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Impact of offsite power system reliability on nuclear power plant safety
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Abstract: The nuclear power plant (NPP) safety and the power system reliability are mutually
interdependent parameters. The safe operation of the nuclear power plant results in delivering
a large amount of electrical energy to the power system and contributes to its stable operation.
On the other side, the power system delivers the electrical energy to the house load of the
nuclear power plant, which is especially important during the shutdown and the startup of the
plant.

The loss of offsite power (LOOP) initiating event occurs when all electrical power to the plant
from external sources is lost. In spite of the fact that NPP is equipped with the emergency
diesel generators in such case, the safety of the plant is decreased at the loss of offsite power.
This is confirmed with the results of the probabilistic safety assessment, that show that the
contribution of the scenarios connected with the loss of offsite power to the overall risk is
several tenths of percents.

The current methodologies used for the estimation of the LOOP initiating event frequency are
performed generally, not accounting the actual state and the specifics of the power system.

A new method for the estimation of the LOOP initiating event frequency is developed. The
method combines the linear network flow method with the fault tree analysis features. A
computer program consisting of 4622 lines of code supporting this method has been written.
The developed method accounts power flows through interconnections, voltages of the
substations and the local weather conditions. The viable pathways of power delivery to the
house load of the NPP are identified and the consequent fault tree is built. The consequent
fault trees are built for other loads in the system.

The following results are obtained from the quantitative and qualitative analysis of the
constructed fault tree: the minimal cut sets, which are combinations of components failures,
resulting in a failure of the power delivery to the house load of the NPP, the weighted power
system reliability and the importance measures of the components and groups of the
components of the power system. The importance measures identify the most important
elements of the power system from the aspect of nuclear safety. The frequency of the LOOP
initiating event is assessed based on the unreliability of the power delivery to the house load
of the NPP. The impact of changes in the power system to the safety of the NPP is evaluated.
The verification of the developed method was performed on small examples. The applicability
of the method on the real power systems is validated on a large standard reliability test
system. The method is applied on the simplified Slovenian power system.

The reliability of the Slovenian power system and the impact of selected changes in the power
system to the safety of the NPP are evaluated. The importance of the NPP Krsko for the
reliable operation of the Slovenian power system is verified. Installation of new diesel
generator for providing emergency electrical power would improve safety. Installation of new
line KrSko-Bericevo is identified as a mean for improved safety and as a prerequisite for
additional nuclear power plant at Krsko site.

PACS: 28.50.Hw, 28.41.Ak, 28.41.Te, 84.32.Dd, 84.37.+q, 84.70.+p, 84.32.-y
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Vpliv zanesljivosti zunanjega elektriénega napajanja na varnost jedrske
elektrarne

Kljuéne besede: - Izguba zunanjega napajanja
- Frekvenca poskodbe sredice
- Drevo odpovedi
- Metoda pretokov moci
- Zanesljivost elektroenergetskega sistema
- Jedrska varnost

Povzetek: Varnost jedrskih elektrarn in zanesljivost elektroenergetskega sistema sta
medsebojno povezana. Varno delovanje jedrske elektrarne daje velike koli¢ine elektricne
energije v elektroenergetski sistem in hkrati kot mo€an vir prispeva k njeni kakovosti. Po
drugi strani elektroenergetski sistem daje elektri¢no energijo za lastno rabo jedrske elektrarne,
kar je Se posebej pomembno v Casu njene zaustavitve in zagona.

Zacetni dogodek izguba zunanjega napajanja je nezelen dogodek, ki se zgodi, ¢e jedrska
elektrarna izgubi vse vire zunanjega elektri¢nega napajanja. Ceprav je elektrarna opremljena z
dizelskimi generatorji, ki se v takem primeru zazenejo, je varnost elektrarne ob tem dogodku
poslabsana. To kazejo tudi rezultati verjetnostnih varnostnih analiz, kjer izguba zunanjega
napajanja prispeva k kazalcem tveganja nekaj deset odstotkov celote.

Trenutne metode za ocenjevanje frekvence izgube zunanjega napajanja so sploSne in ne
upostevajo dejanskega stanja elektroenergetskega omrezja in njegovih specificnih znacilnosti.
Zato je bila razvita nova metoda za ocenjevanje frekvence zaCetnega dogodka izguba
zunanjega napajanja. Metoda zdruzuje linearni model pretokov moci in analizo dreves
odpovedi. Lastni ra¢unalniski program v dolZini 4622 vrstic je bil napisan za izvedbo metode.
V okviru metode so upostevani pretoki moci med vozlis¢i, ki predstavljajo transformatorske
postaje, in napetosti v njih. UpoStevane so normalne razmere in tudi delovanje pri odpovedi
enega daljnovoda. Lokalne vremenske razmere so upostevane. Identificirane so mozne poti
dobave elektri¢ne energije porabnikom, med katerimi je tudi lastna raba jedrske elektrarne. Za
vsak porabnik posebej je razvito odgovarjajoce drevo odpovedi.

Rezultati kvalitativne in kvantitativne analize drevesa odpovedi so naslednji: najkrajSe poti
odpovedi, ki predstavljajo kombinacije odpovedi komponent in ki lahko pomenijo odpovedi
sistema, in v konkretnem primeru pomenijo izpad dobave zunanje elektricne energije za
lastno rabo jedrske elektrarne, zanesljivost elektroenergetskega sistema in merila
pomembnosti komponent ter skupin komponent sistema. Merila pomembnosti identificirajo
najpomembnejSe komponente sistema s staliS¢a jedrske varnosti. Frekvenca zacetnega
dogodka izguba =zunanjega napajanja je ocenjena na osnovi nezanesljivosti
elektroenergetskega sistema za dobavo lastne rabe jedrske elektrarne. Proucen je wvpliv
sprememb v elektroenergetskem sistemu na varnost jedrske elektrarne.

Metoda je bila preverjena na majhnih primerih. PreizkuSena je bila na velikem standardnem
primeru elektroenergetskega sistema. Uporabljena je za slovenski elektroenergetski sistem.
Rezultati kazejo zanesljivost slovenskega elektroenergetskega sistema. Ocenjen je vpliv
doloc¢enih sprememb na zanesljivost elektroenergetskega sistema in na varnost jedrske
elektrarne. Dodaten dizelski generator v jedrski elektrarni znatno prispeva k njeni vecji
varnosti. Potrjen je njen pomen v elektroenergetskem sistemu. Izgradnja daljnovoda Krsko-
Beri¢evo pomeni izboljSano varnost jedrske elektrarne v Krskem in je hkrati predpogoj za
postavitev nove jedrske elektrarne v Krskem.

PACS: 28.50.Hw, 28.41.Ak, 28.41.Te, 84.32.Dd, 84.37.+q, 84.70.+p, 84.32.-y
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1 Introduction

Nuclear power plants are complex facilities, which produce electrical energy based on the
principles of the nuclear fission. Nuclear fuel in the nuclear reactor is used to produce thermal
energy in a form of hot steam, using steam turbines and generators being transformed into
electrical energy. Structures, systems and components in nuclear power plants comply with
the strict technical standards in order that the operation of the plant is safe and effective.

The prime purpose of the nuclear safety is prevention of the release of radioactive materials
formed in the fuel, ensuring that the operation of nuclear power plants does not contribute
significantly to individual and societal health risk. The main specific issue of the nuclear
safety is the need for removing the decay heat, which is necessary even for a reactor in
shutdown.

Nuclear safety is achieved by implementation of a set of measures and actions including
multiple barriers integrity approach, defense-in-depth and safety principles '~.

The multiple barriers integrity is sustained with the provision of effective cooling of the fuel
in all modes of operation of the nuclear power plant, inside and outside of the core. The
barriers include material of fuel pellets themselves, the cladding of the fuel rods, the integrity
of reactor coolant system and the containment, which capture the radioactive substances even
if the other barriers fail.

The measures constituting the three-level defense-in-depth approach have to be taken in order
to ensure that the facilities are operated and the activities are conducted so as to achieve the
highest standards of safety that can reasonably be achieved:

- The prevention level is related to control the radiation exposure of people and the
release of radioactive material to the environment with the appropriate design, construction,
installation and supervision of the nuclear power plant.

- The protection level is related to restriction of the likelihood of undesired events with
the installation of protection and safety systems, which put the plant into a safer state if
predefined safety limits are exceeded.

- The mitigation level supplements the first two in sense that it relates to the activities,
which mitigate the consequences of undesired events, if they occur.

The safety principles such as redundancy (the use of more components or systems then
minimally necessary for realization of the function), independence, diversity, fail-safe
principle (means that the component is put to a safer state, if it has failed) and single failure
criterion (means that failure of the single component can not endanger the fulfillment of any
safety function) are listed and explained in more details in Appendix A.

The nuclear power plant is equipped with the continuous and reliable source of electrical
energy in order to sustain the effective cooling of the fuel. In normal operation, the preferred
source of electrical energy for self consumption is alternating current [AC] electrical energy
from the generator bus through unit transformers. During the startup, shutdown or
maintenance of the nuclear power plant (NPP), the offsite power system is the preferred
source of electrical energy. The self consumption of the NPP depends on several factors
including the design of the plant, selection of cooling system for residual heat and is normally
in the range of 5-10% of the net installed power of the plant (electrical). In case of power
system failure, the generator is disconnected from power system and the output power of
turbine-generator is throttled down in order nuclear power plant to continue to provide energy
for its own consumption. If throttle down of the power is unsuccessful, there are backup diesel
generators, which provide energy until normal conditions in the power system are restored.

In case of the NPP Krsko, the normal power supply to the plant auxiliaries is from the
generator bus through two unit transformers. The offsite power supplies are from two Electric
Power Distribution Systems: a 400 kV and a 110 kV transmission network. The 400 kV
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switchyard have standard two bus configuration with the three transmission terminals. Two of
the 400 kV lines are coming from Zagreb and one from Maribor, each capable of transmitting
the full plant electric power. The 110 kV transmission line is connected to combined gas-
steam power plant Brestanica, which serves as the alternate preferred source. The onsite
emergency power sources are two diesel electric generators. In the event of a breakdown of
the 110kV system, Brestanica automatically cut-off all users except NPP Krsko (island
operation mode).

The onsite power system of NPP Krsko consists of two distinct subsystems:

- Non-Class 1E Power System.

- Class 1E Power System (Engineered Safety Features Power System).

The onsite emergency power sources are two diesel electric generators connected to Class 1E
Power System.

The NPP safety and reliability depends partly on the network reliability and vice versa. The
failure of the power system results in a loss of offsite power initiating event, which is
important contributor to the overall core damage frequency (CDF), is a measure of risk and
thus safety of the corresponding NPP. The disconnection of the NPP from the power system
results in the deficit of generation directly affecting the reliability and stability of the power
system. This interaction between NPP from one side and power system from the other is in
the main focus of this thesis.

1.1 Objectives and goals

The offsite power system of a nuclear power plant provides the preferred source of electrical
power to station equipment’ during the normal operation:

- Emergency cooling for the reactor following planned or unplanned shutdowns.

- Auxiliary systems for plant startup and safe shutdown.

The loss of offsite power (LOOP) initiating event (IE) occurs when all electrical power to the
plant from external sources is lost. That event results in simultaneous loss of electrical power
to all unit safety buses, requiring the emergency diesel generators to start and supply power to
the safety buses for the equipment, which is essential for safe operation of the plant®. A total
loss of all AC power as a result of complete failure of both offsite and onsite AC power
sources is referred to as a “station blackout” (SBO).

Risk analyses performed for NPP indicate that the LOOP can be a significant contributor to
the plant risk, contributing more than 70 percent of the overall risk at some plants. Normally,
the plant risk due to LOOP is in the range of 20 to 30 percents™ °. Therefore, the loss of offsite
power (LOOP) and its subsequent restoration are important inputs to the plant risk models.
These inputs must reflect current industry performance in order that the plant risk models
accurately estimate the risk associated with the LOOP.

One particularly important subset of LOOP initiated scenarios involves SBO situations, in
which the affected plant must achieve safe shutdown, relying on components that do not
require AC power, such as turbine or diesel-driven pumps. Thus, the reliability of such
components, the direct current (DC) battery depletion times, and the characteristics of offsite
power restoration are important contributors to SBO risk.

The NPP must have the capability to withstand a SBO and to maintain the core cooling for a
speclioﬁed duration taking into account the regulatory requirements and guides”®’, e.g. SBO
rule .

On August 14, 2003, a widespread loss of the USA electrical power grid (blackout) resulted in
LOOQOP at nine commercial NPP (in period of time less of two minutes) in the U.S., as well as
eleven in Canada''. Major contributors to the domino effect that resulted in plant after plant
tripping off-line resulting with the collapse of the electrical grid were: poor maintenance of
transmission lines, lack of sensor and relay repair, poor communications between load
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dispatchers and power plant operators and a lack of understanding of transmission system
interdependencies resulting with the overload of lines.

As a result of the 2003 blackout, the Nuclear Regulatory Commission (NRC) initiated a
comlgrlezhensive program to review grid stability and offsite power issues as they relate to
NPP™ ~.

The Forsmark-1 NPP on 25th of July 2006 experienced a SBO event'”. The cause was shown
to be a failure in the 400 kV switchyard of the NPP. Two of the four auxiliary diesel
generators failed to start resulting with the lost of power on two of four Class 1E redundant
trains. This caused a coastdown of recirculation pumps, shutdown of the turbines and
eventually reactor scram. After 23 minutes the operators managed to start the failed
generators manually, but this event clearly indicate the impact of LOOP on NPP safety.

The NRC study on effects of deregulation and changes in grid operation to nuclear power
plant performance clearly re-enforces the need to understand the conditions of the grid
throughout the year to assure that the risk due to potential grid conditions remains
acceptable'®. Evermore the NRC risk-informed regulatory strategy'> depends on plants having
access to reliable offsite power. For each light-water-cooled nuclear power plant operating
license application® submitted after September 27, 2007, in its final safety analysis report the
applicant shall submit information for:

- The redundancy of the onsite emergency ac power sources.

- The reliability of the onsite emergency ac power sources.

- The expected frequency of loss of offsite power.

- The probable time needed to restore offsite power.

Two of the issues that are of particular concern for new reactors include:

- Should new units be designed to withstand a load rejection without shutting down.

- What is the impact of bringing large generators onto the grid.

Taking into account the new environment after 11" of September and threats on major
infrastructures including the power systems, the need for more detailed analysis of power
system reliability come forward'®.

Data analysis® from year 1986 through year 2004 reveals that SBO risk was low when
evaluated on an average annual basis due to the plant modifications in response to the SBO
rule. However, when focus is on grid-related LOOP events, the SBO risk has increased.
Current results® show that the grid initiated LOOP events contribute 52 percent to the SBO
core damage frequency (CDF). Severe and extreme weather events, which are generally
related to grid events, contribute another 13 percent. The increasing number of grid-related
LOOP events in years 2003 and 2004 is a cause of concern. Additionally, if only data® from
the “summer” period is considered, the LOOP increases by approximately a factor of two.

By NRC methodology, there are three major LOOP event categories: plant centered, grid
related, and weather related. Grid related LOOP events are defined as LOOP that are strictly
associated with the loss of the transmission and distribution system due to insufficient
generating capacity, excessive loads or dynamic instability. Although the grid failure may
also be caused by other factors, such as severe weather conditions, these events are not
considered grid related by the NRC since they are caused by external events.

In the methodology and guidance documents issued by NRC, grid disturbances are estimated
from the site susceptibility to grid related LOOP'"'®. Based on the expected frequency, plant
is classified in specific group for which predetermined frequency is given. Severe weather
related losses are estimated using simple relation, which includes site vulnerability to effects
of salt spray, snowfall, tornadoes, storms and a number of transmission lines connected to the
plant.

The proposed NRC methodology has two major deficiencies:



1. Estimation of the grid-related LOOP is based only on a historical data for the site
susceptibility to grid related LOOP, not accounting the overall grid structure and the
analytical methodology to estimate the corresponding frequency. The proposed NRC
approach does not provide qualitative and quantitative identification of major contributors to
grid related LOOP and consequent actions to decrease the frequency, thus improving the plant
reliability and safety.

2. Grid related and severe weather initiated LOOP are closely related'®, but that correlation is
not included in the NRC methodology. In the estimation of the severe weather related losses,
the ambient temperature, which has direct impact on the overall power system reliability®, is
excluded from calculations.

Enlisted deficiencies in current methodologies indicate necessity for development of the new
method for estimation of the LOOP initiating events and detail analysis of the impact that
power system state has on the performance and risk of the nuclear power plants.

The main objective of the thesis is development of a method, which can be used to assess and
improve the safety of the nuclear power plants, which operate in power system using the
methods, tools and models known from probabilistic safety assessment®®?'?%24252¢ The
method is developed combining linear network flow method with the fault tree analysis
features, and computer program based on this method is compiled.

Proposed method is applied to a test system used in bulk power system reliability evaluation
studies?’ and model of the Slovenian power system. Analysis of LOOP IE frequency and
resulting core damage frequency of NPP in test systems is done.

1.2 The outline

Section 2 reviews main activities in area of power system analysis together with the current
state of art in the field. Description of the methods used in the Probabilistic Safety Analysis
together with the applications of probability theory to the power systems reliability estimation
is given in section 3. In section 4, detail description of the developed method is given. In
sections 5 the obtained results for the IEEE (Institute of Electrical and Electronics Engineers)
test system and Slovenian power system are given. In section 6 the obtained results from the
sensitivity analysis of the LOOP IE and CDF of the reference plant are presented. Final
conclusions and remarks are given in section 7.



2 Review of activities of power system analysis

The review of main activities in the area of power system analysis is presented together with
the state of the art in the field.

The power systems are usually large, complex and, in many ways, nonlinear systems. The
power systems include multiple components such as generators, switching substations, power
lines and loads. The post-fault phenomena in a power system are dynamic in nature and
dependent on the grid connection and load flows in different parts of the grid. Therefore, the
evaluation of the overall system reliability is extremely complex as it is necessary to include
detailed modelling of both generation and transmission facilitates and their auxiliary
elements.

The power system is usually divided into segments, which can be analyzed separately”.
These segments are referred to as generation, transmission and distribution functional zones.
These functional zones can be combined to form a series of hierarchical levels for the purpose
of conducting system reliability analysis. Hierarchical Level I reliability assessment concerns
only the generation facilities. Evaluation of the composite or bulk generation and transmission
facilities is designated as Hierarchical Level II study. The entire system evaluation is
designated as Hierarchical Level III assessment, as shown on Figure 2-1. System reliability is
usually predicted using one or more indices, which quantify expected system reliability
performance, implemented using the criteria based on acceptable values of these indices.

i Generation i
i facilities HLI |
i \ 4 i
i Transmission | :
| facilities |+ | HLIT
i \ 4 i
i Distribution :
| facilities HLOI |

Figure 2-1 Hierarchical levels in electrical power systems

The overall problem of Hierarchical Level III reliability evaluation can be quite complex in
most systems as it involves starting at the generating points and terminating at the individual
load points.

The application of probability methods in power systems came into prominence only in the
last three decades considering that the industry itself is more that century old and that
discussions on probability concepts appeared in Italian manuscripts seven centuries ago” .
Most of the approaches for determination of power system reliability use certain
approximation or simplification of the problem in order to degrade the problem on solvable
level. Quasi-transient approach® and examination of cascading failure using linear
programming’' were proposed assuming only single components failure and identification of
only one critical point in system, not accounting the probability of failure of components.
Evaluation of system reliability concerning only the generation facilities and their adequacy to



satisfy load using heuristic methodologies was proposed. This methodology, as other HL I
reliability assessments, exclude transmission from analysis*>*>.

The minimal cut set and frequency duration method are used for the planning and design of
industrial and commercial electric power distribution systems and their reliability evaluation,
but this method is applicable only to small distribution systems®*. Screening method for the
identification and ranking of infrastructure vulnerabilities, including small power system, due
to terrorism based on minimal cut set approach was proposed, but the whole analysis is
conditional on the assumed presence of a minor threat””. Event tree method was proposed for
the analysis of infrastructures risk from terrorism with the example application on a small
power system, but the method lacks of conditional success rate for a network failure, which is
estimated by authors and not by a strict method®®. An application of Monte Carlo network
analysis for reliability assessment of multiple infrastructures, including power system, for
terrorist actions®’ is proposed, but this method is inadequate when infrastructures are analyzed
individually.

Application of the sum-of-disjoint products technique for evaluating stochastic network
reliability is proposed™, considering only one path between source and sink nodes and
assuming that each node is perfectly reliable.

Hybrid model that includes both power system dynamic simulations and event trees for the
protection was anticipated for power system reliability estimation, accounting only failure of
lines protection®”.

Several variations of Monte Carlo simulation methods including cellular automata and system
state transition sampling approach were developed to probabilistically evaluate composite
power system long-term reliability***!-*#4443%¢ Deficiency of these methods is that they can
only be used for Hierarchical Level II study and convergence problem that they encompass.
Recent probabilistic method for transmission grid security evaluation uses event trees and
fault trees and combines them with the power system dynamic simulations. Only substation
protection and trip operations after line faults are modeled with the event trees. Power system
security is studied with a substation model that would include possible malfunctions of the
protection and circuit breakers. Only single faults of lines, as result of the protection failure,
were accounted in the analysis*’**.

Review of the activities in the area of PSA and power system analysis indicate that these two
methodologies haven’t been integrated in formal matter as it was done in this thesis, thus
providing solution to problems foreseen in the both areas.



3 Probabilistic Safety Assessment

The report” entitled "Reactor Safety Study: An Assessment of Accident Risk in U.S.
Commercial Nuclear Power Plants"- WASH 1400 was the first detailed analysis to provide a
realistic assessment of the risks associated with the utilization of commercial NPP. A
systematic probabilistic method for assessment of reliability and safety of complex systems
was developed and applied. In most countries, the method is referred to as Probabilistic Safety
Assessment (PSA). In the United States, the method is referred to as Probabilistic Risk
Analysis (PRA). The event tree and the fault tree are two basic methods used in Probabilistic
Safety Assessment, which is a standardized method for assessment of nuclear power plant
safety”!.

There are number of techniques used to perform system modelling. These techniques are
grouped into two major categories, inductive and deductive techniques.

Inductive analysis begins with the consideration of specific event and goes on to consider the
general effect of that specific event in terms of system operability. Event tree analysis is an
inductive technique, which organizes and characterizes potential accidents in a
methodological manner’?. It is suitable for modelling the complex sequences of events and for
their efficient evaluation.

In system modelling, a deductive analysis is one that begins with a general system operability
state and proceeds to deduce the specific events that could give rise to that operability state.
Fault tree analysis is the deductive modelling approach used in the PSA to identify and assess
the combinations of the undesired events in the context of the system operation and its
environment that can lead to the undesired state of the system °*. The undesired state of the
system is represented by a top event. The logical gates integrate the primary events to the top
event. The primary events are the events, which are not further developed, e.g. the basic
events and the house events. The fault tree is based on Boolean algebra and probabilistic basis
that relates probability calculations to Boolean logic functions.

3.1 Probabilistic Safety Assessment Fundamentals

The basic definitions and relations of the probability theory are presented in this section.

The PSA purports to assess risk. In the context of PSA, the concept of risk can be defined™>*
# as “the likehood of experiencing a defined set of undesired consequences”.

The assessment of risk with the respect to nuclear power plants is intended to achieve four
general objectives:

- To identify initiating events and event sequences, which are significant contributor to risk.

- To provide a realistic quantitative measure of the likehood of these risk contributors.

- To provide a realistic evaluation of the potential consequences associated with the
hypothetical accident sequences.

- To provide a reasonable risk-based framework for making decisions regarding nuclear plant
design, operation and sitting.

The probability defines quantitatively the likelihood of an event or events. In the context of
PSA the concept of probability is thought of in three ways, each with its own applications.

In the classical concept, the probability of occurrence of event A is defined as:

N,
P(A) v (3.1)
Where:
Na — Number of occurrences of the event A.
N - Mutually exclusive and equally likely random experiments.



The empirical (frequentist) concept is the second approach with the relative frequency
interpretation of the probability:
P(A) = limﬂ (3.2)

n—swo N

Where:

Na — Number of occurrences of the event A.

N — Mutually exclusive and equally likely random experiments.

n — Number of experiments.

The third definition of probability is the subjective concept and really represents the degree of
belief that a given event may occur.

Availability is the measure used for continuously operated systems that can tolerate failures,
and is defined™ as the probability of the component/device/system to be available when
required.

Component unavailability is defined® in general as the probability of being in a failed state
when required. The point unavailability is the probability that the component is down at the
time. Interval unavailability is associated with the some interval and is the fraction of time
that the component is down (ratio of downtime to some cycle time).

