-10=% | 3.9-10-7 | 7.3-10-6 | 7.2.10°° 1.1.1075 7.7.10~6
Hybrid
2 3.0-107° | 8.2:1076 3.8.10~5
4 6.3-107° | 3.1.1076 | 4.0-10~7 | 7.3-1076 | 7.2.1075 1.1.107° 7.7-10—6

In blue cells, equation (6.1) and equations (C.1)-(C.3) introduced in Appendix C were

applied.

The models in this thesis consists of base FTs and ETs, that do not

change when modeling with different approaches, and the FTs and/or ETs
specific for the approach. The base model is presented in Appendix A. The
following sections present the model-specific ET and FTs. The number of

FTs and ETs used in each modeling approach are in Table 6.2.
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Table 6.2. The number of FTs and ET's tabled.

Two Modules & Two IEs
Base Model Approach Specific Total
#ETs #FTs #ETs #FTs #ETs #FTs
SFT 4 15 0 4 4 19
MET 4 15 22 0 6 15
Hybrid 4 15 1 2 5 17
Four Modules & Two IEs
SFT 8 27 0 gl 8 357
MET 8 27 22 0 10 27
Hybrid 8 27 1 4 9 31

UThe values suggest that all module combinations are solved with an FT, however, in
reality, some combinations can be screened out since the probability of an FD with a certain
combination can be very low.

Y The number of ETs is the number of IEs in the model.

Table 6.3 presents the identifiers for the end states in the ETs of the
example models.

Table 6.3. The table explains the identifiers used for the consequences in the ET's of the
example model and presents the corresponding multi-module risk metrics (RM).

1D Description RM
LFDi FD event due to LOOP in module i SMFD
TFDi FD event due to a general transient (GT) in module i SMFD
MFDi  FD in module i due to either LOOP or GT, or both SMFD
LnFD  FD in n modules due to LOOP MMFD
TnFD  FD in n modules due to GT MMFD
FDij FD in modules i and j due to either LOOP or GT, or both MMFD
(2MFD)
FDijk  FD in modules i, j and k due to either LOOP or GT, or both MMFD
(3MFD)
FDijkl  FD in modules i, j, k and 1 due to either LOOP or GT, or both  MMFD
(4MFD)

6.4.1 MET Models

MET was first developed for a two-module version of the described four-
module unit. Separate METs were developed for the two IEs, LOOP and
general transient. The ETs for modules 1 and 2 include the following
events: loss of reactor pool cooling, loss of emergency reactor pool cooling
and loss of reactor pool make up system. The module 1 events are identical
with module 2, and the loss of make up system is a common event for
both. In the MET, first, the module 1 events are placed in succession.
After module 1 events, the module 2 events are added. As a last event,

the common make up system failure event is added as discussed in the
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Chapter 6.2. The two-module MET for a LOOP is presented in Figure 6.2
and for transient in Figure 6.3.
-TLOOP | Loss of offsite power M1_RPC | Reactor pool cooling M1_ERPC | Emergency reactor M2_RPC | Reactor pool cooling M2_ERPC | Emergency reactor RPMU | Reactor pool make up

of Module 1 poal cooling of Module 1 of Module 2 pool cooling of Module 2 system for all modules

LooP Ccl EC1 c2 EC2 RPMU Consequences

‘ oK
#0 1.43E-5

oK
#1 1.226-6

LFD2
#2 5.40E8

oK
#3 14385

oK
#4 3.7FE-3

oK
#5 151E-4

LFD2
#6 6.66E-6

oK
#7 1.2%-6

LFD1
#B 5.40E-8

oK
#3 1.51E-4

LFD1
#10 6.66E-6

oK
#11 1.85E4

LT

L2FD
#12 8.17E6

Figure 6.2. LOOP master event tree for two modules with all the event sequences. (The
consequence identifiers are explained in Table 6.3)

DUMMY | M1_RPC_TRANS | Transientin re M1_RPC_REC | Spent fuel pool ¢ M2_RPC_TRANS | Transientin re M2_RPC_REC | Spent fuel pool ¢ RPMU | Reactor pool make up sy
actor poal of Module 1 ooling recovery via ERPC system actor pool of Module 2 ooling recovery via ERPC system stem for all modules
of Module 1 of Module 2
D T2 REC1 T2 REC2 RPMU Consequences
‘ oK
#13 4.486-2

oK
#14 1.96E-3

TFD2
#15 7.18E-6

OK.
#16 4.48E-2

oK
#17 L57E-3

oK
#18 6,30E-5

TFD2
#19 2.24€-7

oK
#20 1.96E-3

TFD1
#21 7.18E-6

oK
#22 6.30E-5

TFD1
#23 2.24E-7

oK
#24 8.68E-6

]

TFD
#25 3.7ES

Figure 6.3. Transient master event tree for two modules with all the event sequences.
(The consequence identifiers are explained in Table 6.3)

In the ET shown in Figure 6.3, the transient IE is modeled using a fault
tree. This is because it can result from a failure of the reactor pool cooling
pump or a failure/leakage of the reactor pool HX. Additionally, a transient
could be initiated by an inter-module CCF (see Figure A.5). The first event
in the ET, called DUMMY, is an “event” with a probability of one. This
structure allows for the modeling of the transient IE in the FT.