The unavailability is denoted with the symbol Q and standard forms are:

O=Uu (3.3)
Where:

A — Component failure rate.

t — Average fault duration time (detection plus repair time).

Or:

tD

—_D 34
) ;. (3.4)
Where:

tp— Average downtime.

tr— Total cycle time.

The Eq. (3.3) is of the point type and Eq. (3.4) is of the interval type.

The failure probability is defined in general as the probability of failure in specified time
interval (required operation time, mission time or standby time). The failure probability is also
called the unreliability (one minus the reliability). The failure probability is denoted with U
and for non-repairable component (component failure rate A is constant) have form:
U=l-e* =t (3.5)
It’s notified that in the PSA terminology”” the standard denotation for the unreliability is with
the letter “P”. The unreliability is denoted with U in order not to mismatch with the
probability.

The approximation in the Eq. (3.5) is accurate to within 5% for unreliability U less than 0.1; it
is on the conservative side and is small compared to uncertainties in A.

Comparison of the Egs. (3.3) and (3.5) show that they are identical but only in case of
constant A and small probabilities. For this specific case the component/system unreliability is
equal to its unavailability.

The simplified description of reliability defines it as a probability’® that an item can perform
its intended function for a specified interval under stated conditions. Reliability as a measure
is suitable for quantifying the adequacy of mission oriented systems (systems functioning
without failure).

There are probability rules, which permit to combine of the probabilities associated with the
individual events, to give the probability of overall system behavior. These rules with their
description are given.



Rule 1 — Independent events.
Two events are said to be independent if the occurrence of one event does not affect the
probability of the occurrence of the other event.

Rule 2 — Mutually exclusive events

Two events are said to be mutually exclusive (or disjoint) if they cannot happen at the same
time.

Rule 3 — Complementary events.

Two outcomes of an event are said to be complementary if, when on outcome one doesn’t
occur, the other must. If the two outcomes A and B have probabilities P(A) and P(B), then:
P(A)+P(B) =1 (3.6)
Rule 4 — Conditional events.

Conditional events are events that occur conditionally on the occurrence of another event or
events. The conditional probability of event A occurring given that event B has occurred is
described mathematically as P(A|B) and can be deduced from Eq. (3.4):
P(A|B) = number _of ways A _and B _can __occur

(3.7)
number _of ways B can occur

Rule 5 — Simultaneous occurrence of events.

The simultaneous occurrence of two events A and B is the occurrence of both A and B event.
Mathematically is known as the intersection of the two events and is represented as: (ANB),
(A AND B) or (AB). In this rule there are two cases to consider: when events are independent
or when they are dependent.

If two events are independent the probability that they both occur is:

P(ANB)=P(A)- P(B) (3.8)
If there are n independent events, the principle can be extending to give:
P4, N4, NA,N.....4,)=P(4)- P(4,)....P(4,) (3.9)

In case of dependent events, the probability of occurrence of both events will be:
P(ANB)=P(B| A)-P(A)

(3.10)
= P(4]B)- P(B)
Rule 6 — Occurrence of at least one of two events.
The occurrence of at least one of two events A and B is the occurrence of A or B or both
events and is expressed as: (A U B), (A OR B) or (A+B). In this rule there are three cases to
consider: the events are independent but not mutually exclusive, the events are independent
and mutually exclusive and third case when events are not independent.
The probability of occurrence of at least one of the events that are independent but not
mutually exclusive is given by expression:
P(AUB)=P(A)+ P(B)—P(A)- P(B) (3.11)
In case of mutually exclusive events by definition the probability of their simultaneous

occurrence P(A)P(B) must be zero, therefore probability of the union of the two events will
be:

P(AV B)=P(A)+ P(B) (3.12)

If there are n independent and mutually exclusive events, the union probability will be:

P(4, 04, UAd,...0A4,)=D P(4) (3.13)
i=l

If the two events A and B are not independent the probability of the union of the events will
be:



P(AU B)=P(A)+ P(B)— P(AN B)

= P(A)+ P(B)-P(B|A)-P(A) (3.14)
= P(A)+ P(B)- P(A|B)-P(B)

Rule 7 — Application of conditional probability.

The probability of occurrence of an event A dependent upon a number of mutually exclusive
events B; is calculated as:

P(A)ziP(A|Bi)-P(Bi) (3.15)

The parameters that are associated with the reliability evaluation are described by probability
distributions. Two main types of distributions are discrete and continuous. Discrete
distributions represent random variables that can assume only certain discrete values whereas
continuous distributions represent random variables that can assume an infinite number of
values within a finite range. The two most important discrete distributions are the binomial
and Poisson distribution and continuous distributions include the normal (or Gaussian),
exponential, Weibull, gamma and Rayleigh distribution.
All random variables (discrete and continuous) have a cumulative distribution function. It is a
function giving the probability that the random variable X is less than or equal to x, for every
value x. The cumulative distribution function F(x) formally is defined as:
F(x)=P(X <x)
—0< X<
The cumulative distribution function for a discrete random variable is found by summing up
the probabilities and for a continuous random variable as integral of its probability density
function.
The probability density function of a continuous random variable is a function, which can be
integrated to obtain the probability, that the random variable takes a value in a given interval.
More formally, the probability density function, f(x), of a continuous random variable X is the
derivative of the cumulative distribution function F(X):
=

dx
The probability density function f(x) can be formulated, accounting the definition of the
cumulative distribution function F(x) given by Eq. (3.16), as:

(3.16)

(3.17)

f f(x)dx = F(b) - F(a) = P(a < x <b) (3.18)

The cumulative distribution function, as shown by Eq. (3.16), increases from zero to unity as
the random variable increases. The random variable in reliability evaluation is frequently
time. The cumulative distribution function in reliability terminology is known as the
cumulative failure distribution function or unreliability. The complementary the cumulative
failure distribution is the survivor function also referred as reliability, designated as R(t):
R(t)=1-U(?) (3.19)
The failure density function f(t) is defined as derivate of the cumulative failure distribution
function U(t):
1) = dU(t) _ dR(t)
dt dt
The failure rate is one of the most extensively used functions in reliability evaluation,
designated as A(t) and referred as hazard rate or force of mortality. The mathematical
description of the failure rate is:

(3.20)
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A0 = number _of _ failures per unit time

3.21
number _of components _exposed to  failure (3-21)

The general expression for the failure rate A(t) at time t is:
A(t) =— L dR@) _J© (3.22)
R(t) dt R(?)
The relation between survivor function (reliability) R(t) and failure rate A(t), from Eq. (3.22),
can be expressed as:

R(t) = exp{— j/i(t)dt} (3.23)

In case of constant and time independent failure rate A Eq. (3.23) transforms into exponential
distribution:

R(ty=e™" (3.24)

Using the Eq. (3.24) equation (3.5) is obtained.

Input data for the initiating events and component failures is necessary in order to realize
quantitative PSA. The development of a data base for accident sequence quantification
involves the collection and analysis of data and the evaluation of the appropriate reliability
models. Uncertainty analysis is performed in order to measure the accuracy of the quantitative
results in PSA”’. There are two sources of uncertainty in the data base for component and
system failure: natural variability of failure rates and imperfect knowledge of the actual
behavior. The uncertainty in the PSA additionally includes the incomplete analysis,
incorrectness of the models and sequence quantification. The primary methods for treating
uncertainty in PSA are bounding analysis and sensitivity analysis.

The PSA is generally divided into three broad areas: system modeling, accident process
analysis and accident consequence analysis. The activities that comprise a risk assessment are
given on Figure 3-1.

Accident Sequence

A

Delineation
Accident Initiators: 7y .| Accident Damage
-LOCAs N "| Categories
- Transients
- External Events A4
7y L » System Models — Y
Consequences
Plant Data:
- Procedures
- Maintenance practices H || Plant and system
- Human reliability design data
- Failure data

Figure 3-1 Activities in PSA

The system modeling is the basic element of Level 1 PSA. There are different system
modeling techniques and two of them are used exclusively and comprehensively in PSA:
event tree analysis and fault tree analysis. Detail description of both techniques is given in the
following sections.

Formal definition® of a system defines it as:”A deterministic entity compromising an
interacting collection of discrete elements”. The plant damage states identified in the system
modeling task are used as the starting point for accident process analysis (Level 2 PSA). The
accident process analysis assesses the reactor core behavior and containment response under
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accident conditions. The outcome of the accident process analysis is the identification of
potential releases to the environment in terms of their energies, magnitudes and timing. The
accident consequence analysis (Level 3 PSA), using local weather data, the probable
radiological dispersion and depletion mechanisms, develops estimates of population
radiological doses and environmental contamination.

3.2 PSA Modeling

The first step in a PSA, as shown on Figure 3-1, is the identification of potential accident
initiators. Accident initiators, also known as initiating events (IE) are undesired events, which
present a challenge to the plant, in that if they are not successfully responded to, core damage
may result. Initiating events are typically divided into two broad groups: transients and loss-
of-coolant accidents (LOCA). These groups are then subdivided in terms of the systems
required to respond to the initiator. The subdivision of the LOCAs depends upon the size and
location of the break. The accident initiators are grouped on basis of systems required to
respond to the initiating event in order to decrease their number on feasible level. Data on the
frequency of initiating events is generally obtained from several sources and the largest body
of that data is generic.

3.2.1 Event Tree Analysis

Event tree analysis is the technique™ used to define potential accident sequences associated
with a particular initiating event or set of initiating events. The event tree model describes the
logical interrelationships between potential system successes and failures as they respond to
the initiating event.

The general tasks included in the process of development of event trees are given on Figure
3-2.

Plant Evaluation of System
Familiarization Plant Modeling
Damage State Task
A A
A 4 A A
Definition Selection of Evaluation Delineation Identification
of Safety  |—»| Initiating - » of Plant | of Accident || of System
Functions Events Response Sequences Failure Criteria

Figure 3-2 Event tree development process

The purpose of first task, plant familiarization, is to provide information necessary for the
identification of initiating events, the identification of the success criteria for systems that
must directly perform the required safety functions and the identification of the dependences
between the frontline system and the support systems, which they require for proper
functioning.

The functions that must be performed to control the sources of energy in the plant and the
radiation hazards are called safety functions. Safety functions are defined by a group of
actions that prevent core melting, prevent containment failure or minimize radionuclide
releases and they are identified in second step of the event tree development process.
Definition of the necessary safety functions forms the preliminary basis for grouping accident
initiating events.
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A comprehensive list of initiating events is necessary to select and compile during third step
of the development of ET in order to make certain that the event trees include all potentially
significant accident sequences. The selection of initiating events consists of two steps:

- Definition of possible events.

- Grouping of identified IE’s by the safety function to be performed or combinations of
systems responses.

Once IE’s have been identified and grouped, it’s necessary to determine the response of the
plant to each IE group. Two distinct methods exist for evaluation of plant response: functional
and systemic event trees. The functional event tree is an intermediate analytical step for
sorting out the complex relationship between accident initiators and system responses. The
systemic event tree explicitly defines the response of key plant systems using detailed event
sequence analysis.

The description of accident sequences is accomplished by developing detailed system event
trees developed from either functional event trees or event sequence diagrams. The event trees
developed from functional event trees are quantified using the method of fault tree linking,
whereas event trees developed from sequence diagrams are quantified using event trees with
the boundary conditions. The accident sequence delineation is the most important step in
event tree development process.

Each heading in the system event trees is quantified using detailed system models in order to
determine the likelihood of system failure. The system models for event tree headings require
predefined failure criteria based on the success criteria defined for each event tree heading
and correlation with the previous failures in the accident sequence (previous failures in the
accident sequence may result with the system unavailability or necessity of different system
components operation in order to accomplish successful operation).

A sample event tree from corresponding reference™ is presented on Figure 3-3 to illustrate
event tree construction process. The example used is a LOCA IE associated with a simple
imaginary reactor system.

Initiating Event RP ECA ECB PAHR
IE-A B C D E No. Freq. Conseq. Code
OK
EE—
COREDAM. |E
OK C

COREDAM. |C-E

COREDAM. |C-D

o o A W N =

COREDAM. |B

Figure 3-3 Example event tree
The various event possibilities or the systems that need to function to mitigate the
consequences of the accident are listed on the top of the event tree and they include:
- The initiating event IE-A, assumed to be pipe break in the primary coolant system of reactor.
- RP, operation of the reactor protection system to shut down the reactor.
- ECA, injection of emergency coolant by pump A.
- ECB, injection of emergency coolant by pump B.
- PAHR, post-accident decay heat removal.
The placement of the events across the tree is based upon the time sequence in which they
occur or some logical order, reflecting operational interdependence. Consequently the
initiating event IE-A is first and PAHR is shown as the last event on the tree.
The various sequences are represented by the paths developed with the success (upward path)
or failure (downward path) of the events. The far right column of the tree identifies the
sequences, for example second sequence is the sequence that starts with the initiating event
IE-A and ending with the failure of PAHR function E. For this example event tree it is
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assumed that either emergency coolant pump A or B is sufficient the emergency coolant
requirement. In the column consequences is the final consequence for each accident sequence
identified in the event tree. On Figure 3-3 two consequences are identified: core damage and
no core damage (OK consequence). Accident sequence can result with the new initiating
event (e.g. seal LOCA or anticipated transient without scram), and they are analyzed in
separate event tree. The core damage criterion is developed using design basis approach and
typical value™ for Westinghouse-type PWR is that hottest core fuel/clad node temperature
does not exceed 650°C. Exception is allowed when core is reflooded before significant
cladding oxidation has occurred, but time above 650°C is limited to 30 minutes and highest
temperature may never exceed 1075°C.

The total number of possible sequences in the sample problem is 16, which are reduced to
four core damage sequences (eliminating® branches that have zero conditional probability for
at least one event). For example, all sequences on Figure 3-3 with the failed reactor protection
system RP will result with the core damage. The sequences resulting with the core damage are
evaluated further using containment event tree whereby the failure modes of the various
barriers, which prevent the release of the radioactivity to the environment are probabilistically
evaluated.

The elements to be considered for the accident sequence quantification process are the
initiating event, the event tree resulting from the initiating event, the system fault trees and
their resulting Boolean failure equations, and the containment failure modes possible for each
combination of IE and safety system failures and successes. The event tree sequence is a
particular combination of safety system failures and successes for a given initiating event and
it doesn’t include a containment failure mode.

The event tree sequence quantification process consists of the following steps:

- For each sequence, reduce by Boolean algebra the system failure and success equations to
obtain the sequence reduced Boolean equation (the sequence cut sets).

- Quantify the component faults and outages in each cut set, accomplished on system level.

- Assess recovery at the sequence level.

- Asses human errors.

- Quantify the cut sets of the sequence failure equations.

A major portion of the quantification process is involved with the obtaining the Boolean
equations for each event tree sequence. They are obtained by Boolean reduction of the
Boolean failure and success equations for the systems that fail and succeed on each event tree
path in order to account common components that must be Boolean reduced.

An example is used to illustrate the requirement of consideration of system successes as well
as failures during event tree sequences quantification. On Figure 3-4 are given fault trees for
two hypothetical systems A and B. Two faults result in system failure for each of these
systems with the fault C1 appearing in both systems. A portion of the event tree involving
these two systems is given on bottom of the Figure 3-4, with the sequence 1 when both
systems fail and sequence 2 when system B fails while system A succeeds.
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SYSTEM SYSTEM

A B
| | | |
Cl 2 Cl C3
O O O O

B A
SEOUENCE 2
SEOUENCE 1

Figure 3-4 Systems A and B fault trees and part of the event tree sequence
The Boolean equation for sequence 1 is:
Q, =A4-B=(C1+C2)-(C1+C3)=C1+C2-C3 (3.25)
The Eq. (3.25) clearly indicate that it’s not correct to simply multiply the failure probabilities
of systems A and B, because the common term, C1, would appear twice. The sequence
equation correctly states that both systems fail if C1 occurs or if C2 and C3 occur.
The Boolean equation for sequence 2 is:
Q2:A-B:iC1+C2i-(C1+C3):Cl-C2-C3;C3 (3.26)
The last term in Eq. (3.26) is approximation obtained if the success terms are ignored. The Eq.
(3.26) correctly states that the only way for system B failure and system A to succeed is for
C3 to occur. If C1 were to occur, both A and B would fail, which is contrary to the system
success/failure combination implied by sequence 2.
Thus, the Boolean-reduced equations for event tree sequences must be quantified in order to
correctly account for common components among systems.
The quantification of the accident sequences requires incorporation of the frequency of the
initiating event. For small event/large fault tree method, the initiating event is a simple
multiplier to each sequence on the event tree. Using the fault tree event tree linking approach
the accident sequences in the event trees are expressed as:

n

Fas = Fie £ Qusi (3.27)
i=1
Where:
Fasj - Accident sequence frequency for AS;.
Fie - Initiating event frequency.
n - Number of minimal cut sets.
Qwcsi - Probability of i-th minimal cut set.
The sequence quantification proceeds in two stages. In first stage accident sequence
frequencies are calculated without accounting post-accident corrections and using screening
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values for human error probabilities. The results of this calculation are used to generate the
list of important human errors analyzed further during human performance subtask. In second
stage recovery of misposition or actual faults on a cutset-specific basis is accounted.

In order to make sequences quantification practical, it may be necessary to truncate
considering only those cutsets whose probability is above some cutoff or number of events in
cutest is smaller then truncation limit called truncation value. Truncation is approximation
with the generally uncontrolled consequences on the results’".

After plant-specific human error probabilities have been derived, the sequences can be
requantified using these values. The final results are obtained by applying appropriate
multiplicative factors to each cutest probability, in order to include the possibility that
operator action will eliminate one of the faults in the cutest, and thereby prevent core damage.
The uncertainty evaluation is performed using the plant-specific gamma posteriors for the
initiating event frequencies and the component failure rates together with the error ranges
identified for human error rates and recovery probabilities, and following results are obtained:
- Overall core damage frequency.

- The frequency of each bin.

- The frequency of accident sequences contributing the top 99% of total core damage
frequency.

The purpose of the importance evaluations is to identify the important accident sequences,
system failures, component failures and human errors with the regard to core damage
frequency. The purpose of the sensitivity analysis is to determine how sensitive the core
damage frequency is to possible dependencies among component failures and human errors
and to address those assumptions suspected of having a potential significant impact on the
results.

The final summarized products resulting from accident sequence quantification and event tree
analysis are:

- Minimal cut sets for systems involved in the sequence.

- Binning of all accident sequences on the basis of accident sequence characteristics.

- Point estimates for the dominant accident sequences.

- Estimate of the core damage frequency, which is an expression of the likelihood that, given
the way a reactor is designed and operated, an accident could cause the fuel in the reactor to
be damaged.

- Plant-specific error bounds on frequencies of dominant accident sequences and on the core-
damage frequency.

- Importance measures for accident sequences, systems, cut sets and components.

- Sensitivity studies showing effects of dependences and human errors.

- Engineering insights into systems, components and procedures that most affect risk.

3.2.2 Fault tree analysis

Fault tree analysis is the tool used to evaluate the ways in which nuclear plant systems might
fail to perform their intended functions.

The standard definition®® >* of the fault tree technique defines it as: “An analytical technique,
whereby an undesired state of a system is specified (usually a state that is critical from a
safety standpoint), and the system is then analyzed in the context of its environment and
operation to find all credible ways in which the undesired event can occur”. If fault tree
analysis is the technique by which system fault trees are developed, a workable definition of a
fault tree might be: “a graphical depiction of the logical interrelationship between postulated
fault events as they contribute to the occurrence of the top event”.

Fault tree analysis is a deductive technique in that it goes from effect to cause. Fault tree
analysis begins with a hypothetical undesired state of the system, the top event, and
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deductively identifies the credible events and combinations of the events that might produce
that system state. Undesired event definition provides a means of defining the undesired
system operability state (top event) in terms of its constituent fault events. Event relationships
depict the logical interrelationships between system fault events as they relate to the top event.
Logic diagram serves as a roadmap of the system fault paths. Unavailability tool qualitatively
identifies how a system may become unavailable. The fault tree analysis when combined with
the quantitative techniques provides a means of calculating system failure probabilities.

The PSA Procedures Guides identifies™ five essential tasks in the fault tree development,
depicted on Figure 3-5.

Event Tree
Heading

Develop and Update Analysis Notebook 2

f : Define Primary Develop Analysis Perform Fault

Define Top Fault L»{ System and -»{ Assumptions and | Tree

Tree Event 1 Interfaces 3 Constrains 4 Construction 5
A

Figure 3-5 Fault Tree development process

The entire fault tree analysis activity is based on the particular associated top event, therefore
the statement of the top event should be clear, accurate and appropriately specific. Top event
definition is the process of developing such a top event.

A system, as previously defined in the section 3.1, is a collection of discrete elements that
interact to perform, in total or in part, a function or set of functions. To perform a fault tree
analysis, clear definition of system boundaries is necessary.

Standard symbols and notations have been developed to facilitate fault tree analysis
approach™. The logical gates integrate the primary events to the top event. The primary
events are the events, which are not further developed, e.g. the basic events and the house
events. The basic events are the ultimate parts of the fault tree, representing the undesired

. . . . 1 2 4
events, e.g. the component failures, the missed actuation 51gnals6 , the human errors®® %4,

the unavailability’s due to the test and maintenance activities®” °® 7 %73 51 common cause
contributions’’.

The house events represent the conditions set either to true or false, which support the
modeling of connections between the gates and the basic events, and enable that the fault tree
better represents the system operation and its environment.

Generic to the problem-solving process is the need to establish assumptions and conditions,
and for the fault tree analysis process issues that must be addressed are:

- Passive failures.

- Inadvertent operation.

- Secondary failure postulation.

- Errors of commission.

- System operating states.

During the fault tree development process it’s necessary to account Common Cause Failures
(CCF). The CCF are defined as failures of dependent components from shared root causes’’.
The CCF can result from:
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- Common cause initiating event resulting with the plant transient and increased unavailability
of several systems (e.g. earthquake).

- Intersystem dependency on joint event probability (e.g. fire resulting with the loss of two
systems).

- Intercomponent dependency (e.g. battery overrun).

Dependent events must be considered not only in the quantification, but also in the definition
of the accident sequences in the PSA. The common cause failures are modeled using common
cause basic events, which are basic events that represent multiple failures of components from
shared root causes. The quantification of the common cause basic events is through selection
of the appropriate” common cause model (e.g. Beta factor, Multiple Greek letters, and Alpha
factor).

Two types of results are obtained in a fault tree evaluation: qualitative and quantitative results.
Qualitative results include:

- Minimal cut sets (combinations of components failures causing system failure).

- Qualitative importance (qualitative rankings of contributions to system failure).

- Common cause potentials (Minimal cut sets potentially susceptible to a single failure cause).
The quantitative results include:

- Numerical probabilities (probabilities of system and cut set failures).

- Quantitative importance (quantitative ranking of contributions to system failure).

- Sensitivity evaluations (effects of changes in models and data, error determinations).

For the qualitative evaluations, the minimal cut sets are obtained by Boolean reduction, using
laws of Boolean algebra given in Table 3-1. The basic steps of Boolean reduction are:

- Express fault tree logic as Boolean equation.

- Apply rules of Boolean algebra to reduce terms.

- Treat results as a reduced form of Boolean equation.

- Redraw fault tree diagram to identify fault relationship.

The classic fault tree is mathematically represented”” > by a set of Boolean equations:

Gi= f(Gp, Bj,Hs);i, pe{l.P}, je{l.J},s e{l.S} (3.28)
Where:

Gp - Gate p.

Bj - Basic event j.

Hs - House event s.

P - Number of gates in the fault tree.

J - Number of basic events in the fault tree.

S - Number of house events.