From the presented ETs, it can be seen that the size of the MET for two
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modules is manageable. However, the four-module MET consists of over
100 event sequences. Due to the large size, the first and the last sequences
of LOOP MET are presented in Appendix B.

The ET in the Appendix B shows that the MET approach is very heavy
for the modeler and the user when the number of modules increases. It is
possible to make a simplified MET that can calculate the multi-module risk
metrics for one module. If the modules are identical and the occurrence
order of FD is indifferent, the multi-module consequences are identical
between the modules, and the risk metrics for the whole site/unit can be
obtained. However, it must be noted that this approach does not solve all
the multi-module event sequences.

The simplified version of two-module LOOP MET is in Figure 6.4. The
ET calculates the fuel damage frequency for three situations: 1) module 1
is in FD, module 2 works perfectly; 2) module 1 is in FD, module 2 RPC
fails but ERPC works; 3) module 1 and 2 are in FD. In the two-module
case, the FDF's for situations where module 2 is in FD and the module 1
is not can be deduced easily. They are exactly the same as for the module
1 because the modules are identical. This can be confirmed from the full
MET in Figure 6.2. Hence, in the two-module case, all FDF's for this SMR
unit can be obtained easily from the simplified MET.

-TLOOP | Loss of offsit M1_RPC | Reactor ppo M1_ERPC | Emergency RPMU | Reactor pool m M2_RPC | Reactor poo M2_ERPC | Emergency
e power | cooling of Module 1 reactor pool cooling of ake up system for all m | cooling of Module 2 reactor pool cooling of
Module 1 odules Module 2

LOOP c1 EC1 RPMU c2 EC2 Consequences

Ok
#26 3.92E-3

Ok
#27 3.37E-4

LiFD
#23 5.40E-8

LiFD
#29 6.68E-6

L2FD
#30 8.17E-6

Figure 6.4. Simplified MET for two modules representing LOOP initiating event.

In the four-module case, however, obtaining all FDF's from a simplified
MET is more complex. When applying the simplified MET, certain se-
quences can be inadvertently counted multiple times, while others might
be omitted. For instance, if module 1 is assumed to be in FD, the simpli-
fied MET includes sequences for module combinations (1,2,3), (1,2,4), and
(1,3,4), but omits the sequences for modules (2,3,4). Conversely, if module
2 is assumed to be the first to fail, the sequence (1,3,4) is omitted, while

other sequences are repeated. This asymmetry requires additional steps to
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avoid double-counting and to ensure all failure combinations are covered

when retrieving FDF's for all modules.

6.4.2 SFT Models

The two-module SFT consists of four approach specific FT's which are two
module-specific top logic FTs and two FTs modeling the multi-module
events. The goal is to calculate the multi-module FDF, and thus, the top
event of the module-specific top logic FT is the fuel damage. To create the
module-specific FD top-logic fault trees, first, the LOOP and transient FT's
must be created from the base model ETs (shown in Appendix A, Figures
A.1 and A.2). The two are combined with an OR-gate under the top event.
This is done for both modules separately. The developed fuel damage top
logic FTs can be seen in Figure 6.5.

After the development of module-specific FD top-logic FTs, the multi-
module events are modeled. The first multi-module event FT models the
situation where one or more modules experience FD. The second one models
the situation where both of the modules experience FD. The resulting FTs
can be seen in Figure 6.6. The IE fault trees are shown only as links in the
SFTs.

The SFT calculating one or more modules in FD actually calculates the
site FD and the other one the multi-module FD. With FinPSA, it is complex
to build a fault tree that calculates the FDF for only a certain number of
modules at multi-module unit, such as one-module FDF at a two-module
unit. However, the probability that exactly one module (either module 1 or
2 but not both) is in FD can be calculated from the obtained FDF values
as "P that 1 or 2 modules in FD" - "P that exactly two modules in FD". In

more mathematical form the same can be expressed as:

P(”FD in one module”) = P(FD1 U FD2) — P(FD1 N FD2), (6.1)

where FD1 denotes the fuel damage in module 1 and FD2 in module
2. Here, FD1 and FD2 are sets consisting of the possible fuel damage
sequences in modules 1 and 2, respectively.

If the modules are identical, as they are in this case, even the FDF for
one specific module can be easily calculated by dividing the equation (6.1)

with two:
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P(”FD in one module”)

P(”FD only in module 1”) = P(”FD only in module 2”) =

2

M1_FD MZ_FD
Fuel damage in module 1 Fuel damage in module 2
OR 0OR
M1_RP-LOOP M1_RP-TRANS MZ_RP-LOOP MZ_RPTRANS
LOOP in module 1 Transient in module 1 LOOP in module 2 Transient in module 2

LMK

LHNK

LNK

LMK

Figure 6.5. Fuel damage single-top logic fault trees for modules one and two.

1NM_FD

Fuel damage in module 1
or 2 orin both.

OR

2N_FD

Fuel damage in two
modules

M1_FD

Combined fault tree for
Module 1 fuel damage
(LOOP or TRANS)

WZ_FD

Combined fault tree for

Wedule 2 fuel damage

LOOP or TRANS)
T

M1_FD

Combined fault tree for
Wodule 1 fuel damage
(LOOP or TRANS)

MZ_FD

Combined fault tree for
WModule 2 fuel damage
LOOP or TRANS)

T

LMK

T

T

Figure 6.6. Fault trees that calculate the probability that one or two modules experience
fuel damage and that exactly two modules experience fuel damage (respec-
tively, IM_FD and 2M_FD).

The creation of four-module SFT follows the same logic used in the
corresponding two-module models. To create an SFT, the modules 3 and
4 require fuel damage top logic fault trees. They are similar to FTs in
Figure 6.5, only the names of the modules are changed. Additionally,
completely new fault trees must be created in the four-module case and
the 1IM_FD and 2M_FD fault trees must be expanded for four modules.
The FTs developed for four-module SFT are in Appendix C.

The first FT models the scenario where at least one module is in fuel
damage, the second models the scenario where at least two modules are in
FD, the third models the scenario where at least three modules are in FD,
and the last models the scenario where all four modules are in FD. In the
four-module case, the fuel damage frequency values for exactly one, two
and three modules can be calculated similarly as in equation (6.1). The

equations for these scenarios are in Appendix C.
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6.4.3 Hybrid Models

Next, the hybrid approach for two modules is discussed. The hybrid
approach uses the same logic as the SFT, except that the multi-module
FD combinations are modeled with an event tree rather than fault trees.
This means that the events in the ET are the fuel damage top logic fault
trees of modules one and two. In the hybrid ET, the DUMMY “event” is
the first event, serving the same purpose as in the transient MET. With
a probability of one, it enables the modeling of IEs in the FTs. The same
module-specific FD top logic fault trees as in the SFT were applied (see
Figure 6.5). The hybrid model for two modules is shown in Figure 6.7.

DUMMY | M1_FD | Fuel damage in module M2_FD | Fuel damage in module
1 2

D FD1 FD2 Consequences

MFD2
#0 1.47E-5

MFD1
#1 1.47E-5

FD12
#2 B.18E-6

Figure 6.7. Hybrid approach applied to two modules. (The consequence identifiers are
explained in Table 6.3)

As seen from the hybrid ET, it solves the FDF for both modules and it
is able to calculate the FDF separately for modules 1 and 2. The latter
feature is a clear advantage compared to the SFT which otherwise is a very
similar modeling approach. In addition to this, the modeling is slightly
simpler compared to SFT since all the calculations can be done with a
single ET rather than multiple FTs. The difference is even more noticeable
as the number of modules grows.

The two-module hybrid ET can be expanded for four modules by adding
FD events for modules 3 and 4 and including the needed event sequences.
This can be less time-consuming and simpler than creating a completely
new FTs as it was done in the SFT approach. The four-module hybrid ET
is in Appendix D.
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7. Discussion

Three topics were selected to indicate the "goodness" of the modeling
methodologies. The three topics include the efficiency of modeling in
each approach, the readability of each model, and the scalability of the
approach, particularly in terms of adding modules. These three topics can
be compared to evaluate the applicability of the approaches. Based on the
example case, recommendations for the application of the MET, SFT and
hybrid can be formulated.

Table 7.1 summarizes the results of the analysis. This table employs
a rating system from one to five to evaluate the three topics: modeling
efficiency, readability of the model, and scalability. The score in the Ta-
ble 7.1 serves as an indicator of the model’s performance. In the context
of modeling efficiency, a higher score signifies ease of modeling, while a
lower score suggests complexity. Similarly, for model readability, a higher
score denotes a clear depiction of event sequences. A lower scalability score
implies a significant increase in model size as more modules are modeled,
whereas a higher score indicates minimal growth in model size despite
the addition of modules. Detailed discussions on these topics are in the
next subsections. Scalability is interconnected to both model clarity and
modeling simplicity, and it is discussed within the two other topics.

In addition to analyzing the three topics, the application of graded
approach is discussed. Grading can be applied as discussed in subsec-
tion 4.4.1, by, e.g., using conservative expert judgements. Grading can
be applied in any of the modeling approaches to possibly simplify the

modeling.
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Table 7.1. Comparison of different modeling approaches.