The qualitative importance of the cut sets is identified by ordering the minimal cut sets
according to their size (number of basic events in the set). Because the failure probabilities
associated with the minimal cut sets often decrease by orders of the magnitude as the size of
the cut set increases, the ranking according to size gives a gross indication of the importance
of the minimal cut set. The identified minimal cut sets are screened in order to identify the
minimal cut sets that are potentially susceptible to common cause failures.
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Table 3-1 Laws of the Boolean algebra

Boolean Law Expression

X+Y=Y+X
XY=YX
(X+Y)+Z=X+(Y+Z)
(XY)Z=X(YZ)
X(Y+Z)=XY+XZ
(X+Y)Z=XZ+YZ
XX=X

X+X=X
X(X+Y)=X
X+XY=X
X+X'=1
Complementary Law | XX'=0

(X')Y=X
(XY)'=X"+Y'
(X+Y)=X'Y"

Commutative Law

Associate Law

Distributive Law

Identity Law

Redundancy Law

De Morgan's Theorem

The quantitative fault tree evaluation includes the following steps:
- Determination of the component failure probabilities.
- Calculation of the minimal cut set probabilities.
- Calculation of the system failure (top event) probability (unavailability).
The quantitative measures of the importance of each cut set and of each component (basic
event) can also be obtained. The term component represents any basic primary event shown in
the event tree. For components two failure probability models are considered: constant failure
rate per time and constant failure rate per cycle. Using these constant failure rate models the
time-dependent effects such as component burn-in and wear-out are ignored.
The calculation of the component unreliability in case of the constant failure rate per time
model is described in the 3.1 and given by Eq. (3.5). The failure rate A can be either a standby
failure rate or an operating failure rate. In case of the standby failure rate A the time period t
used in the Eq. (3.5) should be standby time, in the case of the operating failure rate, the t is
the actual operating time period. In case of components that have both operational modes, the
proper failure rate should be used with the proper time period. In case of the nonrepairable
components the component unreliability is equal to component unavailability, therefore:
o=t (3.29)
Where:
Q(t)- Component unavailability at time t.
A — Component failure rate.
For repairable failures, the component unavailability Q(t) is not equal to the unreliability. If
the repair process restores the component to a state where it is essentially as good as new, the
unavailability of the component is calculated using two approaches.
The first approach is when component is monitored and in this case the unavailability Q(t)
quickly reaches a constant asymptotic value Qy given by:

AT, _
QM_1+/1-TD =A-T, (3.30)
Where:
Qwm — Unavailability of the monitored component.
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Tp — The average online downtime obtained by statistically averaging the downtime
distribution.

A — Component failure rate.

For components not monitored but periodically tested, any failures occurring are not
detectable until the test is performed. The total average unavailability Qr for periodically

tested components is given as:

QT:L;+A-TR (3.31)
Where:

Qwm — Unavailability of the periodically tested component.

Tr — The average repair time obtained from downtime considerations.

T- The interval of the periodic tests.

A — Component failure rate.

In general , the Ty is small compared to the T, therefore the Eq. (3.31) can be approximated
as:

0, %T «<T (3.32)

I

The constant failure rate per cycle model, also called p-model, is applied when failures are
inherent to the component and are not caused by external mechanisms associated with the
exposure time. The reliability characteristics of the p-model are based on the one
characterizing value p, the probability of failure per cycle or per demand. For n demands in
time t and assuming independent failures, the reliability (R.) and the unavailability (Q.) are
given by:

R =1-0,=(1-p)" (3.33)
0. =np,np<0.1 (3.34)
Where:

R. - The reliability of the component.

Q. — The component unavailability.

n - Number of cycles.

p - The probability of failure per cycle.

As noted in the above equations, the reliability and unavailability do not depend explicitly on
time but on the number of cycles (demands) occurring in that time.

Once the components (basic events) reliability characteristics are obtained, the reliability
characteristics of the minimal cut sets can be evaluated. For a fault tree of a standby system,
such as nuclear safety system, the characteristic of principal concern is minimal cut set
unavailability denoted as Qucs.

Omcsi = OB1- Q2|01 QB3‘QBI NQOB2-...-OBm| Q81N OB2 ...\ OBm -1 (3.35)

Where:

Qwmcsi — The minimal cut set 1 probability.

Qgj — The probability of occurrence of basic event Bj (component unavailability).

Assuming the component failures are mutually independent®, recall from the section 3.1 that
the probability of an intersection is simply the product of the component probabilities result
with the following expression for calculation of the minimal cut set probability:

Quesi = ﬁ Oy (3.36)

Where:

Qwmcsi — The minimal cut set i probability.

Qgj — The probability of occurrence of basic event Bj (component unavailability).
m - Number of basic events in minimal cut set i.
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The probability of occurrence of basic event Bj is expressed as:

Os = Os1(T, 45 q)) (3.37)
Where:

Tj - Considered time interval.

Aj - Failure rate of the equipment modelled in the basic event j.

qj - Probability of failure of equipment modelled in basic event j.

Once the minimal cut sets are quantified, the next step is determination of the system
unavailability (top event probability) denoted Qgp defined as a probability that the system is
down at specific time point and unable to operate if called on. The top event probability is
given as:

Ocp = X Qucsi— T Quesinmesi + % Quesin mesin mesk — ...+ (—1)" Qﬂ McSi (3.38)

i=1

Where:
Qap - Top event probability.
Qwmcsi - Probability of occurrence of MCSi.
Quicsinmcs; - probability of occurrence of MCSi and MCS;j simultaneously.
If the minimal cut sets are not assumed as mutually independent, the second and the next
elements in Equation (3.38) are written as follows:
omcsinMcsj = QMCSi - QMCSj|MCSi (3.39)
OMCSINMCSiN..N\MCSn = QMCSi - QMCSJ|MCSi - ... - QMCSn|MCSin MCSj(..\MCSn-1 (3.40)
If the minimal cut sets are assumed as mutually independent, the second and the next terms in
Eq. (3.38) are written as:
OMCSiN MCSj = QMCSi - QMCSj (3.41)
OMCSINMCSiN ..\ MCSn = QMCSi - QMCSj - ... - OMCSn (3.42)
In either case, the Eq. (3.38) can be simplified and approximated accounting only the first
term as:
Qap = X Qucsi (3.43)

i=1
For Qumcsi less than 0.1, the approximate results stay in 10% of accuracy in the conservative
side. The approximate results show”” slightly higher failure probabilities than the exact value.
If Qumcsi have larger values, exact formulation as given by Eq. (3.38) is necessary.
In addition, the quantitative results obtainable from fault tree analysis include importance

measures for each minimal cut set and each component failure. The importance measures are
divided in two groups. The first group consists of the measure that is called Fussell-Vesely

Importance (FV)'"7* and gives fractional contribution to the system unavailability:
=0
FVk :1_ QGD(Qk ) :1_ 1 (344)
QGD RR Wk
Where:

FVy — Fussell-Vesely importance for component k.

Qgp — Top event probability.

Qap(Qx=0) — Top event probability when failure probability of component k is set to 0.

RRWj — Risk Reduction Worth for component k.

The second group of the importance measures depicts the change of the system unavailability
when the contributor’s failure probability is set to 0 or 1. These importance measures are
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named Risk Achievement Worth (RAW), also named as Risk Increase Factor (RIF) and Risk
Reduction worth (RRW), also named as Risk Decrease Factor (RDF), and they are defined as:

RAW, = 9ep(Q =1 (3.45)

RRW, = A (3.46)
O (0, =0)

Where:

RAW;{ — Risk Achievement Worth for component k.

RRWy — Risk Reduction Worth for component k.

Qop(Qx=1) — Top event probability when failure probability of component k is set to 1.
Qop(Qx=0) — Top event probability when failure probability of component k is set to 0.

Qop — Top event probability.

The presented importance measures are also used in the event tree analysis, with the
substitution of the Qgp (top event probability) with the calculated core damage frequency of
the corresponding plant.

An example of construction of the fault tree, for the High Pressure Injection System (HPIS) of
a NPP is presented. A simplified HPIS of a NPP with the Pressurized Water Reactor is shown
on Figure 3-6 , taken from corresponding reference’”. This system is normally in stand-by and
consists of three pumps and seven valves organized as shown on Figure 3-6. Under accidental
conditions the HPIS can be used to remove heat from the reactor in those events in which
steam generators are unavailable. For example, in case of a Small-Break Loss-Of-Coolant
Accident the HPIS safety function draws water from the Refueling Water Storage Tank
(RWST) and must discharge it into the cold legs of the Reactor Cooling System through any
of the two injection paths. Normally, pumps discharge into the injection paths A and B
through valves 26 and 27, although crossover valves 409, 410 and 411 provide alternative
flow paths in case of failure of the normal feed.

INJECTION Sy
PATH A alve
P - @ PUMP A (PA)
Valve 410 Valve 411
Valve 24
< | { '; PUMP B (FE) FROM RWST
Valve 409
Valve 25

o] o FUMP C (PC)
INJECTION Valve 27
PATH B

Figure 3-6 Example HPIS
Several analysis assumptions and constrains are applied during construction of the fault tree
for the HPIS given on Figure 3-6:
- No passive failures are considered in the fault tree (e.g. pipe breaks).
- No secondary failures are considered (e.g. loss of the power).
- Flow through lines is limited to direction marked with the red squares on Figure 3-6.
- An inexhaustible fluid supply is available to the pumps from RWST.
- Common cause failures are not accounted during fault tree construction.
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The common cause failures were excluded from the fault tree construction as a result of the

space limitation.

The constructed fault tree for the HPIS is given on Figure 3-7. The top event of the fault tree
given on Figure 3-7 is failure of the HPIS to deliver coolant flow through one of the two
injection paths A and B. The identified MCS together with the calculated probability are
given in Table 3-2.

Table 3-2 Identified minimal cut sets for HPIS

I\I;[I((;S Probability | Event 1 Event 2 Event 3 Event 4 Event 5

1 5.89E-08 FAILURE PA | FAILURE PB | FAILURE PC

2 8.82E-11 FAILURE PB | FAILURE PC | FAILURE V26

3 8.82E-11 FAILURE PA | FAILURE PB | FAILURE V27

4 3.40E-11 FAILURE V24 | FAILURE V25

5 1.32E-13 FAILURE PB | FAILURE V26 | FAILURE V27

6 7.71E-19 FAILURE PC | FAILURE V26 | FAILURE V409 | FAILURE V410

7 3.00E-21 FAILURE PA | FAILURE PC | FAILURE V409 | FAILURE V410 | FAILURE V411
8 1.16E-21 FAILURE V26 | FAILURE V27 | FAILURE V409 | FAILURE V410

9 4.49E-24 FAILURE PA | FAILURE V27 | FAILURE V409 | FAILURE V410 | FAILURE V411

Nine minimal cut sets are identified for the HPIS given on Figure 3-6. The main contributor to
the top event probability corresponding to system failure is from the minimal cut set resulting
from failure of all three pumps.
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3.3 PSA applications and Risk-Informed decision making

The Nuclear Regulatory Commission policy statement’® on the PSA encourages greater use of
this analysis technique to improve safety decision making and regulatory efficiency.
Licensee-initiated changes that are consistent with the currently approved regulatory NRC
positions (e.g., regulatory guides, standard review plans, branch technical positions, or the
Standard Technical Specifications) are normally evaluated using the traditional engineering
analyses. In the case of the licensee-initiated change requests that go beyond current NRC
positions, evaluation can be made using traditional engineering analyses as well as the risk-
informed approach”. In the areas in which the results of risk analyses are used to justify
regulatory action the corresponding regulatory guides are applied'>’® 7" 7®,

The Nuclear Regulatory Commission reviews new reactor license applications”” in
accordance with the Standard Review Plan® (SRP). The SRP is a guide for conducting safety
reviews of applications to construct and operate nuclear power plants and the review of
applications to approve standard designs and sites for nuclear power plants. The risk insights
are developed from probabilistic evaluations (PSA) and traditional evaluations (e.g., defense-
in-depth, expert panel). Risk insights are developed to facilitate identification of potential
design and performance issues that could be adverse to the plant risk®'.

3.4 Power system analysis methods

The primary technical function of a power system is to provide electrical energy to its
customers as economically as possible with an acceptable degree of continuity and quality,
known as reliability®. The two constraints of economics and reliability are competitive since
increased reliability of supply generally requires increased capital investment, as shown on
Figure 3-8. These two constraints are balanced in many different ways in different countries
and by different utilities, although generally they are all based on various sets of deterministic
criteria.

total

utility

customer

\ 4

reliability

Figure 3-8 Relation Cost-Reliability for power systems

A wide range of appropriate indices can be determined using probability theory. A single all-
purpose formula or technique does not exist. The approach used and the resulting formulas
depend on the problem and the assumptions utilized. Many assumptions must be made in all
practical applications of probability and statistical theory. The validity of the analysis is
directly related to the validity of the model used to represent the system. Actual failure
distributions rarely completely fit the analytical descriptions used in the analysis, and care
must be taken to ensure that significant errors are not introduced through oversimplification
of a problem.
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The most important aspect is that it is necessary to have a complete understanding of the
engineering implications of the system. No amount of probability theory can circumvent this
important engineering function. Probability theory is only a tool that enables an engineer to
transform knowledge of the system into a prediction of its likely future behavior. Only after
this understanding has been achieved, a model can be derived and the most appropriate
evaluation technique chosen. Both of these must reflect and respond to the way the system
operates and fails.

There are two main categories of evaluation techniques: analytical and simulation. Analytical
techniques represent the system by a mathematical model and evaluate the indices from this
model using mathematical solutions. Monte Carlo simulation methods, however, estimate the
indices by simulating the actual process and random behavior of the system. The method
therefore treats the problem as a series of real experiments. There are merits and demerits in
both methods. Generally Monte Carlo simulation requires a large amount of computing time
and is not used extensively if alternative analytical methods are available. In theory, however,
it can include any system effect or system process that may have to be approximated in
analytical methods. The predicted indices are only as good as the model derived for the
system, the appropriateness of the evaluation technique and the quality of the input data used
in the models and techniques.

Three historical methods used to determine power system reliability and generation adequacy
are presented in this section.

3.4.1 Percent Reserve Evaluation

The earliest method and most easily computed criterion for evaluation of generation system
adequacy is the percent generation reserve margin approach. This method is sensitive to only
two factors at one point in time.

Percent reserve evaluation computes the generation capacity exceeding annual peak load. It is
calculated by comparing the total installed generating capacity at peak with the peak load. The
criterion is based on past experience requiring reserve margins in the range of 15-25% to meet
demand. The load demand support meant that the frequency and magnitude of emergency
power purchases from neighboring power systems was reasonable and/or the number of
curtailments was small.

There are, however, disadvantages to the percent reserves approach. It is insensitive to forced
outage rates and unit size considerations, power transfer capacity and failures in transmission
network as well as to differing load characteristics of power systems. Although this approach
is a useful step in the analysis of generation reserve problems, it does not provide a complete
answer to how much generation capacity is required to adequately serve load demands.

3.4.2 Loss-of-the-Largest-Generating-Unit Method

Loss-of-the-largest-generating-unit method provides a degree of sophistication over the
percent reserve margin method by reflecting the effect of unit size on reserve requirements.
With the loss-of-the-largest-unit method, required reserve margin is calculated by adding the
size of the largest unit divided by the peak load plus a constant reserve value.

For example, if reserve requirements are 15% plus the largest unit, and the largest unit is 500
MW in a power system with a 5000-MW peak load, then the reserve requirement is 15% +
500/5000-(100%), or 25%. This approach begins to explicitly recognize the impact of a single
outage, that is, loss of the largest generating unit. Probabilistic measures are necessary to
extend this method to include multiple simultaneous outages.

Loss-of-the-largest-unit method, although simple, has a distinct advantage over the generation
reserve margin method. As larger units are added to a system, the percent reserves for a
system are implicitly increased by this method as needed. But similarly as percent reserve
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evaluation method, it is insensitive to forced outage rates of the units and power transfer
capacity and failures in transmission network.

3.4.3 Loss-of-Load-Probability Method

Loss of load probability consists of two segments in which the generating unit unavailability
is characterized by random outage rate (forced) and scheduled outage rate. The effect of
random outages is evaluated probabilistically, while that of scheduled outages is evaluated
deterministically.

The measure, termed "loss-of-load-probability" (LOLP) index, provides a consistent and
sensitive measure of generation system reliability. The term "loss of load probability" is
misleading in two respects. First, this index is not a probability, but is an expected number of
days per year of capacity deficiency. Second, it is not a loss of load, but rather a deficiency of
installed available capacity. Despite the misnomers, LOLP is the most widely accepted
approach for determining reserves in the utility industry today.

In power system analysis the application of LOLP is only limited to estimation of generation
adequacy and its application for overall system analysis is constrained.

3.4.4 Applications of probability theory to power systems

The following topics illustrate some areas, in which probability theory has and still is applied
to power system applications. Some areas are highly developed and used in practice whilst
others are in the development stage.

Structural reliability is of concern in many disciplines including that of line design. Factors
that affect short-circuit currents include fault location, fault type and system conditions. Since
they are random events, the fault current can also be described by a probability density
function. Taking into account the likelihood as well as the magnitude can have a major impact
on short-circuit rating. Previous conservative ratings could be increased if probabilistic
analyses are subsequently included. The stability of a system, in a similar manner to that of
short-circuit current analysis, is dependent on many random factors including the location of a
disturbance, injected powers, fault type, fault clearing times, system impedances, and system
configuration. Techniques have been developed® that enable the probability of stability to be
evaluated as a function of these variables. Power injections, loads, generation as well as the
network configurations all vary randomly with the time. Probabilistic load flow techniques
take these factors into account and evaluate relevant probability density functions for
parameters such as line flows, bus voltages and reactive power injections. Reliability
assessment is the most extensively studied application area.

3.4.5 Additional Reliability Measures

The standard® distribution reliability indices and factors that affect their calculation are given.
The indices are intended to be applied to distribution systems, substations, circuits, and
defined regions.

The first set represents the sustained interruption indices:

- System average interruption frequency index (SAIFI)

The system average interruption frequency index indicates how often the average customer
experiences a sustained interruption over a predefined period of time. Mathematically, this is
given in Equation (3.47):

Z Total Number of Customers _Interrupted

SAIFI = (3.47)

Total Number of Customers Served
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- System average interruption duration index (SAIDI)

This index indicates the total duration of interruption for the average customer during a
predefined period of time. It is commonly measured in customer minutes or customer hours of
interruption. Mathematically, this is given in Eq. (3.48):

SAIDI z Customers _ ]nterruption . Durations

(3.48)
Total Number of Customers Served

- Customer average interruption duration index (CAIDI)

CAIDI represents the average time required to restore service. Mathematically, this is given in
Eq. (3.49):
Z Customers _ Interruption _Durations

CAIDI = (3.49)

Total Number of Customers Interrupted

- Customer total average interruption duration index (CTAIDI)

This index represents the total average time in the reporting period that customers who
actually experienced an interruption were without power. This index is a hybrid of CAIDI and
is similarly calculated except that those customers with the multiple interruptions are counted
only once. Mathematically, this is given in Eq. (3.50):

Z Customers _ Interruption _Durations

CTAIDI = (3.50)

Total Number of Customers Interrupted

- Customer average interruption frequency index (CAIFI)

This index gives the average frequency of sustained interruptions for those customers
experiencing sustained interruptions. The customer is counted once regardless of the number
of times interrupted for this calculation. Mathematically, this is given in Eq. (3.51):

ZTotal Number of Customers _Interrupted
CAIFI = — — —

3.51
Total Number of Customers _Interrupted 3-51)

- Average service availability index (ASAI)

The average service availability index represents the fraction of time (often in percentage) that
a customer has received power during the defined reporting period. Mathematically, this is
given in Eq. (3.52):

Z Customers _Hours _Service Availability
ASAI =

(3.52)
Customers _Hours Service Demand

- Customers experiencing multiple interruptions (CEMIn)

This index indicates the ratio of individual customers experiencing more than n sustained

interruptions to the total number of customers served. Mathematically is given in Eq. (3.53):
Total Num of Cust expirience _morethan n_sustained _interr

cEmy, = Total _Num_of _Cust_exp = e = (3.53)

Total numer of customers _Served
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The next set of the reliability indices are the load based indices:
- Average system interruption frequency index (ASIFI)

The calculation of this index is based on load rather than customers affected. ASIFI is
sometimes used to measure distribution performance in areas that serve relatively few
customers  having relatively large  concentrations of load, predominantly
industrial/commercial customers. Theoretically, in a system with the homogeneous load
distribution, ASIFI would be the same as SAIFI. Mathematically, this is given in Eq. (3.54):

ZT otal Connected kVA of Load Interrupted
Total Connected kVA _Served

ASIFI = (3.54)

- Average system interruption duration index (ASIDI)

The calculation of this index is based on load rather than customers affected. Its use,
limitations, and philosophy are stated in the ASIFI definition. Mathematically, this is given in
Eq. (3.55):

ZConnected _kVA_Duration _of Load Interrupted

Total Connected kVA Served

ASIDI =

(3.55)

The additional, named momentary, indices used in the practice are the following three:
- Momentary average interruption frequency index (MAIFI)

This index indicates the average frequency of momentary interruptions. Mathematically, this
is given in Eq.(3.56):

z Total Number of Customers Momentary Interruptions
MAIFI =

(3.56)
Total Number of Customers Served

- Momentary average interruption event frequency index (MAIFIg)

This index indicates the average frequency of momentary interruption events. This index does
not include the events immediately preceding a lockout as given in (3.57):

z Total Number of Cust Momentary Interruption Events
MAIFI, =

(3.57)
Total Number of Customers Served

- Customers experiencing multiple sustained interruption and momentary interruption events
(CEMSMIn)

This index is the ratio of individual customers experiencing more than n of both sustained
interruptions and momentary interruption events to the total customers served. Its purpose is
to help identify customer issues that cannot be observed by using averages. Mathematically,
this 1s given in Eq. (3.58):

Total Number Cust Exper More Than n_ Interruption
CEMSMI, = ~2%= - mper Srore JAan M P

(3.58)
Total Number of Customers Served

Both duration and frequency of customer interruptions must be examined at various system
levels in order to adequately measure performance. The most commonly used indices are

229



SAIFI, SAIDI, CAIDI and ASAI. All of these indices provide information about average
system performance. Many utilities also calculate indices on a feeder basis to provide more
detailed information for decision making. Averages give general performance trends for the
utility; however, using averages will lead to loss of detail that could be critical to decision
making. For example, using system averages alone will not provide information about the
interruption duration experienced by any specific customer. It is difficult for most utilities to
provide information on a customer basis. The tracking of specific details surrounding specific
interruptions rather than averages will be, in the future, accomplished by improving tracking
capabilities.
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4 New method description

A description of the developed method and its procedures is given in the following sections.
Relations used for load point reliability indices calculations are presented, followed by the
explanation of the developed method.

4.1 Definition of reliability and importance indices

In order to estimate the frequency of Loss of Offsite Power initiating event, it is necessary to
develop method for estimation of the load supplying capability of the power system to each
load point of the system. Fault tree analysis approach was selected for estimation of reliability
indices of the power delivery to the house loads of the NPP in the system.
The corresponding fault tree is built for each load in the system. The unreliability of the
power delivery to the i-th load (Ugp;) is calculated through the top event probability of the
respective fault tree, and the weighted unreliabilities of power delivery to all loads are
considered to get the overall measure of the power system reliability:
NL
Ki
Rpg =1-ZUspi—=1-U 4 4.1)
K
i=1
Where:
Rps - Power system reliability.
Ups — Weighted system unreliability.
Ugpi - Unreliability of the power delivery to the i-th load (top event probability of the
respective fault tree).
NL - Number of loads in system.
Ki - Size of i-th load [MW].

% - Weighting factor for i-th load.

NL

i=1
The fault tree analysis is performed for each load in the power system and the weighted
system unreliability, given by Eq. (4.1), is calculated.

New risk importance measures are developed for the power system: Network Risk
Achievement Worth (NRAW) and Network Risk Reduction Worth (NRRW). They are
defined using the definition of the importance measures for fault tree given in Egs. (3.45) and
(3.46) and the weighted system unreliability expression given in Eq. (4.1). As the term
network is a descriptive term for the power system, NRAW and NRRW can be expressed as
power system risk achievement worth and power system risk reduction worth.

The NRAW" is defined as:

NL NL .
z Uegpi (Uk = I)Ki z UGDiKiRA Wi

U, (U, =1) 4 .
k i= i=

NRAW* = PSU" == == (4.3)

s z UesniK, Z UesniK,
i=1 i=l1
RAWk _ UGDi (Uk = 1) (4 4)
GDi — .

GDi
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Where:

NRAW* — Network risk achievement worth of the element k.

Ups — Weighted unreliability of the power system.

Ups(Ux=1) — Weighted unreliability of the power system when unreliability of the element k
is set to 1.

Ucpi(Ux=1) — Unreliability of the power delivery to the i-th load when unreliability of the
element k is set to 1.

NL- Number of loads in the system.

Ugpi — Unreliability of the power delivery to the i-th load.

RAWkGDi — Value of RAW for element k corresponding to the load i.

Ki — Capacity of i-th load.

The NRRW¥ is defined as:
NL NL
U z UGDiKi Z UGDiKi
NRRW* = O (UPS 0 == = UK 4.5)
ps\Yi = U. (U =0)K. opit™ i
; GD[( k ) i ; RRWGle
RRW), = — Yo (4.6)
UGDi (Uk =0)
Where:

NRRW* — Network risk reduction worth of the element k.

Ups(Ux=0) —Weighted unreliability of the power system when unreliability of element k is set
to 0.

Ucpi(Ux=0) — Unreliability of the power delivery to the i-th load when unreliability of element
kis setto 0.

RRWkGDi — Value of the RRW for element k corresponding to the load i.

The system importance measures NRAW and NRRW for elements groups are defined
similarly as importance measures for single elements, substituting Qps and Qgp; in Egs.(4.5)
and (4.6) with the:

Ups(Ug=1) — Weighted system unreliability when unreliability of elements in group g is set to
1.

Ucpi(Ug=1) — Unreliability of the power delivery to i-th load when unreliability of the
elements in group g is set to 1.

Ups(Ug=0) — Weighted system unreliability when unreliability of elements in group g is set to
0.

Ucpi(Ug=0) — Unreliability of the power delivery to i-th load when unreliability of elements
in group g is set to 0.

Elements groups may contain elements (components) of same type, elements corresponding
to specific substation or/any other combination.

4.2 Fault tree construction procedure

Switching substations are important elements of the power systems. A generator and/or a load
can be connected to each switching substation. The switching substations are interconnected
with the power lines, through which the power is transferred from generators and other
switching substations to the loads. The main task of the analysis is to identify the possible
interruptions of the power delivery to the load, to evaluate the probability of those
interruptions and to recognize the main contributing elements.

In order to start with the fault tree analysis, the corresponding fault tree should be built first
for each switching substation connected to a load. The principle of continuum of energy
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delivery is taken in account during the analysis. The fault tree structure corresponds to the
power system configuration and includes all possible flow paths of the power supply from the
generators to the loads. The power transfer limitations and common cause failures (CCF) of
power lines are included in the model together with the power flows and size of the generators
and loads in the power system. Common cause failures are failures of multiple equipment
items occurring from the single cause that is common to all of them.

The procedure of building fault trees for loads can be divided in three steps:

- Building of fault trees for the loads including load flow calculation and energy flowpaths
examination.

- Construction of fault trees for each substation.

- Qualitative and quantitative evaluation of the fault trees.

These steps are described in details in the following sections.

4.2.1 Fault tree construction of loads

The first step in developing the corresponding fault trees for loads is the identification of all
the possible energy delivery flow paths from adjacency matrix of the corresponding power
system. The six nodes system shown on Figure 4-1, is presented as an example for the
description of the method.

LOAD L1 @

ONE FIVE SIX
Lil Li2
CCF
LOAD L4
TWO THREE FOUR
CCF1

Figure 4-1 An example power system

The system consist of six substations, five generators in substations 1, 2, 3 and 6 and two
loads in substations 1 and 4. There are multiple generators (two in substation three) and
multiple lines (marked Lil and Li2 on Figure 4-1) between substations 1 and 2 in the example
system. The lines for which common cause failures (CCF) are accounted are marked on
Figure 4-1, CCF of lines due to the common tower and CCF1 of lines that are assumed to be
on a common right-of way for part of their length.

The adjacency matrix A of a simple graph is a matrix with the rows and columns labeled by
graph vertices, with a 1 or 0 in position (vi, vj) according to whether graph vertices vi and vj
are adjacent or not. The adjacency matrix A of an example system is given on Figure 4-2.

01 1110

1 01100

1 10100
A=

1 11000

1 000 01

0 00 01O

Figure 4-2 Adjacency matrix A of an example system
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Using the adjacency matrix A, all possible flow paths between generation (source) and
consumer (load) substations are identified, using developed recursive procedure for formation
of rooted trees of the graph of the system. Used recursive procedure is standard recursion with
the marking of passed nodes in order to avoid closed cycles.

The energy flow paths between the load and other substations in system are identified using
the rooted tree. A rooted tree is a tree in which a labeled node is singled out. The rooted tree
for substation 1 on Figure 4-1 is given on Figure 4-3. Dashed lines identify the energy flow
paths between substations 3 and 6 and the substation 1.

2 /
Lit R ’
‘ 3 —» 4
I;l,z,—" T 4 eeees 3
1 f:\\:\‘ 2 —  » 4
4 — 5 2
. em 2 e 3

-4 \
X 3 — 2

5 €------- 6

Figure 4-3 Rooted tree for substation 1
The identified flow paths of energy delivery between substations are tested for consistency,
namely:
1. Only a part of the flow path ending with the substation, directly connected to generators
with the total installed capacity equal or larger than load, is taken further for the overload test.
2. If there is overloaded line in the flow path obtained from previous test, then that flow path
is discarded.
3. If there is substation with the disrupted voltages in the flow path obtained from previous
test, then that flow path is discarded.
Test of overloaded lines in a flow path and voltages in the substations is performed using
direct current (DC) model given in details in the section 4.3.1.
In the consistency tests it is assumed that the energy is delivered to the load only from the
substations, where total installed capacity of generators is equal or larger compared to load.
This assumption does not correspond to real power systems, where each generator have share
of energy delivered to each load in a power system. Taking into account that all possible
combinations of flow paths of all substations with the generators and loads are included in the
model, it is postulated, that the model corresponds to the state of the real power system. This
postulation is based on a fact that distributed generation (generation from multiple small
generators) in most of the power systems have small share of total energy produced and the
majority of the loads in separate substations are smaller than net installed power of the
generators in the nodes.
Example of consistency test, for the system given on Figure 4-1 is given on Figure 4-4. Let
the total installed capacity of generator in substation 2 is smaller than load in substation 1,
line 2-4 is overloaded for specific flow path corresponding to energy delivery from substation
3 to substation 1 and voltage in substation 5 is higher than nominal in case of the failure of the
line 1-3. In that case, only flow paths marked with the dark solid lines on Figure 4-4 are
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accepted for fault tree construction. All other flow paths are discarded due to the lack of
generator (black dashed lines, substation 4), smaller generation than load (green lines,
substation 2), violated voltage (blue line from substation 6) or overload of the line (red dashed
line between substation 2 and 4 shows overloaded line; red line between substations 2 and 3 is
discarded too).

Figure 4-4 Discarded and accepted flow paths for test system
Flow paths accepted in previous test of consistency, are used in next step for the fault tree
construction. The fault tree for each substation connected to a load, is created using the
modular fault tree, shown on Figure 4-5 with the structure and the failure probabilities
inserted depending on the elements modelled. Basic events (BE) marked in red squares are
optional, depending on if there are CCF between lines or there are multiple generators in the
substation.

Top gate
500000

&

Line failure, Sum Bus failure
Gate 600000+ Gate 700000+

Line failure Line CCF Bus failure No Power to Bus
BE 200000+ BE 650000+ Gate 800000+ Gate 900000+

O O Lf] ()

Bus Failure |
BE 100000
Gen. failure
O Gate 750000+
1 1
Gen. 2 Failure Gen. Failure Gates from other
BE 400000 BE 400000 nodes in branch

O

@)

Figure 4-5 Modular fault tree used for fault tree construction
Procedure of building the fault tree includes following steps:
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1. Add OR gate (top gate named 500000) corresponding to the failure of the power delivery to
the substation.

2. If previously added gate is top gate exclude line failures gate, else add OR gate for those
failures (named 600000 or above) and corresponding basic events for line failures and CCF of
lines (named with the numbers starting from 200000 and 650000).

3. Add OR gate corresponding to substation failure (named with the numbers starting from
700000).

4. Add OR gates corresponding to substation failure (named with the numbers starting from
800000) and corresponding basic events (named with the numbers starting from 100000).

5. Add AND gate corresponding to failure to deliver energy to specific substation (named
900000 or above).

6. Add OR gates corresponding to generators failure in that substation (750000 and above) or
no energy from other substations connected to that substation (500001 and above).

7. Go to step 2 until all energy flow paths are accounted.

If there are multiple generators in the substation, as described in the step 6 of the procedure,
the failure of any of them will result with the failure of all generators in that substation. The
variation of step 6 was tested, with the change of added gates (750000 and above) from OR
type to AND type, and then adding OR gates (780000 and above) of all combinations of
generators (comparable to Loss of Load Probability method®®) larger or equal to the load as
shown on Figure 4-6. With this procedure more exact fault tree is constructed and deficiency
identified in the consistency testing of the energy flow paths concerning generators is
reduced. This approach wasn’t selected in developed method as a result of the truncation
limitations of the MCS identification module.

Gen. failure
Gate 750000+
Gen. failure Gen. failure Gen. failure
Gate 780000+ Gate 780000+ Gate 780000+  :
n a
[ | [ | |
Gen. 1 Failure Gen. 2 Failure Gen. 1 Failure Gen. 2 Failure Gen. 3 Failure
BE 400000 BE 400000 BE 400000 BE 400000 BE 400000

@) O O O @)

Figure 4-6 Optional construction of the generator failure gate

Common cause failures (CCF) of lines are modelled using the Beta factor®. Part of fault tree
built for substation 1 based on flow paths identified on Figure 4-4 is given on Figure 4-7.
Branches of the fault tree marked with the blue dashed lines are developed further and are not
given on Figure 4-7. Fault trees for all loads in the system are analyzed by computer code for
fault tree analysis with a bottom up algorithm. Minimal cut sets (MCS) satisfing predefined
cut-off, are identified. The default cut-off limit used for identification of MCS is cither a
limiting number of BE in a MCS, which should be eight or less, either limiting probability of
calculated MCS, e.g. QMCS<10'14. During the analysis in certain cases the default cut-off has
shown to be unsuitable and was changed in order to improve the number of identified MCS
and obtained results. Quantitative analysis is performed according to the equations given in
section 4.1.
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|
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BE 100000
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Gen. Failure, Bus 1
750000
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500001
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T

No power from Bus 2, Li 2

500002

Gen. Failure, Bus 1
BE 400000

Line Failure, Li 1
600000

No Power, Bus 2
900001

A
A
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Line Failure, Li 1 CCF,Lil1-Li2
BE 200000 BE 650000

O O

Figure 4-7 Part of the fault tree built for load 1 in the substation 1
The evaluation of the network reliability is a NP-hard problem®® requiring processor power
and memory allocation. Two major elements identify the size of the problem and the
necessary processing time. The first is the size of the fault trees built for each of the loads in
the system. Fault trees size depend on the number of substations (correlated to size of
adjacency matrix), loads (number of generated fault trees), lines in the power system (related
to number of possible energy flow paths) and size of the loads and generators and their
disposition in the system (number of accepted flow paths accounting power transfer
capabilities of the lines). Second element is efficiency of used fault tree analysis module and
used truncation limits in the calculations and this element is most time-demanding and
limiting in the method.
During the construction of the fault tree model for each of the substations in the system, the
following important issues are considered:
- Logical looping was avoided by careful consideration of the flow paths.
- All ends of flow paths are considered in order not to double count contributions, modelled
previously in the tree.
The verification of a proper fault tree modelling was done through examination of minimal
cut sets of small test systems in sense:
- If all minimal cut sets are really minimal.
- If all expected minimal cut sets appear in their respective listing.
The results of the verification of the procedure, fault tree modelling and powerflow
calculations are given in Appendix C.

4.2.2 Fault tree construction of substations

Example of a switching substation, consisting of load, two buses, four generators and three
lines (top of the figure) together with the corresponding simplified model representation of
the substation (down) is given on Figure 4-8.
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Switching substations used in the model correspond to the substations in real power systems,
which normally include several components as circuit breakers, protective relays, cut-out

switches,

disconnect

switches,

lightning  arresters,

communication and protection equipment.

fuses,

transformers

and other

BUSO1AI1
DS01001 iDSOlOOS j_Dsmm 1 ji)somn iD501023
CB01003 CB01006 CB01009 CB01012
CB01001
DS01006 JDS01012 Ds01018 DS01024
DS01007 DS01013 DS01019 DS01025
CB01004 CB01007 CB01010 CB01013
DSo1003 DS01008 _73501014 _1_3501020 DS01026
O
CB01002 DS01009 \Dso1015 DS01021 DS01027
CB01005 CB01008 CB01011 CB01014
DS01004
DS01010 DS01016 DS01022 DS01028
BUSO01A2

l:] Circuit breaker active (closed) :l Circuit breaker passive (open)

4 Disconnect switch active (closed) \I Disconnect switch passive (open)

Bus active (under voltage) Bus passive (no voltage)

Load | [Linet ] [Line2 | [Line3 ] e
BUSO1

Figure 4-8 Example substation and simplified model of the substation
Complexity of the substation depends on its configuration (single bus, sectionalized single
bus, breaker-and-a-half, double bus double breaker, and ring bus) and number of generators,
lines and loads connected into it.
Before starting the building of the fault tree for the substation it’s necessary to define the
function it has in the power system and to identify events, which represent failure of the bus.
One or more of the four major functions are realized through substations:
- Transfer of energy from generators to the system.
- Interconnection of lines and generators.
- Delivery of energy to loads.
- Protection of lines and substation elements from faults (short currents, lighting).
Additional functions (measurement of energy, integration of data and communications
equipment and similar) are realized in substations but those function are irrelevant for the
model. Protection equipment and its functions are also excluded from the analysis in order to
decrease complexity of the model. The final model used for the representation of the
substation, as given on Figure 4-8, accounts energy flow paths between lines, loads and
generators. In the simplified substation representation, given on bottom of Figure 4-8, bus
BUSO1 failure will result with the interruption of energy delivery from generators and lines to
load, disruption of power delivery from generators to lines and disruption of energy exchange
between power lines. Disruption of energy delivery paths through elements of the substation
is accounted during the construction of the fault tree.
Fault tree of simplified substation model on Figure 4-9 shows that the following events are
considered in the model as substation failure:
- Failure of any generator and all lines to deliver energy to load resulting from the substation
components failures.
- Failure of any generator to deliver energy to line due to the substation components failures.
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- Failure of any line to deliver energy to another line as a result of the substation components

failures.
| Substation Failure |

Failure to deliver energy from generators and lines to Failure to deliver energy from generators to lines Failure to transfer energy between lines due
load due to the failures of substation components due to the failures of substation components to the failures of substation components
Failure to deliver energy from Failure to deliver energy from
generators to load resulting from lines to load due to failures of
failures of substation components substation components

FETTIIIIIIIIIII I @ H

: [ | f

A Failure to deliver energy from Failure to deliver energy from
Generator 1 to load Generator 2 to load

Failure to deliver energy from Failure to deliver energy from

Generator 2 to load through Generator 2 to load through
BUSO01A1 BUS01A2

4n

[ R : [ E—— .

Disconnect switch DS01026 Circuit breaker CB01013 A Disconnect switch DS01027 Circuit breaker CB01014 A
fails to remain closed fails to remain closed fails to close fails to close

O O O O

Figure 4-9 Fault tree for simplified substation representation
On Figure 4-9, gates are represented with the boxes with the logical operators, boxes with the
circles represent basic events and triangles symbolize continuation of the model or transfer to
other FT.
Type and number of events taken as substation failure in the model are conservative but they
correspond to the simplified representation of the substation shown on Figure 4-8. Normal
states of the circuit breakers and disconnect switches (normally open or normally closed) are
assumed and modelled in the fault tree using two failure probabilities (active and passive) for
each of the substation elements (fails to close, fails to remain closed), including the buses.
Building of the fault trees and calculation of top event probability and corresponding
importance measures is done using commercial software®’,
Configurations of the substations used in the analysis are given in Appendix B.

4.3 Approximate DC load flow model and line overload test

The approximate direct current (DC) power flow model is obtained from the alternating
current (AC) power system model, approximating that voltages in all buses are equal to
nominal, considering the differences of angles of voltages are very small and neglecting the
losses in power system. DC power flow model gives a linear relationship between the power
flows through the lines and the power injection at the nodes.

The principal information obtained from a power-flow study is the magnitude and the phase
angle of the voltage at each bus and the real and reactive power flowing in each line. Obtained
information can be used in further analyses complementary with the other methods for safety
and reliability assessment.
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The power-flow problem solving can be done using the bus admittance matrix Yy or the
driving-point and transfer impedances that compose Zy,s. The starting point of the analysis is
the single-line diagram of the system. Transmission lines are represented by their per-phase
nominal — 7 equivalent circuit for the medium length line®™. A medium length lines are
roughly between 80 km and 240 km long. A medium length line can be represented
sufficiently well by series resistance R and series inductance X as lumped parameters, as
shown on Figure 4-13, with the half the capacitance to neutral of the line lumped at each end
of the equivalent circuit. Shunt conductance G is usually neglected in overhead transmission
lines when calculating voltage and current. The same circuit represents the short line if
capacitors are omitted. The lumped parameter representation can be used for lines up to 320
km long.

If the total shunt admittance, usually pure capacitance, of the line is divided into two equal
parts placed at the sending and receiving ends of the line, the circuit is called a nominal &t as
shown on Figure 4-12 and on Figure 4-13.

For each line numerical values for the series impedance Z and the total line-charging
admittance Y (usually in terms of line-charging megavars at nominal voltage of the system)
are necessary to determine all the elements of the NxN bus admittance matrix with the typical
element Yj;:

Y, = ‘Yz‘f‘Zé‘f ‘KJ‘COS J; +j‘Yl.j‘sin 9y =G, + jB; (4.7)

Where:

Y;; — Element 1-j of the bus admittance matrix, measured in Siemens.

| Y;; | - The magnitude of the admittance matrix i-j element.

d;; — The phase of the admittance matrix i-j element.

Gijj — The conductance of the admittance matrix i-j element, measured in Siemens.

Bij — The susceptance of the admittance matrix i-j element, measured in Siemens.

Other essential information includes transformer ratings and impedances, shunt capacitor
ratings and transformer tap settings. In advance of each power-flow study to certain bus
voltages and power injections must be given known values.

The voltage at a typical bus i of the system in polar coordinates is given by:

U, =|U,|£6, =|U|(cos 6, + jsin6),) (4.8)

Where:

Ui — The voltage in bus 1.

| Ui | - The magnitude of the voltage in the bus i.

0i - The phase of the voltage in the bus 1.

The voltage at another bus j is similarly written by changing the subscript from i to j. The net
current injected into the network at bus 1 in terms of the elements Yj, of Yy, is given by the
summation:

N
L=YU+Y,U,+...+Y,U, =>Y,U, (4.9)
n=l
Where:
I; - The net current injected at bus 1.
U, - The voltage in bus n.
Y, — The element i-n of the admittance matrix.
N- Number of buses in the system.
Let P; and Q; denote the net real and reactive power entering the network at the bus i. Then,
the complex conjugate of the power injected at bus 1 is:

N
P-jO,=U; 2. Y,U, (4.10)
n=l1
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Where:

P; — The net active power injected at the bus i.

Qi - The net reactive power injected at the bus 1.

U’"; — The conjugate of the voltage of the bus i.

U, - The voltage in bus n.

Y, — The element i-n of the admittance matrix.

N- Number of buses in the system.

Entering substitution from Eq. (4.7) and (4.8) in Eq. (4.10) following relation is obtained:

N
P—-jo =Y. £68,+6, -6, (4.11)
n=1

Where:

di; — The phase of the admittance matrix i-n element.

0i - The phase of the voltage in the bus i.

Expanding Eq. (4.11) and equating real and reactive parts following equation is obtained:

R = §|YvinUiUn|cos(5m + Hn - 01) (412)
n=1
N

9, :_Z

n=1

Yin UiUn

Y,UU,|sin(5, +6, -6, (4.13)

Equations (4.12) and (4.13), using Eq. (4.7) can be written as:

B =U, 30, [G, cos(6, - 6,)+ B, sin(6, - ,)] (4.14)
n=l1

gk#ﬂﬁWAhwma—ar&wm@—@ﬂ (4.15)
n=l1

i=1,N

Equations (4.14) and (4.15) define Alternated Current (AC) model®” for the net real P; and
reactive power Q; entering the network at the bus 1.

Let Py denote the scheduled power being generated at bus 1 and Py denote the scheduled
power demand of the load at that bus. Same notation goes for reactive power at bus i as
shown on Figure 4-10.

Figure 4-10 Notation for active and reactive power at a typical bus i in power flow studies
Net real and reactive power entering the network at the bus 1 is given by equations:

P=P,-P, (4.16)
0 = Qgi -0y (4.17)
i=1,N
Where:

P; — The net active power injected at the bus i.

P4 — The active power generated at bus 1.

Pg4i - The scheduled power demand of the load at bus 1.
N- Number of buses in the system.
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For all buses in the system, except for the slack bus, the values for scheduled power being
generated at buses P, and Qg are given, together with the scheduled power demand of the
loads P4 and Qgi. These values, using Eq. (4.16) and (4.17) define the net real and reactive
power injected into the network.

Using input data, Egs. (4.14) and (4.15) can be solved, obtaining the module and phase angle
of voltages in all buses except the slack bus.

Calculated voltages of the buses can be used for calculation of power flows through lines in
the power system, given by equations:

P = |Ut|2Yt/ sin p,, +|Ut|'|U1|'|Yﬂ|Sin(Ht —6,-p,) (4.18)
: AR
O, = |Ut| Y, cos p, _|Ut|'|U1|'|Yt1|COS(9t —0,—py)- ) (4.19)
R
py = areig(1) (4.20)
k=1,M
Where:

k - The line between buses t-1.

Py — The net active power flow through line k.

Qx — The reactive power flow through line k.

| Ui | - The magnitude of the voltage in the bus t.

| Yei | - The magnitude of the admittance matrix t-1 element.

0, - The phase of the voltage in the bus t.

pu — The phase of the impedance.

Ry — The resistance of the line k.

Xy — The reactance of the line k.

M - number of lines in the system

System of equations given by Egs. (4.14) and (4.15) is linear and it is solved with the iterative
approaches (the Gauss-Seidel method and the Newton - Raphson method) but their major
characteristic of them is slow calculation time and problems with the convergence™.

Major characteristic of approximate methods for power flow calculations is linear
approximation of the Egs. (4.14) and (4.15), modifying the problem on level to be solvable
fast without iterations, and with the small demand for computer memory and processor
power.

4.3.1 Direct current (DC) model

The DC power flow model greatly simplifies the calculations by making a number of
approximations including:

1. Exclusion of the reactive power balance equations from analysis.

2. Assumtion that all substations voltages are equal to one per unit.

3. The losses of the interconnections are neglected.

The named approximations presented as equations will be:

|U,.|z1pu;_i:1,N (4.21)
sin(0.-60,)~0.-0,; i=1,N;k=1,N (4.22)
cos(0.-6,)=1; i=LLN;k=1N (4.23)
Where:

| Ui | - The magnitude of the voltage in the bus i.
0; - The phase of the voltage in the bus 1i.
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Approximation given by Eq. (4.21) states that the magnitude voltage in all buses in the
analyzed system is equal to nominal voltage, well corresponding for normal regime balanced
networks. Equations (4.22) and (4.23) state that difference in angles (phase) of voltages in
high voltage networks is very small and this approximation correspond to the state in the real
systems®*".

Substituting approximations given by Eqgs. (4.21), (4.22) and (4.23) in Eq. (4.14), following
simplified equation is obtained for net real injected power at buses:

N N N N

R’ = Z [Gin + Bm (ei - Hn )] :Z Gin +9i ZBM - zBf” 9” (4.24)
n=1 n=1 n=1 n=1

i=1LLN

Where:

P; — The net active power injected at the bus i.

N- Number of buses in the system.

Gin — The conductance of the admittance matrix i-n element.

Bin — The susceptance of the admittance matrix i-n element.

0i - The phase of the voltage in the bus 1.

If there are no shunt active resistance in the network, accounting the definition of matrixes
[G] and [B] of the conductances and susceptances of lines in network the following result is
obtained:

ﬁ:Bm =0 iGm =0i=1N (4.25)
n=l1 n=1

Following relation is obtained from the substitution of Eq.(4.25) in Eq. (4.24):
N
P=>1[-B,p, i=LN (4.26)

n=1
Improved results are obtained if the series active resistance of the network elements is
neglectedgg’89 during the formation of matrix [B] of lines susceptances.
The relation between net injected reactive power and voltages is obtained following the same
procedure:
[0]=[-B]v] (4.27)
i=1,N
Where:
[Qi] — The matrix of the injected reactive powers in the buses.
[B] — The matrix of susceptances of lines.
[U] — The matrix of the voltages in the buses.
Unknown angles of voltages in linear system of Eq. (4.26) are calculated as:

[6]=[z]~] (4.28)
Where:
[z]=[-B]" (4.29)
Where:

[0] — The matrix of the voltage phases.

[Z] — The matrix of the network impedances.

If approximations given by Egs. (4.21), (4.22) and (4.23) are introduced in Eq. (4.18) then
active power flow in line k between buses (t-1) will be:

et —9[

k

Py =Y,(0,-06,)= (4.30)

k=1,M
Where:
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Py — The real (active) power flow through line k.

Xx — The reactance of the line k between buses t-1.

0; - The phase (angle) of the voltage in the bus t.

Equation (4.30) states that active power flow in line depends only on line impedance and
difference of the voltage angles on both ends of line.