Modeling Model Model

Efficiency Readability Scalability
MET ®e000 eeocool) ec000
SFT eee00 eeecoO eee0O
Hybrid eeee0 eee0oO eeee0

Y The score takes into account the fast model size growth as more modules are modeled, for
a smaller model, the score would be 4, or even 5.

7.1 Analysis of Modeling Efficiency

Two main factors were noticed to be relevant for modeling efficiency: size
and combined event sequence modeling. Model size, of course, affects the
modeling efficiency, since more work is required and the backtracking of
sequences and possible errors is increasingly more difficult.

Additionally, the different modeling approaches each have their own
way of modeling the combined multi-module sequences. The combined
multi-module sequences mean the sequences including two or more module
events, e.g. those that lead to multi-module fuel damage.

Considering the number of modules, the size growth of the single-top
fault tree, master event tree, and hybrid approaches is crucial due to its
impact on modeling efficiency. In the case of SF'T, a moderate growth in the
size of the resulting top logic fault tree is observed with an increase in the
number of modules. If the modules are identical, the number of BEs in a
multi-module case can be calculated as the “number of modules” multiplied
by the “number of BEs in one module” plus the “possible CCF BEs”. The
model could also include some module-specific BEs only affecting certain
module(s).

For the hybrid approach, the number of sequences in the ET is Zfi 1 (]Z] ) ,
where N is the number of modules. For two modules the number of se-
quences is three and for four modules it is already 15. The number of
sequences in four module case is still manageable.

However, in the MET case, problems in the modeling efficiency arises
when more modules are modeled. The number of sequences modeled
was for two modules 13 but for four modules it was a large number, 145.
Because of the size of the model, it is extremely difficult to check whether

or not all the sequences are modeled. Especially if there are no other
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risk metric evaluations to compare to. Additionally, because one MET is
required for each initiating event, applying MET requires multiple very
large ETs. Simplified MET could be more feasible in the accident sequence
analysis.

In the example model, FinPSA was applied. In FinPSA, the modeling
of, e.g., sequences of two and only two modules of four modules (2/4) or
sequences of three and only three of four modules (3/4), cannot be done in
any fault tree (at least not very intuitively). As it can be seen in the result
part, for four modules, FinPSA is able to solve event sequences for one or
more, two or more, three or more modules and exactly four modules.

The hybrid approach solves the SFT combination modeling difficulties.
It models the combinations with an event tree. From the result section, it
can be seen that this is not particularly difficult to implement. The fault
tree corresponding a certain combination can be obtained from the event
tree. It must be noted that finding the event sequences from the fault trees
can be difficult as it is in case of SFT. The deeper analysis is left to the
next chapter which discusses the model clarity and readability.

MET, in a way, solves the problem of finding the event sequences. How-
ever, implementing a MET for more than two modules is extremely difficult
because the size of the model grows so large.

The case study models were highly simplified and included very few
BEs and even fewer IEs. When analyzing the modeling complexity for
each modeling approach, the SFT and hybrid approaches seem to be the
most realistic approaches in terms of executability. If a realistic unit
is considered, the number of ETs and BEs can grow significantly, and

developing MET is infeasible due to poor scalability.

7.2 Analysis of Model Readability

The readability also has two factors: size and whether the results are
visualized with F'T or ET. The readability is directly proportional to the size
of the model. However, there can be advantages and disadvantages when
comparing the use of fault trees and event trees as the main analytical
framework.

From event trees, the event sequences are easy to read. The order of the
events occurring is easy to interpret whether or not the reader is a PRA
analyst or not. Furthermore, if modeling of time windows was desired, e.g.,

for recovering a function or activating a FLEX system, it would be simpler
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to implement with an ET. This is because ETs visualize event sequences
clearly.

For example, if there were a leakage in the reactor pool, a fire truck could
function as a backup water source. There would be a certain time window
when the fire truck could save the reactor from fuel damage. If it takes
too long for the fire truck to supply the backup water, fuel damage would
occur. The probability of missing the time window could be modeled with
fault trees and then it could be added to the master event tree after each
module’s other events. Then, the interpretation of the situation is fairly
simple. If water is obtained from the fire truck to a certain module, a fuel
damage is avoided in that module, if not, fuel damage would occur at least
in that module. The clarity of the model remains good as long as the size
of the MET is not too large. The MET could work for two, maybe three,
modules. A model of four modules would already lead to too many event
sequences. A simplified model could be developed. However, that would
lead to the exclusion of some event sequences.

When using single-top fault tree, it can be more difficult to obtain the
same information of the event sequences compared to master event trees.
A single-top fault tree can include all the initiating events and basic events.
Additionally, the fault trees do not show the events in order of occurrence.
All the same events can be modeled with a single-top fault tree as with
MET, however, the interpretation of the event sequences is more difficult
than in a master event tree.