4.3.2 Relation between line power flows and injected power of generators
Correlation of the matrix of difference of the voltage angles of lines and voltage angles in
buses is given in form:

[6,1=[4]'[0] (4.31)
Where:

[6,]- The matrix of difference of voltage angles of lines.

[A]— The adjacency matrix of the network.

[@]- The matrix of voltage angles in buses of network.

Accounting Eq. (4.30), the active power flows through lines can be written in matrix form as:
[£,]1=[Y,1[6,] (4.32)
Where:

[Py] — The matrix of net real (active) power flows through interconnections.

[Yy] — The admittance matrix of the network.

[6,]- The matrix of difference of voltage angles in lines.

With the substitution of [6,] from Eq. (4.31) and [#] from Eq. (4.28) into (4.32):
[R1=[%14]' [Z][P] (4.33)
Where:

[A]" — The transpose adjacency matrix of the network.

[Z] — The impedance matrix of the network.

[P;] — The matrix of injected active power in the buses of the network.

Substituting [P] from Eq. (4.16), Eq. (4.33) transforms into:

[£]= [K,][A]T[Z][[Pg] —[F, ]] (4.34)
Where:

[P,]- The matrix of the active power generated at the buses.

[P4] - The matrix of the power demand of the load at the buses.

With the introduction of the approximation® * that power of loads in all buses of system is
proportional to the sum power of the system P (equal to the sum of all loads in system),
independently of the size of Py matrix [P,] can be written in form:

[F]=[a]P, (4.35)
Where:

P — The sum of the power system load active power.

[o] — The matrix of the loads share in the summary system load.
Elements of matrix [«]are defined as:

P

o, =4 4.36
= p (4.36)
i=L,N

Data for load distribution is included in the input data, therefore the elements of matrix [«]

are defined.
As stated previously, line losses are neglected in DC model, therefore:
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P, =P, (4.37)

Where:
Py — The sum of generated active power in the system.
The P,_, total power generated by the generators in the system, is given as:

gs 2
P, =[L]'[P,] (4.38)
Where:

[L] — The matrix column with the dimensions (Nx1) and elements equal to 1.
Introducing the Eqgs. (4.36), (4.37) and (4.38) in Eq. (4.35), matrix [P,] of the power demand

of the load at the buses is obtained as:

[P 1=[a]L]'[F,] (4.39)
Substituting Eq. (4.39) in (4.34), following relation is obtained for power flows through lines:
[Pb]=[Y;,]'[A]T'[Z]'[[E]—[Of][L]T]'[Pg] (4.40)

Equation (4.40) defines relation between power flows through lines and power of generators
and can be written in form:

[P]=[H][P,] (4.41)
Where:
[H]=[Y,]-[4]" -[Z]-[E]-[a]L]] (4.42)

Matrix [H] given by Eq. (4.42) have dimensions (MxN). Taking account that not all buses
have generators, matrix [F,] is sparsely filled. With the reduction of matrixes [H] and[PF, ],

multiplication with the zero elements is avoided in Eq. (4.41).
Dimensions of the matrix [H] after reduction are (MxNGQG), including only columns

corresponding to buses with the generators.

4.3.3 Calculation of the elements of the matrix [H]

Calculation of the elements of the matrix [H] can be done using relation given by Eq. (4.42).
This approach, accounting that matrixes [A] and [Y}] are sparsely filled, is unproductive.

The relation for the matrix [H] given by Eq. (4.42) can be written in form:

[H]=[W]-[F] (4.43)
Where:
W1=1Y,1[4]' [Z] (4.44)
[F1=[E]-[e]lL] (4.45)
Matrix [V, ]is diagonal matrix with the elements equal to lines admittances given as:
1

Y, =— 4.46

113 Xl ( )
Y, =0;j#1i
i=LM;j=1M
Where:

X; — The reactance of the line 1.
Transpose adjacency matrix [A]" is sparsely filled matrix, giving information about

interconnection of the buses with the lines.
Taking notation that the lines are directed from bus with the smaller to bus with the larger
index, elements of row 1 of matrix [ 4] corresponding to line I(m-n) are:

A, =0,j=LN;j#m;j#n
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A, =LA, =-1;(m<n) (4.47)
Elements of the matrix [F] are:
F,=-a;j=1N;j#i

F.=1-a;i=1LN (4.48)

With the substitution and multiplication in the Eq. (4.44) following relation is obtained for the
elements of the matrix [W]:

W, = —(Z’"’ Zy) =,N (4.49)
Xl

The relation for calculation of the elements of matrix [H] is obtained with the substitution of
Egs. (4.48) and (4. 49) in (4.43), as:

_Zw =2y a(Z,—2,).
H, = X Z Y =1,M (4.50)
Sum on the right side of the Eq. (4.50) is constant for all elements of row 1, therefore Eq.
(4.50) can be written as:

Z -7
=Zw T § = LNG,I=1,M
X

i

N

S, = Z“(Z —Zu) 4.51)
i=1

Where:

Hj; — The element I-j of the matrix [H].

Zyj — The element m-j of the impedance matrix [Z].

S; — The element 1 of the assisting matrix [S].

b

4.3.4 Modifications of the matrix [H]

Line failures and change of the load distribution result in change of the elements of matrix
[H]. Elements of matrix [H] can be calculated using Eq. (4.51) but this approach is inefficient
from the aspect of the calculation time. Therefore, several procedures for correction of the
elements of the matrix [H] are developed in case of line failure or addition of new line,
improving the calculations.
The matrix [Z] in case of line failure or addition of new line is changed resulting with the
change of matrix [H].
New matrix [Z] resulting from new state of the system can be obtained from matrix [Z] of the
previous state using relation:
Iz =[z]+[pz]| (4.52)
In the case of failure or switch off of the line k(I-t) elements of correction matrix [DZ] can be
obtained using relation:

(Zn' _Zh)(Zz/ _ZI/)

DZl.j = ZVPO (4.53)
i=LN;j=1LN

Where:

ZVPQ=2,+2,-2Z,- X, (4.54)

The Eq. (4.53) in case of the addition of new line k(I-t) to the system, will change in the term
ZVPQ calculated as:
ZVPQ=Z,+72,-27Z,+X, (4.55)

Correction of the matrix [H] is done using matrix [DH] and following relation:
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|7')=[H]+[DH] (4.56)
Making the substitution from Eq. (4.43) and (4.44):

[DH] =Y, ][4 [Z][F] (4.57)
Elements of matrix [DH] are calculated with the expression:

bz,-Dz, _i o, (DZ,, -~ DZ

Xl i=l Xl
Sum on the right side of the Eq. (4.58) is constant for all elements of row 1, therefore equation
can be written as:

DH, = w)j 1M (4.58)

DZ, -DZ,
DH,=—=20"Z%0 _ pg,. j =1,NG
1
N —
DS, =y (DZ’;"( DZ,) (4.59)
i=1 1

Elements of k™ row of the matrix [H ] have zero values resulting from setting X, =o0

corresponding to the switching off of the line / in the system.
|7, |=0;j=1,NG (4.60)

4.3.5 Modifications of the matrix [H] in case of the load failure

Load failure of one or more loads result with the change of overall distribution of the load in
the system resulting with the change of the matrix [a] :

[']=[a]+[Da] 4.61)
Where:

[a’] — The final matrix of the share of the loads in total system load.

[a] — The matrix of the share of the loads in total system load.

[Da] — The matrix of the change of the share of the loads in summary system load.

Changes of the matrix [o] results in the changes of the matrix [F]:

[F]= [£]- (o] + [DaLY (4.62)
Equation (4.62) can be written as:

|F'|=[F]+[DF] (4.63)
Where:

[DF]=[Da]L] (4.64)
Where:

[L] — The matrix column with the dimensions (Nx1) and elements equal to 1.
Equation (4.64) defines elements of the matrix [DF ] with the relation:

DF, =a, -a, (4.65)
i=LN;j=1LN

Elements of the matrix [H ] are obtained from Eq. (4.56) and values of [DH ] calculated as:
\Dr | =Y, ]-[4]-[z]- [DF] (4.66)

Replacing values of [DF| defined by Eq. (4.65) in the Eq. (4.66), values of [DH] are
obtained as:

DH, =Y (e~ a)(Z, - Z,) @467)

[ i=1
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I=1LM

Where:

DHj; — The element 1-j of the correction matrix [DH].

X — The reactance of the line 1.

Zim — The element i-m of the impedance matrix [Z].

a; — Share of the load 1 in total system load.

o'; — Correction of the load 1 share.

Equation (4.67) shows that values of DH for same row / are equal resulting with the fast and
efficient correction of matrix [H |.

4.3.6 Network separation resulting from the line failure

For the system shown on Figure 4-11, failure of line k(l-t) result with the system separation
on two independed parts. For indication of network separation the ZVPQ is used, calculated
with the Eq. (4.54).

k(l-t)

X

I

Figure 4-11 Two regions system
In case of network separation due to line k failure following relation is satisfied:

Z,+72,-2Z,=X, (4.68)
Where:

Z — The element t-t of the impedance matrix [Z].

Xy — The reactance of the line k.

Therefore:

ZVPQ=Z72,+72,-2Z,-X, =0 (4.69)

As a result of finite arithmetic’s and rounding errors, the ZVPQ may be different from zero
but still near that value, indicating separation of the network.

If ZVPQ indicate separation of the network, then it’s necessary to identify buses, constituting
separated part of the network, shown as Region “B” on Figure 4-11.

If network is separated, due to the line failure, then, accounting Eq. (4.53), it is necessary to
divide with the ZVPQ, resulting in division by zero.

For those buses, for which dividend is different from zero:

Z,-Z,#0 (4.70)

the infinite input impedance is obtained, indicating that buses are located in the separated
Region “B” of the network.

For those buses, for which dividend is equal to zero:

Z,-7Z,=0 (4.71)
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the term 0/0 is obtained for element of [DZ]matrix, and the input impedance remains the
same as before line k(I-t) failure.

Comparison of the subtraction terms given by Egs. (4.70) and (4.71) is normally done using
value near but not exactly equal to zero.

4.3.7 Separated model of the power system

Power flows of active and reactive power in the power system can be calculated from voltages
of buses in the system.

Nominal 7 circuit of a medium-length transmission line is given on Figure 4-12.

.- 1 Y.
P, Q; i k k

Lik

Figure 4-12 & circuit of a medium-length transmission line
Current flowing from bus i to bus k is given as:

I, =Y U -U,) (4.72)
Where:

I, , - Current (complex) from bus 1 to bus k.

Y. , - Admittance (complex) of the line i-k.

U. - Voltage (complex) in the bus i.

Using Eq. (4.72), the power flowing from bus i to bus k is given as:

Sy =U L =U;Y ~Y U, (4.73)
Where:

S, . - Power (complex) flowing from bus 1 to bus k.

1 j_k - Conjugate (complex) of the current flowing from bus i to bus k.
U, - Voltage (complex) in bus i.
With the introduction of the substitutions:

U, =|U,|£6, =|U,|(cos, + jsin6,) =U, exp(,6,) (4.74)
LT

Y., =Y, exp|:_](3_5i—k )} (4.75)

in Eq. (4.73), the following result is obtained:

P, =Y Ulsina, , +Y_ UU,sinl, -6, -35.,) (4.76)

0., =Y Ulcosa,  ~Y UU,cos(d, -6, -5, ) (4.77)

Where:

P_, - The net real (active) power flow through line i-k.
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Q. ., - The reactive power flow through line i-k.
Y., - The magnitude of the admittance of the line i-k.
U. - The magnitude of the voltage in the bus 1.

0i - The phase of the voltage in the bus 1.

0i.x — The phase of the admittance of the line i-k.

Kirchhoff’s First Law states that the sum of currents entering a junction equals the sum of
currents leaving, resulting in the following relations for powers:

N
P =P, (4.78)
i=i
N
0,=20.,-9 (4.79)
e
Where:

P, - The net real (active) power injected at bus 1.

P_, - The net real (active) power flow through line i-k.

O, - The reactive power injected at bus 1.

Q. , - The reactive power flow through line i-k.

Q7 - Sum capacitive reactive power of all lines connected to node i.
N — The number of the buses in the network.

For a high voltage network, the following approximations®**’ can be introduced:

0, =0 (4.80)
sin(@, —6,)= 6, -0, (4.81)
U.|~U,,i=1,N (4.82)

If approximations given by Egs. (4.80) and (4.81) are introduced in Eq. (4.76), the following
relation for active power flows is obtained:

Pi—k = Bi—kUiUk (61‘ - ek) (4.83)

B, , - The susceptance of the line i-k.

On the basis of Egs. (4.78) and (4.83), the following result is obtained for injected active
power in node i:

N N
P = Uj ZBi—kHi - ZBi—kek (4.84)
k=1 k=1
k#i k#i
Equation (4.84) is satisfied for each node, therefore it can be written in matrix form:
|P'|=v?|B] a0 | (4.85)
Where:

[P'] - The matrix of the active power injected into buses.
U, — The nominal voltage of the network.
[B'] - The matrix of the network susceptance.

[d 49'] - The matrix of the differences of voltage angles (phases).
The equation (4.84) shows that diagonal elements of matrix [B ] are equal to the negative sum

of non-diagonal elements resulting with the singularity of matrix [B' ] The sum of all injected
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power in node is equal to zero corresponding the fact that losses are neglected resulting with
the equality between power of generators and power of loads in the system.

As a result of the singularity of the matrix [B' , for given injected power, [P' ], only difference
of the voltage angles (but not their actual value) from slack bus can be calculated.

Using Eq. (4.85), the angle differences are calculated and those values are substituted in the
Eq. (4.83) in order to calculate active power flows.

With the introduction of the approximation:

cos(d,-6,)=1 (4.86)
and substitution of Egs. (4.80) and (4.86), Eq. (4.77) transforms into:

O = Bi—kUiz -B._ . UU, (4.87)
Where:

Q. ., - The reactive power flow through line i-k.
B, , - The susceptance of the line i-k.
U. - The magnitude of the voltage in the bus 1.

Replacing Eq. (4.87) in Eq. (4.79), the following relation is obtained for injected reactive
power:

N N

0, +0; = UizzBi—k _UizBi—kUk (4.88)
k=1 k=1
k#i k#i

If products of squares with the voltage differences, given by Eq. (4.88), are neglected and
introduction of the following relation for the bus voltages:

U,=U,+AU;;j=1n (4.89)
Where:

U, - The magnitude of the voltage in the bus j.

U, - The nominal voltage of the network.
AU - The difference of the magnitude of the voltage in the bus j from the nominal voltage.

The following relation is obtained:

o, +Qic = Unzn:Bi—kAUi _UniBi—kAUk (4.90)
o i

On the basis of Eq. (4.90), the following matrix relation can be written:

lo'|+|o*]=vu,|B'|-|aU] (4.91)

Where:

[Q'] - The matrix of the reactive power injected into buses.

‘Q"’ - The matrix of the sum reactive powers of lines connected to corresponding node.

U, — The magnitude of the nominal voltage of the network.
[B ] - The matrix of the network susceptance.

[AU ] - The matrix of the differences of voltage angles (phases).

Matrix [B] is the same as used for active power calculations in Eq. (4.85).

Using Eq. (4.91) the voltage difference of the voltages in the nodes compared to slack node
can be calculated. Using calculated voltages, using Eq. (4.87), flows of reactive power
through lines can be calculated. Equations (4.91) and (4.85) define separated model of the
network, with the split calculations of the active and reactive power flows.
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4.3.8 Improvement of the reactive power flow calculations

As a result of the singularity of the matrix [B'], the losses of the reactive power in Eq. (4.91)

are not included. The losses of reactive power can’t be neglected, especially in regimes of
maximum load, which are most critical from the aspect of reliability. Therefore, the
improvement of calculations of reactive power flows and inclusion of loses in those
calculations, is needed.

. R X
Pi}Qi l \l | k Pk:Qk

U;

__ Bi2=q ___ Bi2=q

Figure 4-13 Equivalent circuit of a medium-length line
The q is equivalent reactive power generated from line between nodes 1 and k, calculated
using relation:

Where:
2
P
AO. = X| =k 4.93
0.-4{2) s
AQ. =BU; (4.94)
Where:

X — The line i-k reactance.

U, — The magnitude of the nominal voltage.

Pix — The active power flow through line i-k.

B — The line i-k susceptance.

From equivalent circuit of a line given on Figure 4-13, the following relation is obtained:
R UAU, ,

R (495

Where:

Qi — The injected reactive power at node i.

q — The reactive power generated from line between nodes i and k.

R — The resistance of the line between nodes 1 and k.

X — The reactance of the line between nodes i and k.

Pix — The active power flow between nodes 1 and k.

U, — The magnitude of the nominal voltage.

AUjy — The difference of the magnitude of the voltage between nodes 1 and k.

Equation (4.95) is satisfied for all branches of the network including transformers with the

capacity equal to zero.

Equation (4.95) can be represented in a matrix form as:
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0. ]-10.,)+1g]+[4])-[8,]-[8,]-[]-U, [B]- [aU] = 0 (4.96)
Where:
[QgiJ - The matrix of the generated reactive power in corresponding buses.

[0,,] - The matrix of the reactive power demand in corresponding buses.
[q] - The matrix of the generated reactive power from the lines.

[A] - The adjacency matrix.

[Bb] - The lines reactance matrix.

[Rb] - The lines resistance matrix.

[P,] - The matrix of the active power flow through lines.

U, - The magnitude of the nominal voltage.

[B] - The lines susceptance matrix.

[AU ] - The matrix of the difference of the magnitude of the voltage compared to nominal.
The Eq. (4.96) can be rewritten in the form:

lo]-u,[B]-[aU]=0 (4.97)
Where:
lo]=lo, |-[0,]+1a]+[4][8,] [8,]-[R] (4.98)

Equation (4.97) represents more exact model for flows of reactive power and voltages
compared to Eq. (4.91).
Solving the Eq. (4.97), the voltage differences [AU ] used for calculation of the reactive

power flows are obtained.

4.3.9 Line overload and substation voltage test

Using the approximate DC flow method presented in the previous chapters, the flows of
power (active and reactive) through lines and the voltages in the substations are calculated for
normal and for the single line failure regimes.

In the calculations of the continuous load ratings of the line, the reactive power flows through
line are accounted as:

Pline = V Ptlf _Q;low (499)

Where:

Piine - Continuous load rating of the line.

P, - Thermal load rating of the line.

Qsiow - Maximum reactive power flow through line.

Thermal load rating of the line Py, is updated with the ambient temperature, multiplying it
with the correction factor defined as:

80-T
Keorr = ﬁTamb (4.100)

Where:

keorr — Correction factor for continuous load rating.

Tamb — The ambient temperature in o

Using updated continuous load rating, the lines are tested with the power flows calculated in
simulations, identifying the lines that have flows larger than rating given with the Eq. (4.99).
Identified overloaded lines are stored in matrixes: ppgr(overloaded line), nppgr(counter) and
prgr(percentage of overload). The substation voltages are compared to predefined nominal
values and those, who are outside predefined nominal range, are identified and stored in
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matrixes nap(substation with the voltage problem), nnap(counter), pnap(voltage in
substation). These matrixes are used for checking overload lines and voltages in flow paths.
The procedure for consistency testing contains the following steps:

1. Compare flows through the lines that constitute tested flow path, with the continuous load
rating of those lines, when lines, which are not included in the flow path fail (single line
failure).

2. If overloaded line is found in step 1, then discard that flow path and check next flow path.
3. Check, if there are violated voltages (outside predetermined nominal range) in the
substations constituting flow path, when lines, that are not included in the flow path, fail.

4. If flow path passes overload and voltage tests, accept it for the fault tree construction.

5. Go to step 1, until all flow paths are checked.

The voltage consistency test described in the step 3 of the procedure can be omitted from the
test procedure. Namely, the application of the voltages consistency tests for specific power
systems configurations results in a large increase of the unreliability of the power delivery
resulting from the discarded energy flow paths. This is case for the power system
configurations with the non-uniform distribution of the generated and consumed reactive
power, resulting with substations voltages outside the nominal range. The voltage consistency
test for these power system configurations can be omitted from the test procedure.

Many power systems are built or have been designed with the relatively strong transmission
network. When analysis is done to those systems™®, several modifications are made in order to
weaken the system for conducting the transmission reliability studies. Those modifications are
mostly connected with the disconnection of multiple lines in the power system. With the
disconnection of lines, the overall structure and power flows within the system are changed,
not corresponding to flows in a real system. In the proposed method, the power flows in
normal and single line failure regime are accounted together with the voltages in the
substations. Only selected energy paths are accounted in the fault tree construction discarding
those, which are overloaded, as a result of limitations of transfer capacity or violated voltages.
Discarded flow paths depending on power flows have direct implication on reliability of
power delivery and on overall power system reliability (a smaller number of flow paths
results in a smaller number of alternative power delivery paths and increased unreliability).
Reduction of the number of flow paths reduces the number of gates in a fault tree and the fault
tree size.

4.4 Description of the computer code

A computer code was developed on the basis of the method described in the previous
chapters. The code was created in the Compaq Visual Fortran Professional Edition v 6.0.0
environment, and it includes 4622 lines. The Figure 4-14 shows the block diagram of the
code. The first step of the code includes the subroutines for reading input parameters of the
network used for power flow and reliability calculations. The adjacency matrix is created
simultaneously during this step. Next section of the code creates matrix H that, as shown in
section 4.3.3, is used for power flow calculations. The power flows through lines and voltages
in the substations are calculated for normal and for the single line failure regime in the
following section of the code. The obtained results are stored and used during consistency
tests. The next section of the code is the procedure for the construction of the fault trees for
loads in the system and conatin the following steps:

- Using the adjacency matrix identify all energy flow paths with the procedure described in
the section 4.2.1.

- Identified energy flow paths test for consistency as shown in the section 4.3.9.

- Accepted energy flow paths use for fault tree construction as described in the section 4.2.1.

- Convert the identification of the basic events from numbers to names.
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- Save constructed fault trees in external file.

The following naming practice was used for the names of the basic events:

- The names of the generators basic events are in the form “G2 101-1” where “G” is for
generator, following number “2” identifies the failure mode, “101” identifies the substation
where it is connected, and final number “-1” identifies the specific generator in the power
plant.

- The lines basic events are in form “L1-101 103” where “L” stands for line failure, following
number “1” or “2” identifying the failure mode of the line (1 for line failure, 2 for CCF),
“101” identifies the starting substation of the line and “103” the end substation of the line.

- The substations basic events are in the form “B1-101"" where “B” is for the substation, “1” is
failure mode and “101” is the identification of the substation.

Read input data

Form matrix H for the DC load flow calculations

|

Calculate power flows and voltages in the network
and store them

|

Construct FT for each load in the network:

- Using adjacency matrix identify all energy flow paths.

- Test energy flow paths for consistency.

- With accepted energy flow paths construct fault tree
with numeric representation of the basic events.

- Convert the basic events in the fault tree from numeric to
character (name) representation.

A

Identification of the MCS from the built fault trees
Repeat cycle for all loads in the system

A 4

Quantification of the identified MCS and calculation
of the importance measures

!
[ o)

Figure 4-14 Block diagram of the program
After the construction of the fault trees, the next step is their qualitative analysis and
identification of the minimal cut sets from each of the created fault trees. This step is the most
time consuming part of the evaluations.
The identified MCS are stored in array and used in the last procedure of the code where,
quantification of the MCS is done using the reliability parameters. Rare event approximation,
given in the section 3.2.1, is used for the MCS quantification. Quantitative results include
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calculation of the top event probabilities and calculation of the importance measures for
elements and elements groups.

The computer code is optimized for speed with the application of the efficient algorithms and
optimal usage of the memory. The structure of the code is built to allow future parallelization
of the program in order to increase its efficiency. The use of the separate subroutines and
variables organized into modules was applied during the writing of the code, improving the
readability and description of the program.
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5 Models and Results of the Power System Reliability Analysis

In the following chapters, the selected results obtained from the developed method are
presented. The analysis was done for two systems: the IEEE Reliability Test System®’ and
simplified Slovenian Power System. The IEEE Reliability Test System was selected because
it is a standardized test system used in power system reliability analysis, because the input
data for the parameters of the system exist and because the complexity of the test network is
similar to the complexity of the real system. The IEEE Reliability Test System includes two
nuclear power plants situated in separate substations, allowing testing of the applicability of
the developed method for estimation of the Loss of Offsite Power initiating event frequency
for the corresponding NPP. After verification of the developed method on the IEEE test
system, the practical application of the method was realized on the simplified Slovenian
Power System including nuclear power plant KrS§ko. The implications of the addition of new
lines and change of generation and load are investigated for Slovenian Power System and the
obtained results are presented.

5.1 IEEE test system

The IEEE reliability test system®’ is given on Figure 5-1, consisting of: 24 substations, 18
substations directly connected to loads, 7 substations connected to 32 generators and
interconnected with the 38 power lines. For 14 lines, the common cause failures (CCF) were
considered. The IEEE reliability test system is selected, because it’s specially designed to be
used for different static and dynamic analyses and because of the availability of the reliability
parameters of the system elements, including two nuclear power plants among generating
capacities. The parameters used in the analysis are given in the Appendix D.

The nuclear power plants in the IEEE RTS are situated in the substations 18 and 21. The load
of size 20 MW was added in the substation 21 in order to account house load of the NPP in
the analysis.

5.2 The results for the IEEE test system

The obtained results for the IEEE test system are presented in the following sections. Analysis
was done with and without consideration of the substations voltages in the flow paths test
procedure. The application of the substations voltages consistency test in the method for
specific power system configurations results in the large unreliabilities of power delivery,
therefore analysis with both approaches is done.
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Figure 5-1 IEEE-96 Reliability test system

SUB 7

5.2.1 The results for IEEE-RTS without consideration of the substations
voltages

The analysis of the IEEE RTS was done without consideration of the substations voltages in
the energy flow path consistency tests. From the fault trees built for the loads in the system,
the MCS were identified and ordered by their contribution to the top event probability. Ten
the most important MCS identified from the fault tree built for the load in the substations 18
are given in Table 5-1. The basic event BE “G2 118- 1” corresponds to the failure of the
generator in the substation 118, BE “G2 121- 1” to the generator failure in substation 121, the
BE “G2 123- 3” to the failure of the generator 3 in the substation 123. Line failures are
identified with the BE “L1-117 118" corresponding to the failure of the line between
substation 117 and substation 118 and BE “L2-118 121" for the CCF of lines between
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substation 118 and 121. The basic event BE “B1-118” identifies the failure of the substation
118.
Table 5-1 Identified MCS for power delivery to the load in the substation 18

No. | Event 1 Event 2 Event 3 Event 4

1 G2118-1|G2121-1 G2 123-3

2 G2118-1]G2121-1 G2 123-2

3 G2118-1|G2121-1 G2 123-1

4 G2 118-1|L2-118 121 | L1-117 118

5 G2118-1|L1-118 121 | L1-117 118

6 B1-118

7 G2118-1|G2121-1 L1-116 117 | L2-115 121
8 G2118-1|G2121-1 L1-116 117 | L1-115 121
9 G2118-1]G2121-1 B1-123

10 | G2118-1 | Bl1-121 G2 123-3

The identified MCS for the house load of the nuclear power plant in the substation 21 are

given in Table 5-2.
Table 5-2 Identified MCS for power delivery to the load in the substation 21

No. | Event 1 Event 2 Event 3 Event 4 Event 5
B1-121
G2121-1|G2122-3|G2118-1|L1-116 117 | L2-115 121
G2121-1|G2122-5|G2118-1|L1-116 117 | L1-115 121
G2121-1|G2122-5|G2118-1|L1-116 117 | L2-115 121
G2121-1|G2122-1|G2118-1|L1-116 117 | L1-115 121
G2121-1|G2122-3|G2118-1|L1-116 117 | L1-115 121
G2121-1|G2122-4|G2118-1|L1-116 117 | L1-115 121
G2121-1|G2122-4|G2118-1|L1-116 117 | L2-115 121
G2121-1|G2122-6 | G2118-1|L1-116 117 | L1-115 121
0 [G2121-1|G2122-6|G2118-1|L1-116 117 | L2-115 121

— |\ O |0 | I[N | |W|N|—

The unreliability of the power delivery to the corresponding loads was calculated using the
identified MCS. The obtained results are given in Table 5-3.

The first column in Table 5-3 identifies substation where load is connected. The second
column gives the unreliability of the power delivery to the respective load. The third column
gives the weighting factor equal to the share of the load (the last column in the table) in the
total system load. The fourth column gives the product of the unreliability and the weighting
factor. The fifth column shows the load size in the substation. The results in Table 5-3 show
that the largest unreliability is obtained for the loads situated in the substations 15, 18 and 13.
This result is obtained due to the size of the corresponding loads and unreliabilities of the
related substations where they are connected. The unreliability of the power delivery to the
house load of the nuclear power plant connected in the substation 21 is substantially smaller
than the value obtained for the load in the substation 18. This result is obtained as a result of
the larger load in the substation 18 (sum of house load of the nuclear power plant and the load
of other consumers) and more reliable interconnection of substation 21 with the rest of the
power system through substations 22 and 15.
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Table 5-3 Calculated unreliabilities for the IEEE RTS

Load The unreliability of the | Weighting Weighted unreliability of | Capacity
substation | power delivery to the load | factor the power delivery [MW]
15 2.31E-03 1.10E-01 2.54E-04 317
18 2.30E-03 1.16E-01 2.66E-04 333
13 1.39E-04 9.20E-02 1.28E-05 265
20 4.47E-05 4.44E-02 1.99E-06 128
7 4.11E-05 4.34E-02 1.79E-06 125
9 9.96E-06 6.08E-02 6.05E-07 175
10 9.96E-06 6.77E-02 6.74E-07 195
14 3.71E-06 6.74E-02 2.50E-07 194
19 3.55E-06 6.28E-02 2.23E-07 181
3 2.56E-06 6.25E-02 1.60E-07 180
6 7.29E-07 4.72E-02 3.44E-08 136
8 6.56E-07 5.94E-02 3.90E-08 171
4 1.88E-07 2.57E-02 4.83E-09 74
5 1.51E-07 2.47E-02 3.71E-09 71
2 3.59E-08 3.37E-02 1.21E-09 97

1 3.57E-08 3.75E-02 1.34E-09 108
21 2.26E-08 1.04E-02 2.36E-10 30
16 1.99E-08 3.47E-02 6.91E-10 100
Weighted system unreliability 5.39E-04

System reliability 0.99946

The obtained NRRW importance measure, for selected elements of the power system, are
given in Table 5-4.

Table 5-4 Basic events with the largest NRRW

BE BE description NRRW

G2 118-1 | Generator 118-1 failure | 1.04E+02
G2 121-1 | Generator 121- 1 failure | 1.04E+02
G2 123-3 | Generator 123- 3 failure | 1.98E+00
G2 123-1 | Generator 123- 1 failure | 1.33E+00
G2 123-2 | Generator 123- 2 failure | 1.33E+00

The results in Table 5-4 show that elements with the largest NRRW importance measure are:
generator situated in substation 18 (BE “G2 118- 17), substation 21 (BE “G2 121- 1”) and
generators in substation 23 (BE “G2 123- 17, BE “G2 123- 2” and BE “G2 123- 3”). The
obtained high NRRW importance measures for these generators are resulting from their size.

The obtained NRAW importance measures, for selected elements of the power system are
given in Table 5-5.

Table 5-5 Basic events with the largest NRAW

BE BE description NRAW

B1-118 Substation 118 failure 2.20E+02
B1-115 Substation 115 failure 2.05E+02
B1-113 Substation 113 failure 1.72E+02
L1-107 108 | Line 107 — 108 failure 1.07E+01
G2 118-1 Generator 118-1 failure | 8.26E+00
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The results in Table 5-5 show that elements with the largest NRAW in IEEE RTS are:
substations 18, 15 and 13 (BE “B1-118”, BE “B1-115” and BE “B1-113”), line between
substation 7 and substation 8 (BE “L1-107 108”) and generator connected in substation 18
(BE “G2 118- 17). The large NRAW for substations 18, 15 and 13 is resulting from the size of
the loads connected in those substations. The failure of the line between substation 7 and
substation 8 will disconnect substation 7 from the power system. The large NRAW for the
generator of nuclear power plant situated in substation 18 is anticipated accounting that this
unit is the largest in the power system.

The results obtained for the RRW importance measures from the fault tree built for the power
delivery to the load in the substation 18, are given in Table 5-6.

Table 5-6 Basic events with the largest RRW for load in the substation 18

BE BE description RRW

G2118-1 Generator 118-1 failure | 1.17E+05
G2 121-1 Generator 121-1 failure | 5.56E+04
G2 123-3 Generator 123-3 failure | 2.00E+00
G2 123-1 Generator 123-1 failure | 1.33E+00
G2 123-2 Generator 123-2 failure | 1.33E+00

Elements that have the largest RRW values are generators situated in substations 18, 21 and
23, and these elements are important from the aspect of nuclear safety and unreliability of the
power delivery to the load in the substation 18, which partly includes the house load of the
nuclear power plant.
The results obtained for the RAW importance measures from the fault tree built for the power
delivery to the load in the substation 18, are given in Table 5-7.

Table 5-7 Basic events with the largest RAW for load in the substation 18

BE BE description RAW

B1-118 Substation 118 failure 4.33E+02
G2 118-1 Generator 118-1 failure | 8.33E+00
G2 121-1 Generator 121-1 failure | 8.33E+00
G2 123-1 Generator 123-1 failure | 7.00E+00
G2 123-2 Generator 123-2 failure | 7.00E+00

The large RAW obtained for the substation 18 (BE “B1-118”) identified in Table 5-7 is
expected, accounting that failure of substation will directly interrupt offsite power delivery to
the house load of the nuclear power plant connected into it. The failure of the generator of the
nuclear power plant situated in the substation 18 (BE “G2 118- 17) together with the nuclear
power plant situated in the substation 21 (BE “G2 121- 17) are identified in Table 5-7.

The obtained results for the RRW importance measures for the power delivery to the house

load of the nuclear power plant in the substation 21 are given in Table 5-8.
Table 5-8 Basic events with the largest RRW for load in the substation 21

BE BE description RRW

B1-121 Substation 121 failure 1.05E+02
G2 121-1 Generator 121-1 failure | 1.31E+00
L2-115 121 CCF 115 - 121 lines 1.25E+00
G2 118-1 Generator 118-1 failure | 1.12E+00
Li1-116 117 Line 116 — 117 failure 1.01E+00

Table 5-8 show that the elements with the largest RRW for the nuclear power plant in
substation 21, are: substation 21 (BE “B1-121") and generator of the nuclear power plant
connected into it (BE “G2 121- 1), generator of the nuclear power plant in substation 18 (BE
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“G2 118- 17), line between substation 16 and substation 17 (BE “L1-116 117”) and CCF of
lines between substation 115 and 121 (BE “L2-115 121”). The appearance of line between
substation 16 and substation 17 in Table 5-8 is resulting from the fact that the failure of this
line will disrupt energy flow in top region of the power system, where substation 21 and
corresponding nuclear power plant are situated. The CCF of lines between substations 15 and
21 degrades interconnection between the substation 21 and the power system.

The results obtained for the RAW for the power delivery to the house load of the nuclear

power plant in the substation 21, are given in Table 5-9.
Table 5-9 Basic events with the largest RAW for load in the substation 21

BE BE description RAW

B1-121 Substation 121 failure 4.42E+07
Li1-116 117 Line 116 — 117 failure 2.07E+01
L2-115 121 CCF 115 — 121 lines 1.95E+01
BI1-115 Substation 115 failure 1.93E+01
L2-118 121 CCF 118 — 121 lines 2.84E+00

The same elements are identified to have high RAW values as those identified for the RRW.
The substation 15 failure (BE “B1-115") and CCF of lines between substation 18 and
substation 21 (BE “L2-118 1217) are additionally identified.

To summarize, the obtained results show that the major contributors to the weighted system
unreliability are substations 18 and 21 and adjacent nuclear power plants. From the aspect of
the nuclear safety, the major contributors to the unreliability of the power delivery to the
house loads of the nuclear power plants are identified using the obtained importance
measures. The CCF of the lines between substations 118 and 121 and CCF of the lines
between substations 116 and 117 are identified as important from the aspect of the nuclear
safety.

5.2.2 Change of the cut off used in the analysis

The analysis of the fault trees built for the loads situated in the substations 16 and substation
20 of the IEEE RTS, with the default truncation limits given in Table 5-10 resulted with the
code failure to identify the MCS. This result is obtained because of the large number of the
MCS that passed default cutoffs. The multiple (four) lines are connected in both substations,
and default cutoff will result with the inclusion of all branches bellow AND gate (related to
power delivery from other substations through those lines) in the fault tree, exceeding the
capabilities of MCS identification module®. The selection of the appropriate truncation limit
was done by trials of different cutoffs. The selected truncation limits used in the analysis for

loads in the substations 16 and 20 are given in Table 5-10.
Table 5-10 Used truncation limits in analysis

Analysis Default cutoff | Load 16 | Load 20
Probability cutoff 1.00E-12 1.00E-09 | 1.00E-14
Number of BE in MCS | 7 7 5

5.2.3 The results for IEEE-RTS with the consideration of the substations
voltages

Analysis of the IEEE RTS, with the inclusion of the substations voltages in the energy flow

paths consistency test procedure was done and the obtained results are presented. The

identified MCS from the fault trees built for the house load of the nuclear power plants in the

substations 18 and 21 are given in Table 5-11 and in Table 5-12.
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Table 5-11 Identified MCS for power delivery to the load in the substation 18

No. | Event 1 Event 2 Event 3 Event 4
1 G2118-1|G2121-1
2 G2 118-1 | L2-118 121 | L1-117 118
3 B1-118
4 G2 118-1 | B1-121
5 G2 118-1 | L2-118 121 | L2-121 122 | L2-115 121
6 G2 118-1 | L2-118 121 | L2-121 122 | L1-116 117
7 G2 118-1 | L2-118 121 | L2-121 122 | L1-115 116
8 G2 118-1 | L2-118 121 | L2-117 122 | L2-115 121
9 G2 118-1 | L1-118 121 | L3-118 121 | L1-117 118
10 | G2118-1|L2-118 121 | L2-117 122 | L1-116 117
Table 5-12 Identified MCS for power delivery to the load in the substation 21
No. | Event 1 Event 2 Event 3 Event 4 Event 5
1 G2121-1[G2122-1 | G2118-1[G2116-1|G2115-6
2 G2121-1[G2122-2 | G2 118-1|G2116-1| G2115-6
3 G2121-1]G2122-5|G2118-1|G2116-1| G2115-6
4 G2121-1]G2122-3 | G2118-1[G2116-1[G2115-6
5 G2121-1]1G2122-4 | G2118-1|G2116-1| G2115-6
6 G2121-1[G2122-6 | G2118-1[G2116-1|G2115-6
7 G2121-1]G2122-4 | G2118-1|G2116-1| G2115-4
8 G2121-1]G2122-1 | G2118-1|G2116-1| G2115-3
9 G2121-1G2122-4 | G2118-1|G2116-1|G2115-2
10 | G2121-1|G2122-5]G2118-1|G2116-1|G2115-1
Table 5-13 Calculated unreliabilities for the IEEE RTS
Load The unreliability of the | Weighting Weighted unreliability of | Capacity
substation | power delivery to the load | factor the power delivery [MW]
1 2.40E-01 3.75E-02 9.00E-03 108
2 2.40E-01 3.37E-02 8.08E-03 97
7 1.20E-01 4.34E-02 5.21E-03 125
15 1.44E-02 1.10E-01 1.59E-03 317
18 1.44E-02 1.16E-01 1.67E-03 333
20 4.43E-05 4.44E-02 1.97E-06 128
16 2.49E-05 3.47E-02 8.65E-07 100
9 7.40E-06 6.08E-02 4.50E-07 175
10 7.40E-06 6.77E-02 5.01E-07 195
21 5.21E-06 1.04E-02 5.42E-08 30
8 6.22E-07 5.94E-02 3.69E-08 171
19 6.22E-07 6.28E-02 3.91E-08 181
13 5.15E-09 9.20E-02 4.74E-10 265
3 2.33E-09 6.25E-02 1.46E-10 180
14 2.33E-09 6.74E-02 1.57E-10 194
4 1.56E-09 2.57E-02 4.01E-11 74
5 1.56E-09 2.47E-02 3.85E-11 71
6 1.56E-09 4.72E-02 7.37E-11 136
Weighted system unreliability 2.55E-02
System reliability 0.9745
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Using the identified MCS the unreliability of the power delivery to the corresponding loads
was calculated with the obtained results given in Table 5-13.

The results in Table 5-13 show that the largest unreliability of the power delivery is obtained
for the loads in the substations 1, 2 and 7. The comparison of the results in Table 5-13 and
results in Table 5-3 (voltages not accounted in the method) indicate substantial change of the
results. The obtained unreliabilities for these substations are result of the low voltages in these

and adjacent substations, as shown in Table 5-14.
Table 5-14 Calculated voltages in the substations of the IEEE RTS for normal regime

SLlf;‘SC:a o f&ﬁ%é‘;‘tzon LoadMW) | Load(Mvar) | Un(%) | Un(kV)
1 101 108 %) 7963 11099
2 102 97 20 7938 | 109.5
3 103 180 37 84.05 | 116
4 104 74 5 78.07 | 107.7
5 105 71 14 7769|1072
6 106 136 28 7582 | 104.6
7 107 125 25 8023 | 1107
g 108 171 35 77.02 | 1063
9 109 175 36 8072 | 111.4
10 110 195 40 78.69 | 108.6
1 11 0 0 8377 | 192.7
12 112 0 0 8323 | 1914
13 113 265 54 8507 | 197.7
14 114 194 39 8757 | 2014
15 115 317 64 10139 | 2332
16 116 100 20 9739 | 224
17 117 0 0 100.16 | 2304
18 118 333 68 101.97 | 234.5
19 119 181 37 0446 | 2173
20 120 128 26 903.18 | 2143
21 121 20 0 102.63 | 236
22 122 0 0 10129 | 233
23 123 0 0 0297 | 2138
24 124 0 0 9277 | 2134

The weighted system unreliability in Table 5-13 is larger than in Table 5-3 obtained without
consideration of the substations voltages. This result is obtained because introduction of the
voltages in the energy flow path test procedure results in a larger numbers of discared flow
paths. This results in the decreased number of the alternative flow paths of power delivery to
the corresponding loads and the increased unreliability of power delivery.

The NRRW for selected elements of the power system are given in Table 5-15.
Table 5-15 Basic events with the largest NRRW

BE BE description NRRW

G2 101- 1 | Generator 101-1 failure | 1.17E+00
G2 101- 2 | Generator 101-2 failure | 1.17E+00
G2 102- 1 | Generator 102-1 failure | 1.16E+00
G2 121-1 | Generator 121-1 failure | 1.15E+00
G2 118-1 | Generator 118-1 failure | 1.15E+00
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The results in Table 5-15 show that elements with the largest NRRW importance measure are:
generators in substation 1 (BE “G2 101- 1” and BE “G2 101- 2”), generator in substation 2
(BE “G2 102- 17), generator in substation 21 (BE “G2 121- 1”) and substation 18 (BE “G2
118- 17). The ranking in Table 5-15 of the generators in substation 1 and 2 is result of the low
voltages in those and adjacent substations.

Table 5-16 show NRAW for selected elements of the power system are given in.
Table 5-16 Basic events with the largest NRAW

BE BE description NRAW

B1-118 Substation 118 failure | 6.04E+00
B1-115 Substation 115 failure | 5.36E+00
B1-113 Substation 113 failure | 4.60E+00
G2 107-1 Generator 107-1 failure | 2.63E+00
L1-115 116 | Line 115-116 failure 1.06E+00
L2-115 121 | CCF 115-121 line 1.01E+00

The results in Table 5-16 identify the following elements: substation 18 failure (BE “Bl-
118”), substation 15 (BE “B1-115”) and substation 13 failure (BE “B1-113”), substation 7
generator failure (BE “G2 107- 17), line between substations 15 and 16 failure (BE “L1-115
116) and CCF of the lines between substations 15 and 21 (BE “L2-115 121”). The cause of
the large NRAW for the substations 18, 15 and 13 is described in the section 5.2.1. The large
NRAW for generator situated in the substation 7 is result of the weak interconnection (one
line only) of the substation 7 to the power system. Failure of line between substations 15 and
16 and CCF of lines between substations 15 and 21 will disrupt power flows to top region of
the IEEE RTS.

The results obtained for the importance measures for the load in the substation 18 are given in

Table 5-17.
Table 5-17 The RRW and RAW importance measures for the load in the substation 18

BE BE description RAW RRW

G2 118-1 Generator 118-1 failure | 8.33E+00 | 7.29E+05
G2 121-1 Generator 121-1 failure | 8.33E+00 | 3.29E+05
BI1-118 Substation 118 failure | 6.93E+01 | 1.27E+03
L1-117 118 | Line 117-118 failure 1.00E+00 | 3.04E+02
L2-118 121 | CCF 118-121 line 1.00E+00 | 1.70E+00

The results in Table 5-17 show that the same elements are identified to have the largest RRW
and RAW for the load in the substation 18: generator in substations 18 (BE “G2 118- 1”) and
21 (BE “G2 121- 17), substation 18 failure (BE “B1-118”), line between substation 17 and 18
(BE “L1-117 118”) and CCF of the lines between substation 118 and 121 (BE “L2-118
1217).

The results obtained for the RRW importance measures for the house load of the nuclear

power plant in the substation 21 are given in Table 5-18.
Table 5-18 Basic events with the largest RRW for the load in the substation 21

BE

BE description

RRW

G2 121-1

Generator 121-1 failure

2.32E+02

G2118-1

Generator 118-1 failure

2.32E+02

G2116-1

Generator 116-1 failure

2.30E+02

G2115-6

Generator 115-6 failure

1.50E+00

G2 122-6

Generator 122-6 failure

1.20E+00
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The elements in Table 5-18 include generators in the substation 21, 18, 16 and substation 15.
The results obtained for the RAW importance measures from the fault tree built for the power

delivery to the house load in the substation 21 are given in Table 5-19.
Table 5-19 Basic events with the largest RAW for the load in the substation 21

BE BE description RAW

B1-121 Substation 121 failure | 1.92E+05
G2 116-1 | Generator 116-1 failure | 2.49E+01
G2 122- 6 | Generator 122-6 failure | 1.74E+01
G2 122-1 | Generator 122-1 failure | 1.74E+01
G2 122- 3 | Generator 122-3 failure | 1.74E+01

The identified elements in Table 5-19 include substation 121 failure (BE “B1-121"). Other
elements in Table 5-19 are equal to those identified in Table 5-18.

Truncation limits shown in Table 5-10 were used in the analysis.

To summarize, the obtained results demonstrate the implication of the introduction of the
substations voltages in the test procedure to the results. The increases of the unreliabilities of
power delivery for all loads are notified, especially for those situated in substations with the
low nominal voltages. The obtained results indicate the need for more strict definition of the
intervals of the nominal voltages of the substations from operational experience in order to be
applied in the method.

5.2.4 Summary of the results obtained for the IEEE RTS

The most important findings from the obtained results are:

- The applicability of the developed method was tested and confirmed on the IEEE RTS. The
obtained results include identified MCS, unreliability of the power delivery to the
corresponding loads and importance measures for the specific loads and whole power system.
The obtained results for the unreliability of the power delivery to the house loads (self
consumption) of the nuclear power plants can be used for the estimation of the Loss of offsite
power initiating event and resulting core damage frequency. The obtained results also verify
the applicability of the developed method for the quantification of the consequences on the
nuclear safety resulting from changes in the power system, and identification of the most
important elements of the power system from aspect of nuclear safety.

- The most important contributors to the weighted system unreliability for IEEE RTS are: the
substations 18 and 21 together with the nuclear power plants connected in these substations.

- Implication of nominal substations voltage intervals on results indicates the need for precise
endorsement of those intervals.

- The unreliability of the power delivery to the house loads of the nuclear power plant situated
in the substations 18 and 21 depends on the unreliability of those and adjacent substations, the
unreliability of the interconnections to these substations and unreliability of the power plants
in adjacent substations. The most important elements from aspect of nuclear safety are
identified using the importance measures obtained for the house loads of the nuclear power
plants.

- The need for the change of the truncation limits for specific loads in the analysis is notified.
The new truncation limits were estimated and applied in the analysis.

5.3 Slovenian power system

The configuration of the Slovenian system used in the analysis is given on Figure 5-2,
consisting of: 19 substations, 13 of them directly connected to loads, 5 substations directly
connected to actual and 5 to representative generators and 25 interconnections (10
transformers and 15 lines). For 12 interconnections, the common cause failures (CCF) are

-66-



considered. The CCF were considered for double lines (Okroglo-Beri¢evo and RTP Krsko-
Brestanica), and for double transformers between substations (e.g. Bericevo - Bericevo II).
The configuration of the Slovenian power system was constructed on the basis of the system
from the corresponding reference’”, given on Figure 5-3. Only 220 kV and 400 kV lines in
Slovenian power system were accounted in the basic configuration, including two 110 kV
lines connected to power plants in substations Sostanj and Brestanica. The 110kV line to
substation Sostanj was included in the analysis due to the thermal power plant Sostanj blocks
1-3 connected into it. The 110kV connection to substation Brestanica was included in the
model because power plant Brestanica can be connected directly to nuclear power plant KrSko
(island mode of operation) as alternative offsite power source to nuclear power plant Krsko.
Interconnections with the neighboring power systems of Austria, Italy and Croatia weren’t
included in the analysis. The power flows through interconnections with the neighboring
systems were accounted in the loads of corresponding substations, where those lines are
connected, in this case substations Divaca, Maribor and NPP Krsko. The generating units in
substations Podlog II and Okroglo were added in the model to represent production from
hydro power plants conneted to 110 kV network and balance produced power. Parameters of
the power system together with the references are given in the Appendix D.