For the hybrid model, the same as for the SFT applies. The event se-
quences are not easy to see. Each node in the event tree represents a FD
top logic fault tree for each module. The FTs including a certain combi-
nation of modules can be obtained from the hybrid MET. However, as for
SF'T, the interpretability of FTs is not as good as for ETs. In the hybrid
approach, one can obtain the FTs including only the modules in interest
and analyze them. In terms of readability, this could make the hybrid

approach somewhat better.

7.3 Application of the Graded Approach

The base model parametric adjustment approach discussed, for example,
by NuScale could be used to do initial grading before the beginning of
extensive MMPRA modeling. It could function as a tool to rank, e.g., the

MM IEs, BEs, accident scenarios and POS combinations so that the most
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significant risks could be analyzed first and most thoroughly.

Regardless of which of the three approaches is applied in the MMPRA
modeling, the workload can become problematic if grading is not performed.
The full scale multi-module PRA consists of many IEs, BEs, accident
scenarios and POS combinations, which directly affects the size and the
complexity of the model. It could be beneficial to use the parametric
adjustments to screen out some highly unlikely events and rank the rest
of them.

As discussed in the NuScale methodology section, the multi-module
adjustments factors, MMAFs, and multi-module performance shaping
factors, MMPSF's, could be used to give some weight to certain IEs and
BEs. The MMAFs and MMPSFs would be based on conservative expert
judgements. The factors give indication of the risk-significance of multi-
module events. If a relatively high risk is calculated for some multi-module
event with the adjustment factors, it must be modeled with high accuracy.
On the other hand, if the risk is low, the event can be modeled with less
precision or maybe even screened out.

Taking into account the complexity of full multi-module PRA models, it
could be a good practice to start the PRA modeling with initial grading by
applying parametric adjustments. The grading would enable allocating
work in the first hand to the most significant risk factors. Grading could

be used in parallel with any of the discussed modeling approaches.
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8. Conclusions

This thesis has studied the probabilistic risk analysis modeling alternatives
for multi-module SMR sites. A special attention was paid to the advantages
and disadvantages of existing methodologies when applied to a certain
fictional multi-module SMR plant.

Three MUPRA modeling methodologies found from literature were ap-
plied for simplified multiple module plants with two and four identical
modules. The three methodologies were the master event tree, single-top
fault tree and hybrid of the two. In the literature, the three methodolo-
gies were mainly applied for traditional larger MU NPPs, and this thesis
aimed to show the applicability of them for SMR multi-module configura-
tions. Additionally, a fourth methodology specific for a multi-module plant
was found. The fourth methodology, called the base model parametric
adjustment approach, was not utilized for the example plants due to its
significant differences with the other three methodologies.

The hybrid approach emerged as the most convenient for modeling, offer-
ing scalability and readability. However, for visualizing accident sequences,
the MET was found to be clearer but less efficient with multiple modules.
SFT might have an advantage in the inter-module CCFs modeling.

The base model parametric adjustment approach was found to be benefi-
cial in the graded approach since it does give a good initial approximation
of the risk-significance of given hazards and events with application of
engineering judgement.

The findings of this thesis provide valuable guidance for selecting the
most suitable PRA modeling approach for various SMR plants, with a par-
ticular emphasis on multi-module type SMRs. Furthermore, this research
could offer crucial insights to regulatory bodies, explaining the specific
aspects of multi-module plants that can be analyzed with multi-module

PRA and the depth to which these analyses can be conducted.
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Further research is recommended to refine these methodologies for real
sized MMPRA models. Additionally, SMR multi-module modeling still
has great challenges, especially regarding the modeling of passive safety

features and interdependencies between SMR modules.
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A. Base Model Models for MET, SFT and
Hybrid

This appendix presents the base model for MET, SFT and hybrid. It
consists of two event trees per module and the related fault trees. Only
module 1 ETs and FTs are shown because the ETs and FTs of the other
modules are all identical. OK denotes no fuel damage and F'D1 denotes
fuel damage in module one. In fault trees, the yellow mark in the upper

right corner denotes gates with common cause failures.

-TLOOFP | Loss of offsite power M1_RPC | Reactor pool cooling M1_ERPC | Emergency reactor RPMU | Reactor pool make up
of Module 1 pool cooling of Module 1 system for all modules

LOOP RPC ERPC RPMU Conseguences

Ok
#3206 3.92E-3

Ok
#327 3.41E-4

FD1
#328 1.50E-5

Figure A.1. Module 1 loss of off-site power event tree.