Sostanj Kaintachal
A

A
i’ Okrog 10% Sostanj G5 | Esv_oétanj G4
? ‘LMaribor

Klece

__Cirkovce l

l Klece 11

l H Zerjavinec
Beri¢evo Podlog
Bericevo I1 ‘Lga E% E% ? Podlog 11
i ? Bericevo 111 i Podlog 111 l
Divaca

Redipugla l ? Brestanica

Divaca Il l% l
RTP Kriko
Padriciano $
NPP Krsko ? \L

v
Melina Pehlin

oy
Tumbri

110 kV .
Substat
l Load ? Actual Generator —220kV Losaton

. —400 kV
Transformer Representative generator

Figure 5-2 Basic configuration of Slovenian power system
The substations of the Slovenian power system on Figure 5-2 are numbered as shown in Table
5-20.
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Table 5-20 The substations numbers used in construction of the basic events

Substation | Substation | Substation
number name BE identification
1 NPP Krsko | 101
2 RTP Krsko | 102
3 Maribor 103
4 Podlog 104
5 Podlog2 105
6 Sostanj4 | 106
7 Sostanjs 107
8 Podlog3 108
9 Sostanjl 109
10 Cirkovce 110
11 Bericevo 111
12 Bericevo2 | 112
13 Beri¢evo3 | 113
14 Klece 2 114
15 Klece 115
16 Divaca 116
17 Divaca 2 117
18 Okroglo 118
19 Brestanica | 119

The NPP Kirsko is equipped with a two loop Westinghouse Pressurized Light Water Reactor
of 2.000 MW thermal power. The power plant's net electrical power is 696 MW. It is
connected to the 400kV grid of Slovenia and Croatia.

NEK generates over five billion kWh of electrical energy per year, representing
approximately 40% of the total electricity produced in Slovenia and covering the base load
throughout the year.
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5.4 Results for the Slovenian power system

For the Slovenian Power System, the analysis of the basic configuration was performed
without and with the consideration of voltages in procedure described in the section 4.2.1.
Implications of the changes on the basic configuration were tested and obtained results are
presented in the following sections.

5.4.1 Basic Slovenian power system without consideration of voltages

Analysis of the basic configuration of the Slovenian power system was done and the obtained
results are presented. The voltages of the substations were not included in consistency test
procedure.

From the fault tree built for the power delivery to substation NPP Krsko, the 344 minimal cut

sets (MCS) were determined, with the ten most important given in Table 5-21.
Table 5-21 Identified MCS for power delivery to NPP Krsko

No. | Event 1 Event 2 Event 3 Event 4 Event 5 Event 6

1 G2101-1 | L1-101 103 G2 119-1

2 G2101-1 | L1-103 104 G2 119-1

3 G2101-1 | L1-101 103 L1-101 102

4 G2101-1 | L1-101 103 L2-102 119

5 G2101-1 | L1-103 104 L1-101 102

6 G2101-1 | L1-103 104 L2-102 119

7 G2101-1 | G2105-1 G2 109-1 G2 106- 1 G2107-1 | G2119-1
8 G2101-1 | L1-104 111 G2 107-1 L1-104 105 G2 119-1

9 G2101-1 | G2105-1 L1-108 109 G2 106- 1 G2107-1 | G2119-1
10 | G2101-1 |L1-105 112 G2 107-1 L1-104 105 G2 119-1

The first MCS in Table 5-21 includes basic events corresponding to the failure of generator in
the NPP Krsko (BE “G2 101- 17), line between substations NPP KrSko— Maribor failure (BE
“L1-101 103”) and failure of the generator in the power plant Brestanica (BE “G2 119- 17).
In the second MCS, the line failure NPP Krsko — Maribor is substituted with the basic event
corresponding to the failure of the line between substations Podlog — Maribor (BE “L1-103
104”). The transformer failure (BE “L1-101 103”’) between substations NPP KrSko and RTP
Krsko is one of the events in the third MCS. In the fourth MCS, the CCF of the lines (BE
“L2-102 119”) between substation RTP Krsko and substation Brestanica is identified.

The system (top event) unavailability was determined for all loads in the system. As a result
of the selection of the constant failure rate per time and unrepairable element model for the
constituting elements of the power system, the system unavailability, as shown in section
3.2.2, is equal to system unreliability of the power delivery to the corresponding load. The
obtained unreliability of the power delivery to the substation NPP Krsko and weighted system
unreliability, calculated using Eq. (4.1), is given in Table 5-22. The system reliability is given
in Table 5-23.

Table 5-22 Obtained unreliabilities for the basic configuration of the Slovenian power system

Unreliability of power delivery to substation

Parameter | Weighted system unreliability NPP Kriko

Value 1.40E-02 1.55E-04

Table 5-23 Obtained reliability for the basic configuration of the Slovenian power system

System reliability 0.986
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The unreliability of the power delivery to the loads connected in the substations RTP Krsko
and BeriCevo 2 is the major contributor to the weighted system unreliability given in Table
5-22. The simplified Slovenian power system shown on Figure 5-2 doesn’t account all lines
and generators of the real power system, resulting with the large weighted system unreliability
in Table 5-22. The human contribution to the restoration of the power delivery to loads is not
considered in the analysis, which means that the results are conservative, i.e. calculated
unreliability is larger as it would be, if the human contribution is considered.

The importance measures NRRW and NRAW for selected elements of the power system are
given in Table 5-24 and Table 5-25. The results given in Table 5-24 show that elements with
the largest NRRW importance measure are: generator in the substation NPP Krsko (BE “G2
101- 1), CCF of lines between substations Beri¢evo and Okroglo (BE “L2-111  118”),
transformer between substation NPP KrSko and substation RTP Krsko ( BE “L1-101 102”),
followed by the generators in the substations Sostanj G4 and Sostanj G5 (BE “G2 106- 1” and
“G2 107- 17). The large NRRW implies that the reliability of the respective elements is worth
to increase in order that the system reliability is significantly increased. This result
corresponds to the expected results for the system, because increase of the reliability of the
NPP Krsko as a largest generator in the Slovenian power system directly implies decrease of
the unreliability of the overall system. The same conclusion goes for the generators in the
substations Sostanj G4 and Sostanj G5.

Table 5-24 Basic events with the largest NRRW

BE BE description NRRW

G2 101-1 Generator 101-1failure | 4.64E+00
L2-111 118 | CCFline 111-118 1.08E+00
L1-101 102 | Line failure 101-102 1.06E+00

G2 106-1 Generator 106-1 failure | 1.06E+00
G2 107-1 Generator 107-1 failure | 1.06E+00
L1-111 116 | Line failure 111-116 1.03E+00

L1-112 115 | Line failure 112-115 1.02E+00
L1-105 110 | Line failure 105-110 1.01E+00
L2-102 119 | CCF line 102-119 1.01E+00
L1-115 117 | Line failure 115-117 1.01E+00

The results given in Table 5-25 show that elements with the largest NRAW importance
measure are: substations NPP Krsko, Bericevo and RTP Krsko (BE “B1-1017, “B1-111"" and
“B1-102”) and transformer between substations NPP Krsko and RTP Krsko (BE “L1-101
1027).

Table 5-25 Basic events with the largest NRAW

BE BE description NRAW

B1-101 Substation 101 failure 2.06E+01
B1-111 Substation 111 failure 1.96E+01
B1-102 Substation 102 failure 1.81E+01
L1-101 102 Line failure 101-102 1.81E+01
B1-112 Substation 112 failure 1.78E+01
G2 101-1 Generator 101-1 failure | 1.46E+01
B1-105 Substation 105 failure 1.18E+01
B1-115 Substation 115 failure 9.54E+00
L1-112 115 Line failure 112-115 9.52E-+00
B1-118 Substation 118 failure 9.43E+00
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Elements with the largest NRAW should be maintained well, in order that the reliability of the
system is not reduced significantly. Obtained results correspond to the expected, because
failure of these elements will result with: substation NPP Krsko - disconnection of the largest
generator in the system, substation Bericevo - disruption of the power flows between East and
West part of the Slovenian power system, substation RTP KrSko - disruption of the power
delivery to the largest load in the system.

The importance measures from the fault tree built for power delivery to the substation NPP

Krsko, are given in Table 5-26 and Table 5-27.
Table 5-26 Basic events with the largest RRW for NPP Krsko

BE BE description RRW

G2 101-1 Generator 101-1 failure 1.13E+05
G2 119-1 Generator 119-1 failure 3.16E+01
L1-101 103 Line failure 101-103 3.02E+00
L1-103 104 Line failure 103-104 1.49E+00
L1-101 102 Line failure 101-102 1.02E+00
L2-102 119 CCF line 102-119 1.01E+00

The results given in Table 5-26 show that the element with the largest RRW importance
measure for power delivery to the substation NPP Krsko are: generator in substation NPP
Krsko and Brestanica (BE “G2 101- 1” and “G2 119- 17), lines between substations NPP
Krsko — Maribor (BE “L1-101 103”) and substations Maribor — Podlog (BE “L1-103 104”),
transformer between substations NPP Krsko - RTP Krsko (BE “L1-101 102”), and CCF of
lines between substations RTP KrSko-Brestanica (BE “L2-102  119”). The large RRW
implies that the reliability of the respective elements is worth to increase in order to improve
reliability of the power delivery to the substation NPP Krsko. Interconnection of the
substation NPP KrSko to substation Tumbri in Croatia through two 400 kV lines wasn’t
accounted. The obtained results in Table 5-26 are expected because: preferred sources of
power delivery to substation NPP Krsko are: the on-site generator in Kr$ko and generators in
power plant Brestanica. The model of the Slovenian power system as shown on Figure 5-3
has radial configuration therefore failure of the lines NPP Kr$ko-Maribor and Maribor-Podlog
will directly disrupt power delivery to the substation NPP Krsko.

Table 5-27 show that element with the largest RAW importance measure for power delivery
to the substation NPP KrSko are: substation NPP Krsko (BE “B1-101"), substation Podlog

(BE “B1-104"") and substation Maribor (BE “B1-103”).
Table 5-27 Basic events with the largest RAW for NPP Krsko

BE BE description RAW

B1-101 Substation 101 failure 6.44E+03
B1-104 Substation 104 failure 6.95E+01
B1-103 Substation 103 failure 6.64E+01
L1-103 104 | Line failure 103-104 6.31E+01
L1-101 103 | Line failure 101-103 6.28E+01
G2 101-1 Generator 101-1 failure 1.83E+01

The elements identified in Table 5-27 should be maintained well, in order that the reliability
of power delivery to the substation NPP Krsko is not reduced significantly. The obtained
results are expected because failure of these elements will result in: substation NPP Krsko -
disconnection of NPP from power system disrupting power delivery from power system to the
house load, substations Podlog and Maribor failure — disruption of power delivery from other
generators (excluding Brestanica) in the power system to the substation NPP Krsko.
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In the analysis of the fault tree constructed for the failure of substation NPP Krsko, two
elements, namely circuit breaker CB01002 and disconnect switch DS01013 contribute
48.26% of total substation unreliability equal to Qnpp_krsko=1.38 1 E-09, and these two elements
should be in the focus of the maintenance and upgrade activities.

To summarize, the obtained results show that the most important elements for the Slovenian
power system reliability are: substation NPP KrSko and corresponding generator, CCF of
lines between substations Bericevo — Okroglo, transformer between substations NPP Krsko
and RTP Kriko, generators in the substations Sostanj G4 and Sostanj G5 and substation
Beri¢evo. The most important elements for reliability of the power delivery to substation NPP
Krsko are the corresponding generator and generators in the substation Brestanica.

5.4.2 Basic Slovenian power system with the consideration of voltages

The results obtained for the Slovenian power system with the consideration of the voltages in
the substations are identical to the results given in section 5.4.1. This result is obtained,
because in the procedure of testing energy flow paths described in section 4.2.1, none of the
identified energy flow paths was discarded due to the violation of the voltages, resulting with
the construction of identical fault trees. The voltages in the substations for the basic Slovenian
power system together with the power flows through lines are given in Table 5-28 and Table
5-29. The obtained results in Table 5-28 show that the voltages in the substations are in the
interval of allowed operational voltages as a result of balanced production and selective
reposition of reactive power sources in the system. The selection of injected reactive power

was done after multiple trials on the basic configuration.
Table 5-28 Calculated voltages in substations for the basic Slovenian power system

No. Substation Name Load(MW) | Load(Mvar) | Un (%) | Un(kV)
Identification

1 101 NPP Krsko | 30 0 101.4 405.6
2 102 RTP Krsko | 254 54 99.14 218.1
3 103 Maribor 139 17 101.55 | 406.2
4 104 Podlog 0 0 101.32 | 405.3
5 105 Podlog 2 0 0 99.6 219.1
6 106 Sostanj G4 0 0 103.18 | 227
7 107 Sostanj G5 0 0 101.81 |407.2
8 108 Podlog 3 100.4 50.3 99.36 109.3
9 109 Sostanj 0 0 107.22 | 1179
10 110 Cirkovce 93.6 105.6 94.83 208.6
11 111 Bericevo 115 0 100.96 | 403.8
12 112 Beric¢evo 2 74.5 60.6 98.7 217.1
13 113 Bericevo 3 80.7 14.8 97.49 107.2
14 114 Klece 2 113.2 68 90.95 100
15 115 Klece 0 0 95.66 210.4
16 116 Divaca 77.4 322 102.21 | 408.8
17 117 Divaca 2 48.4 47.6 97.09 213.6
18 118 Okroglo 159.5 58.3 100.69 | 110.8
19 119 Brestanica 70 0 99.23 109.1

The active and reactive power flows shown in Table 5-29 for the basic Slovenian power
system are smaller than nominal thermal limitations. The overload tests described in section
4.2.1 didn’t identify overloaded line in case of single line failure.

Comparison of the results obtained for examined configurations in following chapters, with
and without consideration of voltages in the consistency test, described in section 4.3.9, has
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shown that the difference between obtained results is small. Therefore, in the following
chapters, the results obtained without consideration of the voltages of the substations are
presented.

Table 5-29 Calculated power flows through lines for the basic Slovenian power system

Line Starting | End Flow(MW) | Flow(Mvar) | Flow(MW) | Flow(Mvar)
No. substation | substation | Start Start End End
1 101 102 260.2 75.9 -260.2 -52.3
2 101 103 409.9 -53.8 -409.9 36.5
3 103 104 270.9 -10.9 -270.9 -7.9
4 104 107 -246.8 -45.4 246.8 29.5
5 104 111 497.6 1.6 -497.6 -1.5
6 111 118 79.8 -11.9 -79.8 -29.4
7 111 118 79.8 -11.9 -79.8 -29.4
8 111 116 77.4 -110.4 -77.4 74.7
9 115 117 48.4 -37.1 -48.4 31.5
10 112 115 161.6 41.7 -161.6 -35.1
11 105 112 171.1 34 -171.1 8.5
12 105 106 -232.9 -49.2 232.9 66.5
13 105 110 93.6 101.9 -93.6 -98.4
14 111 112 74.6 69.5 -74.6 -66.1
15 111 112 74.6 69.5 -74.6 -66.1
16 104 105 20.6 53.2 -20.6 -52.1
17 108 109 -35 -46.6 35 51.3
18 102 119 0 -1.3 0 0

19 102 119 0 -1.3 0 0

20 112 113 44.2 10.4 -44.2 -8.1
21 112 113 44.2 10.4 -44.2 -8.1
22 105 108 35.8 1.9 -35.8 -0.5
23 105 108 35.8 1.9 -35.8 -0.5
24 114 115 -62 -34.3 62 40.1
25 114 115 -62 -34.3 62 40.1

5.5 Analysis of the configurations of the Slovenian power system

The analysis of the several configurations of the Slovenian power system is done with change
of the interconnections and load/generation in the basic configuration presented in section 5.3.
The new interconnection between substations NPP Krsko — Beri¢evo is added, single and
double, and implication on the results is tested. The increase of the load and addition of the
new NPP in the substation NPP Krsko is tested with two approaches. The first approach is to
increase all loads in the system proportionally with summary increase equal to the size of the
new NPP Krsko generator. The second selected approach is to increase load only in substation
Divaca for the size of the new NPP Krsko generator. The obtained results from these analysis
and power system configurations are given in the following sections.

5.5.1 Slovenian power system with the single NPP Krsko - Beri¢evo line

The new 400 kV line between substation NPP Krsko and substation Beri¢evo was added to
the basic model of Slovenian power system and configuration, shown on Figure 5-4, was
analyzed.
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The number of the identified MCS was 519, with the ten most important MCS given in Table

5-30.
Table 5-30 Identified MCS for power delivery to the NPP Kr§ko

No. | Event 1 Event 2 Event 3 Event 4 Event 5 Event 6
1 G2 101-1 |[LI1-101 111 L1-101 103 G2 119-1
2 G2 101-1 |LI-101 111 L1-103 104 G2 119-1
3 G2 101-1 | G2105-1 G2 109- 1 G2 106- 1 G2 107-1 G2 119-1
4 G2 101-1 |[LI1-101 111 L1-101 103 L1-101 102
5 G2 101-1 |[LI1-101 111 L1-101 103 L2-102 119
6 G2 101-1 | G2105-1 L1-108 109 G2 106- 1 G2 107-1 G2 119-1
7 G2 101-1 |[LI1-101 111 L1-103 104 L1-101 102
8 G2 101-1 |[LI1-101 111 L1-103 104 L2-102 119
9 G2 101-1 |LI-105 112 L1-104 105 G2 107- 1 G2 119-1
10 | G2101-1 | G2105-1 G2 109- 1 G2 106- 1 L1-104 107 | G2 119-1

The results in Table 5-30 compared to MCS given in Table 5-21 indicate the considerable
change resulting from introduction of the new line between substation NPP Krsko and
substation Beri¢evo (BE “L1-101 111”). The MCS number 3 in Table 5-30 demonstrate the
increase of the importance of other generators resulting from introduction of new line.

The unreliability of the power delivery to the substation NPP Krsko and weighted system

unreliability is given in Table 5-31.
Table 5-31 Obtained unreliabilities for configuration with the single NPP Kr§ko-Bericevo line

Parameter | Weighted system unreliability | Unreliability of power delivery to substation
NPP Krsko
Value 1.37E-02 1.80E-06

Compared to the results shown in Table 5-22, decrease of the weighted system unreliability
(power system is more reliable) is notified. The change of the weighted system unreliability is
small because introduction of the line NPP KrSko-Beri¢evo doesn’t affect the reliability of the
power delivery to the biggest load in the system situated in the substation RTP KrSko. The
size of the load in the substation RTP Krsko is larger compared to the all generators in the
Slovenian power system, except the generator in NPP Krsko. Therefore, the reliability of the
power supply to the load in the substation RTP Krsko is not affected by the changes in the
power system.
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Figure 5-4 Slovenian power system with the added line NPP Krsko — Bericevo

Comparison of the results in Table 5-31 and in Table 5-22 shows that unreliability of the
power delivery to the house load in the substation NPP KrSko decreased significantly. This
result is obtained because the new power line introduction increased the number of available
energy flow paths to the load in the substation NPP Krsko.

The importance measures NRRW and NRAW for selected elements in the power system are
given in Table 5-32 and Table 5-33.

Table 5-32 Basic events with the largest NRRW, single NPP Kr§ko — Bericevo line added

BE BE description NRRW

G2 101-1 Generator 101-1failure 4.83E+00
L2-111 118 CCF line 111-118 1.08E+00
L1-101 102 Line failure 101-102 1.06E+00
G2 106-1 Generator 106-1 failure 1.05E+00
G2 107-1 Generator 107-1 failure 1.05E+00
L1-111 116 Line failure 111-116 1.03E+00
L1-112 115 Line failure 112-115 1.02E+00
L2-102 119 CCEF line 102-119 1.01E+00
L1-105 110 Line failure 105-110 1.01E+00
L1-115 117 Line failure 115-117 1.01E+00

The results shown in Table 5-32 are comparable to results shown in Table 5-24 with the
increase of the NRRW for generator NPP Krsko (BE “G2 101- 17), and appearance of the
generators in the substations Sostanj G4 and Sostanj G5 (BE “G2 106- 1” and BE “G2 107-
17). This result is expected, accounting that new line increase the number of flow paths from
NPP Krsko to other loads in the Slovenian power system.

The results in Table 5-33 show the elements with the largest NRAW importance measure.
The same elements as in Table 5-25 are identified: substations NPP Krsko, Beri¢evo and RTP
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Krsko (BE “B1-101”, “B1-111" and “B1-102”) and transformer between substations NPP
Krsko and RTP Krsko (BE “L1-101 102”).
Table 5-33 Basic events with the largest NRAW, single NPP Krs$ko — Bericevo line added

BE BE description NRAW

B1-101 Substation 101 failure 2.09E+01
B1-111 Substation 111 failure 2.00E+01
B1-102 Substation 102 failure 1.84E+01
L1-101 102 | Line failure 101-102 1.84E+01
B1-112 Substation 112 failure 1.81E+01
G2 101-1 Generator 101-1 failure | 1.47E+01
B1-105 Substation 105 failure 1.18E+01
B1-115 Substation 115 failure 9.70E+00
L1-112 115 | Line failure 112-115 9.68E+00
B1-118 Substation 118 failure 9.58E+00

The results obtained for the importance measures for load in the substation NPP Krsko, are

given in Table 5-34 and Table 5-35.
Table 5-34 Basic events with the largest RRW for the NPP Krsko

BE BE description RRW

G2 101-1 Generator 101-1 failure | 1.31E+03
G2119-1 Generator 119-1 failure | 3.09E+01
L1-101 111 | Line failure 101-111 1.27E+01
L1-101 103 | Line failure 101-103 2.61E+00
L1-103 104 | Line failure 103-104 1.44E+00
G2 107-1 Generator 107-1 failure | 1.08E+00

With the introduction of new line NPP Krsko—Beric¢evo, the same elements identified in Table
5-26 to have the largest RRW are also identified in Table 5-34. The major difference is
inclusion of new line NPP KrSko—Bericevo with the third largest RRW (BE “L1-101 1117)
and generator G5 (BE “G2 107- 1”) in Sostanj power plant with the sixth largest RRW.

The results in Table 5-35, compared to results given in Table 5-27, show that with the
introduction of new line, the RAW and ordering of Slovenian power system elements have

changed.
Table 5-35 Basic events with the largest RAW for the NPP Krsko

BE BE description RAW

B1-101 Substation 101 failure 5.54E+05
B1-105 Substation 105 failure 6.97E+02
L1-101 111 | Line failure 101-111 8.62E+01
B1-111 Substation 111 failure 8.11E+01
B1-104 Substation 104 failure 7.79E+01
L1-103 104 | Line failure 103-104 5.84E+01

The elements in Table 5-35 identified with the largest RAW are: substation NPP Krsko (BE
“B1-101"), substation Podlog 2 (BE “B1-105”), line between substation NPP Krsko and
substation Beri¢evo (BE “L1-101  111”), substation Bericevo (BE “B1-111"), substation
Podlog (BE “B1-104” and line from it to the substation Maribor (BE “L1-103 104”). The
change of the RAW is result of the shift of the power flows from line NPP Krsko-Maribor to
line NPP Krsko—Beri¢evo and change of the flows through lines connected to substation
Podlog.
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The active and reactive power flows are shown in Table 5-36. The flow through NPP Krsko-

Maribor line, compared to the flow given in Table 5-29, has decreased.
Table 5-36 Calculated power flows through lines for Slovenian power system, single NPP Krsko —
Bericevo line

Line Starting Ending Flow(MW) | Flow(Mvar) | Flow(MW) | Flow(Mvar)
No. substation | substation | Start Start End End
1 101 102 260.2 75.9 -260.2 -52.3
2 101 103 150.1 -81.6 -150.1 32.8
3 103 104 11.1 -7.6 -11.1 -19.6
4 104 107 -246.8 -45.7 246.8 29.5
5 104 111 261.3 11.6 -261.3 -27.2
6 111 118 79.8 -12.2 -79.8 -29.8
7 111 118 79.8 -12.2 -79.8 -29.8
8 111 116 77.4 -111.6 -77.4 75.3
9 115 117 48.4 -37.5 -48.4 31.9
10 112 115 161.6 41.9 -161.6 -35.2
11 105 112 147.6 2.7 -147.6 5.3
12 105 106 -232.9 -49.1 232.9 66.8
13 105 110 93.6 102.6 -93.6 -99.2
14 111 112 86.6 68.9 -86.6 -64.9
15 111 112 86.6 68.9 -86.6 -64.9
16 104 105 -3.4 54.6 34 -53.6
17 108 109 -35 -46.9 35 51.7
18 102 119 0 -1.3 0 0

19 102 119 0 -1.3 0 0

20 112 113 44.2 10.5 -44.2 -8.2
21 112 113 44.2 10.5 -44.2 -8.2
22 105 108 35.8 1.9 -35.8 -0.4
23 105 108 35.8 1.9 -35.8 -0.4
24 114 115 -62 -34.6 62 40.5
25 114 115 -62 -34.6 62 40.5
26 101 111 259.8 -66.7 -259.8 27.7

To summarize, with the introduction of the new line between substation NPP Krsko and
substation Bericevo, the reliability of the Slovenian power system improved with the
considerable improvement of the reliability of the power delivery to the house load in the
NPP Krsko. The obtained results for network importance measures and power delivery to
NPP Krsko indicate the importance of the generator and substation NPP Krsko for overall
reliability of the Slovenian power system. The importance of the lines NPP Krsko-Maribor
and NPP Krsko—Bericevo for reliable power delivery to substation NPP Krsko is verified.