DUMMY | M1_RPC_TRAMNS | Transientinr M1_RPC_REC | Spent fuel pool RPMU | Reactor pool make up s
eactor pool of Module 1 cooling recovery via ERPC syste ystem for all modules
m of Module 1

D TRAN REC RPMU Conseqguences

Ok
#3429 5.31E-2

Ok
%330 2.38E-3

FD1
#331 8.71E-0

Figure A.2. Module 1 general transient event tree.
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M1_RPC

Reactor pool cooling of
Meodule 1

OR

@ _RPC_M1_1

Failure of (nomal cperation}
reactor pool cooling in
Module 1

OR

Base Model Models for MET, SFT and Hybrid

M1_RPC_P1

Failure of reactor pool
cooling pump 1

M1_RPC_H1

Failure of heat exchanger 1

OR OR
@_RPC_P1_2 M1_RPC_H1 X
2 40E-S
Spurous stop Reactor pool heat
exchanger 1 of Module 1 -
Failure/ leakage
OR
M1_RPC_P1 D M1_ACP10-01

1.13E4 CCFRPCFM-LD
spent fuel pool cooling
pump 1 -Fails to run

AL poweer system bus 1 fails

Figure A.3. Fault tree for module one reactor pool cooling failure.

' LNK
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M1_ERPC

Emergency reactor pool
cooling of Module 1

OR

@_ERPC_M1_1

Failure ofERPC in Module 1

OR

@_ERPC_3

Recovery of ERPC failz

OR

M1_ERFPC1

Failure of emergency
reactor pool cooling

M1_ERPC_DIAG H
4 50E-4
Diagnosis of recovery for
RPC failz in Module 1

M1_ERPC_MANSTART_H
1.00E-3

Execution of recovery for
RPC failz in Module 1

OR

Base Model Models for MET, SFT and Hybrid

M1_ERPC_HZ

Failure of heat exchanger2

OR
M1_ERPC_P2 M1_ERPC_HZ X
2 40ES
Failure of reactor pool Reactor pool heat
cooling pump 2 exchanger 2 -

Failure! leakage

OR
@_ERPC_P2_1 @_ERPC_P2_2
Failure to start Spuricus stop
OR OR
M1_ERPC_P2Z A WM1_ACP20-01 W1_ERPC_P2 1] M1_ACPZ20-01
ITIE2 CCFERPCPM 1.13E-4 CCFERPCPML
Reactor pool cooling pump AL power system bus 2 fails Reactor pool cooling pump AL power system bus 2 fails
2 -Fails to start

2 -Failsto run

T

Figure A.4. Fault tree for module one emergency reactor pool cooling (ERPC) failure.
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Figure A.5. Fault tree for module one emergency reactor pool cooling transient.



M1_RPC_REC

Spent fuel pool cooling
recovery vid ERPC system
of Module 1

OR

@_RPC_REC_1

Failure of ERPC system

{@_ERPC_REC_2

Recovery of ERPC fails

OR

Base Model Models for MET, SFT and Hybrid

M1_ERPCA

Failure of emengency
reactor pool cooling

M1_ERPC_DIAG H
4 50E4
Diagnosis of recoveny for
RPC failz in Module 1

M1_ERPC_MANSTART_H
1.00E-3

Execution of recovery for
RPC failz in Module 1

OR

M1_ERPC_P2

Failure of reactor pool
cooling pump 2

M1_ERPC_H2

Failure of heat exchanger 2

OR OR
@ _ERPC_P2_2 M1_ERPC_H2 X
2 40E-5
Spurious stop Reactor pool heat
exchanger 2 -
Failure/ leakage
OR
i, |
@ _ERPC_P2_1 M1_ERPC_P2Z D M1_ACP20-01
1.13E4 CCFERPCHAML
Failure to start Reactor pool cooling pump AL power system bus 2 fails
2 -Failsto run
OR 'K
M1_ERPC_P2Z A MA_ACP20-1
3T1E-=2 CCFERPCPM-
Reactor pool cooling pump AL power system bus 2 fails
2 -Failz to start

T

Figure A.6. Fault tree for reactor pool cooling recovery via ERPC system for module one.
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RPMU

Reactor pool make up
sy=tem for all modules

OR

@_RPMU_1

Failure of reactor pool make
up sys=tem pumps 1 and 2

AND

RPMU_P1

Failure of reactor pocl make
up pump 1

OR

RPMU_P2

Failure of reactor pool make
up pump 2

OR

Base Model Models for MET, SFT and Hybrid

@_RPMU_P2

Failure of RPMU pump 2

@_RPMU_3

Recovery of RPMU pump 2
fails

RPMU_MANST_H_P2
5.00E-4

Exgcution of recovery for
RPMU fails

@_RPMU_Z

Recovery of RPMU pump 1
fails

RPMU_P2, A

3.T4E-2 CCFRPMUPM-
Reactor pool make up
pump 2 - Fails to start

ACP30-01

AL power system bus 3 (for
RPMU ) fails

OR

@_RPMU_P1

Failure of RPMU pump 1

RPMU_DIAG_ H_P1
1.70E4
Diagnosis of recovery for
RPMU fails

RPMU_MANST_H_P1
5.00E-4

Execution of recovery for
RPMU fails

OR
@_RPMU_P1_1 @_RPMU_P1_2
Failure to start Spurious stop
OR OR
RPMU_P1_A ACP30-01 | RPMU_P1__ D ACP30-01 |
3.74E-2  CCFRPMUPM- 1.17E<4  CCFRPMUPMIL

Spent fuel pool make up
pump 1 -Failz to start

AL power system bus 3 (for
RPMU) failz

Reactor pool make up
pump 1 -Failz to run

AL power system bus 3 (for
RPMU ) failz

T

T Lk

OR OR
@_RPMU_P2_2 RPMU_DIAG__ _H_P2
3.40E4
Spurious stop Diagnosis of recovery for
RPMU fails
OrR
@_RPMU_P2_1 RPMU_PZ D ALCP30-01
1.17E4 CCFRPMUPML
Failure to start Reactor pool make up AL power system bus 3 (for
pump 2 - Fails to run RPWU} fails
OR T

Figure A.7. Fault tree for reactor pool make up (RPMU) system. The RPMU system is

common for all modules, and it is not specific for certain module.
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M1_ACP10-01

AL power system bus 1 fails

OR

M1_ACP10BBO0_G

M1_ACP10BBOO1

M1_ACP20-01

AC power sy=tem bus 2 fails

OR

Base Model Models for MET, SFT and Hybrid

Failure of power supply

1.13ES
Failure of ACP busbar

M1_ACPZ0BBOO1_G

Failure of power supphy

WM1_ACPZ0BB001
1.13E5

Failure of ACP busbar

ACP10DGO01_A

Diesel generator 1

ACN11BBO01_G

AL power ordinary net fails

ACPZODGOO _A

ACH11BBO0_G

Diesel genertor 2 AL power ordinary net fails
unavailable unavailable
DR T OR T
ACP10DGOO1 A ACP10DGO01 ] ACP20DG001 A ACPZ20DG0O01 D
4 24E-3 3.65E-2 4 24E-3 3.85E-2
Diesel generator 1 fails to Diesel generator 1 fails to
start

operate

Diesel generator 2 fails to
start

Die=el generator 2 fails to
operate

Figure A.8. Fault trees for module one AC power system bus 1 and 2 failures. These FTs
are linked to the RPC, ERPC and recovery fault trees.

ACP30-M

AL power system bus 3 (for
RPKMUY} faile

Figure A.9. Fault tree for AC power system bus 3 failure. The FT is linked to the RPMU
fault tree.

OR
ACP3I0BBOD_G ACP30BBO01 Y
1.13E5
Failure of power supphy Failure of ACP busbar
AND
ACN11BBO01_G ACPI0DGO01_A
AL power ordinary net fails Diesel genemtor 3
unavailable
T OR
ACP30DGO0 A ACP30DG001 D
4 24E-3 385E-2

Diesel genertor 3 fails to
start

Diesel generator 3 fails to
operate

81



Base Model Models for MET, SFT and Hybrid

ACHN11BB001_G

AC power ordinary net fails

OR

ACH11BBOO_X ACH10BB001 Ad
1.13ES

Failure of power =upphy to Failure of ACH busbar
busbar

AND

e

OFFSITEPOWER
Z40E-3

Loss of ofisite power

Figure A.10. Fault tree for AC power ordinary net failures. The red diamond in the FT
marks that the basic event is a target for a hazard.
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B. MET Model for Four Modules

-TLOOP | Loss 0 M1_RPC | Reac M1_ERPC | Eme M2_RPC | Reac M2_ERPC | Eme M3_RPC | Reac M3_ERPC | Eme M4_RPC | Reac M4_ERPC | Eme RPMU | Reactor
f offsite power tor pool cooling rgency reactor tor pool cooling rgency reactor tor pool cooling rgency reactor tor pool cooling rgency reactor | pool make up s
of Module 1 pool cooling of M of Module 2 pool cooling of M of Module 3 pool cooling of M| of Module 4 pool cooling of Mystem for all mo
odule 1 odule 2 odule 3 odule 4 dules
LOOP C1 EC1 c2 EC2 C3 EC3 c4 EC4 RPMU Consequences

oK
#0 1.43E-5

oK
#1 1.24E-6

L1FD
#2 5.46E-8

OK
#3 1.43E-5

OK
#4 3.27E-7

oK
#5 1.40E-8

L1FD
#6 6.17E-10

OK
#7 1.24E-6

L1IFD
#8 5.46E-8

OK
#9 1.40E-8

L1FD
#10 6.17E-10

oK
#11 1.56E-8

L2FD
#12 6.88E-10

oK
#133 3.13E-10

L2FD
#134 1.38E-11

oK
#135 9.98E-6

L2FD
#136 4.40E-7

oK
#137 2.12E-6

L3FD
#138 9.36E-8

oK
#139 4.35E-9

L3FD
#140 1.92E-10

oK
#141 2.12E-6

L3FD
#142 9.36E-8

oK
#143 1.66E-4

L4FD
#144 7.30E-6

Figure B.1. Four module MET for LOOP shown partially.
(OK="no fuel damage", LnFD="FD in n modules due to LOOP")
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1M_FD

Fuel damage in at least 1
module

OR

C. SFT Model for Four Modules

M1_FD

Combined fault tree for
Module 1 fuel damage
(LOOP orTRANS)

M2_FD

Combined fault tree for
Module 2 fuel damage
(LOOP orTRANS)

M3_FD

Combined fault tree for
Module 3 fuel damage
(LOOP orTRANS)

M&_FD

Combined fault tree for
Module 4 fuel damage
(LOOP orTRANS)

T

2M_FD

Fuel damage in 2 or more
modules.

274

T

T

T

Figure C.1. SFT solving the events leading to FD in one or more modules.

M1_FD

Combined fault tree for
Module 1 fuel damage
(LOOP orTRANS)

MZ_FD

Combined fault tree for
Meodule 2 fuel damage
(LOOP orTRANS)

M3_FD

Combined fault tree for
Meodule 3 fuel damage
(LOOP orTRANS)

M4_FD

Combined fault tree for
Meodule 4 fuel damage
(LOOP orTRANS)

'LNK

IM_FD

Fuel damage in 3 or more
modules.

34

'LNK

ULNK

ULNK

Figure C.2. SFT solving the events leading to FD in two or more modules.

M1_FD)

Combined fault tree for
Module 1 fuel damage
(LOOP orTRANS)

M2_FD

Combined fault tree for
Module 2 fuel damage
(LOOP orTRANS)

M3_FD

Combined fault tree for
Module 3 fuel damage
(LOOP orTRANS)

M4_FD

Combined fault tree for
Module 4 fuel damage
(LOOP orTRANS)

T

T

T

T

Figure C.3. SFT solving the events leading to FD in three or more modules.
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SFT Model for Four Modules

4M_FD

Fuel damage in four
modules

M1_FD

Combined fault tree for
Module 1 fuel damage
(LOOP orTRANS)

MZ_FD M3_FD M4_FD

Combined fault tree for
Meodule 2 fuel damage

Combined fault tree for
Meodule 3 fuel damage

Combined fault tree for
Meodule 4 fuel damage

(LOOP or TRANS)

'LNK

(LOOP or TRANS)
|

(LOOP or TRANS)
LNK !

ULNK LNK

Figure C.4. SFT solving the events leading to FD in four modules.

The obtained FDF values can be used to calculate more specific FDF's.
Possibly interesting FDF values could be the ones representing a specific
number of modules in FD. The probability that exactly one module is in

fuel damage can be calculated:

P(FD;) = P(FDx;) — P(FDx»), (C.1)

where P(FD>;) represents the value obtained from the fault tree in
Figure C.1 (probability that one or more modules are in fuel damage),
and P(FD>s) represents the value obtained from the FT in Figure C.2
(probability that two or more modules are in FD). Similarly, the fuel

damage for exactly two modules can be calculated:

P(FD,) = P(FDx,) — P(FDx3), (C.2)

where P(FD>3) represents the value obtained from the FT in Figure C.3,
i.e., the probability that three or more modules are in FD. Lastly, the FDF
for exactly three modules can be calculated:

P(FD;) = P(FDs3) — P(FD,), (C.3)

where P(FD,) represents the value obtained from the fault tree in Fig-

ure C.4, i.e., probability that exactly four modules are in FD.
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D. Hybrid Model for Four Modules

DuMMY | M1_FD | Fuel damage in mod M2_FD | Fuel damage in med M3_FD | Fuel damage in mod M4 _FD | Fuel damage in mod
ule 1 ule 2 ule 3 ule 4

D FD1 FD2 FD3 FD4 Consequences

MFD4
#0 1.56E-5

MFD3
#1 1.56E-5

FD34
#2 5, 17E-7

MFD2
#3 1.56E-5

FD24
#4 5.17E-7

FD23
#3 5.17E-7

FD234
#5 L01E-7

MFD1
#7 1.56E-5

FD14
#3 5.17E-7

FD13
#3 5.17E-7

FD134
#10 1.01E-7

FD12
#11 5.17E-7

FD124
#12 1.01E-7

FD123
#13 1.01E-7

FD1234
714 7.31E6

Figure D.1. Hybrid MET for four module site.

(MFDi="FD in module i in multi-module analysis", FDij="FD in modules i
and j", FDijk="FD in modules i, j and k", FD1234="FD in all four modules")
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