5.5.2 Slovenian power system with the double Kr$ko - Bericevo line

The new double 400 kV line was added between substation NPP Krsko and substation
Bericevo of the Slovenian power system, as shown on Figure 5-5, and this new configuration
was analyzed. From the fault tree built for the power delivery to the load in NPP Krsko in
total 551 MCS were identified, with the ten most important given in Table 5-37.
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Table 5-37 Identified MCS for power delivery to the NPP Krsko

No. | Event 1 Event 2 Event 3 Event 4 Event 5 Event 6

1 G2101-1 | G2105-1 G2 109-1 G2 106-1 G2 107-1 G2 119-1
2 G2 101-1 | L2-101 111 L1-101 103 G2 119-1

3 G2 101-1 | L2-101 111 L1-103 104 G2 119-1

4 G2 101-1 | L1-101 111 L3-101 111 L1-101 103 G2 119-1

5 G2 101-1 | G2105-1 L1-108 109 G2 106- 1 G2 107-1 G2 119-1
6 G2 101-1 | L1-105 112 L1-104 105 G2 107-1 G2 119-1

7 G2 101-1 | L1-101 111 L3-101 111 L1-103 104 G2 119-1

8 G2101-1 | G2105-1 G2 109-1 G2 106-1 L1-104 107 | G2119-1
9 G2101-1 | G2105-1 G2 109-1 G2 106- 1 G2 107-1 L1-101 102
10 | G2101-1 |L2-101 111 L1-101 103 L1-101 102

The MCS identified in Table 5-37 show that with the introduction of the double line between
substation NPP Krsko and substation Beri¢evo the reliability of the power delivery to the
house load in the NPP Krsko will depend mainly by the reliability of the generators in the
system (BE identified in the first MCS) and CCF of the newly added line (BE “L2-101 1117).
The calculated unreliability of the power delivery to the substation NPP KrSko and weighted

system unreliability is given in Table 5-38.
Table 5-38 Obtained unreliabilities for configuration with the double NPP Kr$ko-Bericevo line

Parameter | Weighted system unreliability | Unreliability of power delivery to substation
NPP Krsko

Value 1.37E-02 3.23E-07

The results given in Table 5-38 compared to results given in Table 5-31 show that change of
the line between substation NPP Krsko and substation Beri¢evo from single to double doesn’t
affect the weighted system unreliability, resulting from the load in the substation RTP Krsko
and elaborated in the section 5.5.1. The change of the line from single to double between
substation NPP KrSko and Bericevo improved the reliability of the power delivery to the
house load in the NPP Krsko for 5.6 times, resulting from increased redundancy of energy
flow path between terminal substations of the newly added line.

The small change of the importance measures NRRW and NRAW is notified in the results in
the introduction of the double line, therefore values in Table 5-32 and Table 5-33, obtained
for single line can be taken as relevant.
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Figure 5-5 Slovenian power system with the double line between NPP Krsko — Beri¢evo
The importance measures from the fault tree built for the power delivery to the house load in
the substation NPP Krsko, are given in the Table 5-39 and Table 5-40.
Table 5-39 Basic events with the largest RRW for the NPP Krsko

BE BE description RRW

G2 101-1 Generator 101-1 failure | 2.36E+02
G2 119-1 Generator 119-1 failure | 2.80E+01
L2-101 111 | CCF line 101-111 2.04E+00
G2 107-1 Generator 107-1 failure | 1.70E+00
G2 105-1 Generator 105-1 failure | 1.67E+00
G2 106- 1 Generator 106-1 failure | 1.65E+00

The results shown in Table 5-39, compared to results in Table 5-34, show decrease of the
RRW for generators in the substations NPP Krsko and Brestanica and appearance of CCF of
lines between substations NPP Krsko and Beri¢evo and generators in substations Sostanj G4,
Sostanj G5 and Podlog. The results in Table 5-40 compared to results in Table 5-35, show
that the obtained RAW have decreased with the substitution of basic event NPP Krsko—

Beri¢evo line failure with the CCF of lines between these substations.
Table 5-40 Basic events with the largest RAW for the NPP Krsko

BE BE description RAW

B1-101 Substation 101 failure | 3.07E+06
B1-105 Substation 105 failure | 3.95E+03
B1-111 Substation 111 failure | 4.91E+02
L2-101 111 | CCF line 101-111 4.78E+02
B1-104 Substation 104 failure 1.07E+02
L1-103 104 | Line failure 103-104 3.64E+01
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The active and reactive power flows in the power system are shown in Table 5-41.
Table 5-41 Calculated power flows through lines of the Slovenian Power system, double NPP Krsko —
Bericevo line

Line Starting Ending Flow(MW) | Flow(Mvar) | Flow(MW) | Flow(Mvar)
No. substation | substation | Start Start End End
1 101 102 260.2 75.9 -260.2 -52.3
2 101 103 95.2 -80.5 -95.2 28.8
3 103 104 -43.8 -3.6 43.8 -23.4
4 104 107 -246.8 -45.7 246.8 29.5
5 104 111 211.3 15.1 -211.3 -32.8
6 111 118 79.8 -12.2 -79.8 -29.8
7 111 118 79.8 -12.2 -79.8 -29.8
8 111 116 77.4 -111.7 -77.4 75.3
9 115 117 48.4 -37.6 -48.4 31.9
10 112 115 161.6 41.9 -161.6 -35.2
11 105 112 142.7 -2.5 -142.7 4.5
12 105 106 -232.9 -49.1 232.9 66.8
13 105 110 93.6 102.7 -93.6 -99.2
14 111 112 89.2 68.6 -89.2 -64.5
15 111 112 89.2 68.6 -89.2 -64.5
16 104 105 -8.5 54.9 8.5 -54
17 108 109 -35 -47 35 51.7
18 102 119 0 -1.3 0 0

19 102 119 0 -1.3 0 0

20 112 113 44.2 10.5 -44.2 -8.2
21 112 113 44.2 10.5 -44.2 -8.2
22 105 108 35.8 1.9 -35.8 -0.4
23 105 108 35.8 1.9 -35.8 -0.4
24 114 115 -62 -34.7 62 40.5
25 114 115 -62 -34.7 62 40.5
26 101 111 157.3 -64.8 -157.3 16.5
27 101 111 157.3 -64.8 -157.3 16.5

The obtained power flows given in Table 5-41, compared to power flows in Table 5-36, show
that flows through line between substation NPP Krsko and substation Maribor and line
between substation Beri¢evo and substation Maribor have decreased with the increase of flow
in line between substation NPP Krsko and substation Bericevo.

To summarize, with the introduction of double lines between substation NPP Krsko and
substation Bericevo, reliability of the power delivery to the house load in the substation NPP
Kr$ko improves and depends on the CCF of the added line.

5.5.3 Slovenian power system with the new NPP in Kr$ko and proportional
increase of the load

A new nuclear power plant, with the parameters equal to NPP Krsko was added to the
substation NPP Krsko, as shown on Figure 5-6. The loads in the system were proportionally
increased for 700 MW. Values of the other parameters were taken same as the basic system
configuration given in the section 5.4.1. The configuration with the single line between
substation NPP Krsko and substation Bericevo was necessary because operation without this
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line is not feasible (the total generated power in the substation NPP KrSko, when two nuclear
power plants are connected, is larger than transfer capacity of the NPP KrS§ko-Maribor line).
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Figure 5-6 Slovenian power system with the two NPP Kr$ko and single line NPP KrS$ko — Bericevo
From the fault tree built for the power delivery to the load in NPP Krsko, 70 MCS were
identified, with the ten most important given in Table 5-44.

Table 5-42 Identified MCS for power delivery to the NPP Krsko

No. | Event 1 Event 2 Event 3 Event 4

1 G2101-2 | G2 105-1 G2 106- 1 G2 107-1

2 G2101-2 |L1-101 111 L1-101 103

3 G2 101-2 |L1-101 111 L1-103 104

4 G2101-2 | G2105-1 G2 106- 1 L1-104 107
5 G2101-2 | G2105-1 L1-105 106 G2 107-1

6 G2101-2 | G2105-1 G2 106- 1 B1-107

7 G2101-2 | G2105-1 B1-106 G2 107-1

8 G2 101-2 |L1-105 112 L1-104 105 G2 107-1

9 G2101-2 | G2105-1 L1-105 106 L1-104 107
10 G2 101-2 |L2-111 112 L1-104 105 G2 107-1

The new generator in the substation NPP Krsko appears in the identified MCS shown in Table
5-44 because the second generator in NPP Kr8ko is selected as a slack bus, resulting with the

smaller output power. Therefore the second

generator in NPP Krsko is ranked lower in the

MCS list. The calculated unreliability of the power delivery to the substation NPP Krsko and
weighted system unreliability is given in Table 5-43.

Table 5-43 Obtained unreliabilities for confi

guration with the proportionally increased load

Parameter | Weighted system unreliability

Unreliability of power delivery to NPP Krsko

Value 1.40E-02

3.24E-05
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The results in Table 5-43 show that Slovenian power system, with the additional nuclear
power plant in substation NPP KrSko is on the same reliability level as the one given in Table
5-22 for the basic Slovenian power system. The reliability of the power delivery to the
substation NPP Krsko for self consumption of both plants is improved compared to reliability
for the basic configuration.

The importance measures NRRW and NRAW for selected elements in the power system are

given in Table 5-44 and Table 5-45.
Table 5-44 Basic events with the largest NRRW, new NPP and single NPP Kr§ko — Beri¢evo line added

BE BE description NRRW

G2 101-2 Generator 101-2 failure | 5.39E+00
G2 107-1 Generator 107-1 failure | 1.10E+00
L2-111 118 CCF line 111-118 1.07E+00
L1-101 102 Line failure 101-102 1.06E+00
G2 106- 1 Generator 106-1 failure | 1.04E+00
L1-111 116 Line failure 111-116 1.03E+00
L1-105 110 Line failure 105-110 1.01E+00
L1-115 117 Line failure 115-117 1.01E+00
L1-112 115 Line failure 112-115 1.01E+00
L2-102 119 CCF line 102-119 1.01E+00

The NRRW of the new NPP Krsko generator (BE “G2 101- 2”) is larger compared to the
current generator in the NPP Krsko (BE “G2 101- 17). The difference of the NRRW for
current and new generator in NPP Krsko is obtained because existing generator is taken as a
slack (balancing bus) in the power system and power of that power plant is smaller than
newly added. The NRRW for other power plants and lines are increased due to the increased
size of the loads in the system.

The results for the NRAW given in Table 5-45 show increase of the NRAW for substation
NPP Krsko and substation Beri¢evo. This is expected accounting the increased power flows
through identified substations in the power system.

To summarize, with the introduction of new nuclear power plant in substation Krsko,
proportional increase of load and single NPP Krsko — Bericevo line, the reliability of the
power system is increased compared to the current level of reliability together with the
increased reliability of power delivery to NPP Krsko substation. Increase of the importance of
substation Podlog with the corresponding generator and decrease of the importance of

generators in substation Brestanica is notified.
Table 5-45 Basic events with the largest NRAW, new NPP and single NPP Kr§ko — Bericevo line added

BE BE description NRAW

B1-101 Substation 101 failure 2.21E+01
B1-111 Substation 111 failure 1.92E+01
B1-102 Substation 102 failure 1.77E+01
L1-101 102 | Line failure 101-102 1.77E+01
G2 101-2 Generator 101-2 failure | 1.51E+01
B1-112 Substation 112 failure 1.15E+01
B1-105 Substation 105 failure 1.13E+01
B1-118 Substation 118 failure 9.24E+00
L2-111 118 | CCFline 111-118 9.17E+00
B1-103 Substation 103 failure 8.21E+00

The line between substation NPP Krsko and substation Bericevo was changed from single to
double and obtained unreliabilities are given in Table 5-46.
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Table 5-46 Obtained unreliabilities for configuration with the proportionally increased load, double NPP
Kr$ko — Bericevo line

Parameter | Weighted system unreliability | Unreliability of power delivery to substation
NPP Krsko

Value 1.40E-02 2.40E-05

The results in Table 5-46 show that with the introduction of double line NPP Krsko —
Bericevo, the weighted system unreliability will remain on same value and reliability of the
power delivery to the substation NPP Krsko is improved for a small value. Change of the
values calculated for importance measures are small.

To summarize, with the change of the line NPP Krsko—Bericevo from single to double,
increase of the reliability of the power delivery to the NPP Kr8ko is identified together with
the appearance of CCF of the line in the list of elements with the largest RAW.

5.5.4 Slovenian power system with the new NPP in Kr§ko and increase of the
load in the substation Divaca

The new nuclear power plant, equal to the NPP Krsko and single line between substation NPP
Krsko and substation Beri¢evo was added to the basic configuration of the Slovenian power
system, as shown on Figure 5-6. The load in the substation Divaca was increased for the
700MW to simulate export of the produced electricity in the new NPP Krsko to the Italian
power system. The parameters of other elements were the same as those used for the basic
system configuration described in the section 5.4.1.

From the fault tree built for the house load of the both NPP in the substation NPP Krsko, 298
MCS were identified with ten most important given in Table 5-47.

The identified MCS given in Table 5-47, compared to the MCS given in Table 5-44, include
failure of the generators in the substation Brestanica (BE “G2 119- 1”). The second identified

difference is the increase of the number of the basic events in the minimal cut sets.
Table 5-47 Identified MCS for the power delivery to the NPP Krsko

No. | Event1 Event 2 Event 3 Event 4 Event 5

1 G2101-2 | G2105-1 G2 106-1 G2 107-1 G2 119-1

2 G2101-2 | L1-101 111 L1-101 103 G2 119-1

3 G2101-2 | L1-101 111 L1-103 104 G2 119-1

4 G2101-2 | G2105-1 G2 106- 1 L1-104 107 G2119-1

5 G2101-2 | G2105-1 G2 106-1 G2 107-1 L1-101 102
6 G2101-2 | G2105-1 L1-105 106 G2 107-1 G2 119-1

7 G2101-2 | G2105-1 G2 106-1 G2 107-1 L2-102 119
8 G2 101-2 | L1-101 111 L1-101 103 L1-101 102

9 G2101-2 | G2105-1 G2 106- 1 B1-107 G2119-1
10 G2 101-2 | L1-101 111 L1-101 103 L2-102 119

The calculated unreliability of the power delivery to the substation NPP Krsko and weighted

system unreliability is given in Table 5-48, with the system reliability given in Table 5-50.
Table 5-48 Obtained unreliability for increased load in Divaca and single NPP Kr§ko—Bericevo line added

Parameter | Weighted system unreliability | Unreliability of power delivery to substation
NPP Krsko

Value 3.18E-02 1.80E-06

Table 5-49 Obtained reliability for increased load in Divaca and single NPP Kr§ko — Bericevo line added

System reliability 0.968
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The weighted system unreliability given in Table 5-48 has increased compared to the value
given in Table 5-43 obtained for the Slovenian power system with the proportional increase of
the load. With the increase of the load in the substation Klece for the 700 MW only energy
flow paths between substation Klece and substation NPP Krsko are accounted in the model.
The unreliability of the power delivery to the house load of the both nuclear power plants in
the substation NPP KrSko decreases compared to the unreliability obtained from the system
with the proportionally increased loads. Unreliability decreased due to the decrease of power
flows through adjacent power lines connected to the substation NPP Krsko.

To summarize, with the introduction of additional nuclear power plant in the substation NPP
Krsko and increase of load in the substation Divaca, the reliability of the power system
decreases compared to the reliability of the system with the basic configuration or system
with the proportional increase of the load. The reliability of power delivery to NPP Krsko
substation is increased and is equal to reliability of the basic configuration with the single
NPP Krsko — Beri¢evo line added.

The line between substation NPP Kr$ko and substation Bericevo was changed from single to

double and obtained unreliabilities are given in Table 5-50.
Table 5-50 Obtained unreliabilities for increased load in Divac¢a and double NPP Kr§ko — Bericevo line

added
Parameter | Weighted system unreliability | Unreliability of power delivery to substation
NPP Krsko
Value 3.17E-02 3.24E-07

The results given in Table 5-50 show that the change of the line NPP Krsko — Beri¢evo from
single to double, decreases the weighted system unreliability and the unreliability of the
power delivery to house load in the substation NPP Krsko.

In the obtained results for the importance measures, the CCF of the lines between substations
NPP Krsko and Bericevo is identified with the largest RAW, together with the failure of the
generator in the substation Podlog 2 and failure of the substation Bericevo.
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5.5.5 Summary of the results obtained for the Slovenian Power System

Several configurations of the simplified Slovenian power system were analyzed. The
implication of the introduction of the single and double line between substation NPP Krsko
and substation Beri¢evo was foreseen together with the consequences due to the change of
the load and introduction of additional nuclear power plant in the power system. The obtained
results for the unreliability of the power delivery to the house load of the NPP Krsko and
weighted system unreliability for all models of the Slovenian power system are given in Table

5-51.
Table 5-51 Summarized results for the Slovenian power system
No. Power system model Weighted system | Unreliability of
unreliability power delivery to
NPP Krsko
1 NPP Krsko, basic configuration of the Slovenian 1 40E-02 1 55E-04
power system
2. NPP Krsko, single NPP Krsko - Bericevo line 1.37E-02 1.80E-06
3. NPP Krsko, double NPP Krsko - Beri¢evo line 1.37E-02 3.23E-07
NPP Krsko 1-2, proportional load increase, single
4 | NPP Krsko - Beridevo line 1.40E-02 3.24E-03
NPP Kirsko 1-2, proportional load increase,
> | double NPP Krsko - Bericevo line 1.40E-02 2.40E-05
NPP Krsko 1-2, load increase in Divaca, single
6. | NPP Kriko - Beridevo line 3.18E-02 1.80E-06
NPP Krsko 1-2, load increase in Divaca, double
7 | NPP Krsko - Bericevo line 3.17E-02 3.24E-07

The obtained results show the following findings:

Reliability of the substation NPP Krsko and corresponding generator are the most
important elements for the overall reliability of the Slovenian power system. This
conclusion is supported by the NRRW and NRAW importance measures values
obtained for these elements. Obtained result is expected accounting the installed
power of the NPP Krsko generator as a largest unit in the Slovenian power system and
power circulated through substation NPP Krsko. With the inclusion of the
interconnections to the Croatian power system the increase of the importance of the
NPP Krsko is expected.

The introduction of the power line between substation NPP Krsko and substation
Beric¢evo improves the overall system reliability and reliability of the power delivery
to the house load in the NPP Krsko. Obtained result is important from the aspect of the
nuclear safety because, improvement of the reliability of the power delivery to the
house load (self consumption) of the NPP Krsko implies more reliable offsite power
and decrease of the loss of offsite power (LOOP) initiating event frequency. The
decrease of the LOOP frequency results in the decrease of the core damage frequency
and increased safety of the nuclear power plant. The introduction of the line NPP
Krsko — Beri¢evo improves, in addition, the reliability of the power delivery to other
loads in the system resulting in decrease of the weighted system unreliability.

The change of the line between substation NPP Krsko and substation Bericevo from
single to double will additionally improve reliability of power delivery to the house
load of the NPP Krsko. The obtained results identify the CCF of the interconnection as
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an important contributor to the reliability of the power delivery. From the aspect of the
nuclear safety, the introduction of the double line will decrease the frequency of the
LOOP initiating event, but this decrease will depend on the CCF of the
interconnection. Obtained results show that substitution of the interconnection
between substation NPP KrSko and substation Bericevo from single to double lines
doesn’t decrease noticeably the weighted system unreliability.

With the proportional increase of the loads and introduction of the new nuclear power
plant in the substation NPP Krsko, the unreliability of the power delivery to the house
load (sum of the self consumption of the both nuclear power plants) in NPP Krsko
decreased compared to the unreliability obtained for the single nuclear power plant
basic configuration of the Slovenian power system. The necessity of the
interconnection between substation NPP Krsko and substation Bericevo (single or
double) is confirmed.

With the increase of the load only in the substation Divaca, the largest weighted
system unreliability is obtained, indicating the lowest level of the power system
reliability compared to the values from other scenarios. Contrary to this, the smallest
unreliability of the power delivery to the house load, accounting self consumption of
both nuclear power plants in NPP Krsko, was obtained. The obtained result indicates
that from the aspect of the nuclear safety, configuration with the increased load in the
substation Divaca corresponding to the export to the Italy, is the safest one.

The obtained results from test configurations indicate that the most important elements
of the power system, that contribute to the reliability of the power delivery to the
house load of the substation NPP Krsko, are generators in the substation Brestanica,
lines between substation NPP KrSko and substations Maribor and Beri¢evo and
transformer between substation NPP Krsko and substation RTP Krsko. Accounting the
implication of the reliability of the identified elements on the nuclear safety of the
NPP Krsko, proper actions should be taken to maintain and improve their reliability
(for example improvement of the maintenance activities from aspect of quality and
optimal time schedule).
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6 Impact of Offsite Power System Reliability on Nuclear Power
Plant Safety

Alternating current (AC) power is essential for safe operations and accident recovery at
commercial nuclear power plants. The AC power is normally supplied by the offsite sources
via the electrical grid. Thus, Loss of Offsite Power (LOOP, also referred to as LOSP) and
subsequent restoration of offsite power are important inputs to plant probabilistic safety
assessments (PSA). The results from statistical and engineering analysis of data for LOOP
frequencies and durations at commercial nuclear reactors in the U.S. are presented in
continuation. The impact of change of LOOP frequency to the core damage frequency of a
specific PSA model of NPP in addition is presented.

6.1 LOOP data analysis

Data on LOOP and offsite power restoration have been analyzed in several reports
The results from the NRC study®, which include data from 1986 through 2004, are presented.
Three categorization schemes are used to classify LOOP events:

- According to whether the plant was shut down or operating when the LOOP occurred and
the consequences of the LOOP.

- According to the cause or location: plant centered, switchyard centered, grid related, and
weather related.

- According to the length of the LOOP: momentary (offsite power is restored, or is potentially
recoverable to at least one safety bus within less than 2 minutes) and sustained categories
(require 2 min or more to restore offsite power).

The results in Table 6-1 summarize the LOOP statistical data. The first column in Table 6-1
identifies the operational mode of the plant. The second column specifies LOOP data
category. The third identifies the data period. The fourth column includes number of the
LOOP events. The fifth column includes the reactor critical or shutdown years used for
calculation of the mean frequency given in the sixth column. The units of frequency are given
in the last column of the table. The units of frequency are: per reactor critical year (/rcry) or
per reactor shutdown year (/rsy). For power mode of operation of the nuclear power plants,
grid-related LOOP contribute 52% to the total frequency of 3.6E—2 per reactor critical year
(/rcry), while switchyard-centered LOOP contribute 29%. The remaining two categories of
LOOP have frequency contributions of 13% (weather related) and 6% (plant centered). For
shutdown operation, switchyard-centered LOOP contribute 51% to the total frequency of
2.0E—1 per reactor shutdown year (/rsy), while plant-centered and grid related LOOP
contribute 26% and 5%, respectively. The summarized LOOP frequency is 2.3E-1 per reactor
year (/ry), with the 12% contribution of the grid related LOOP. The blackout event'' on
August 14, 2003, is included in the data of the study®. If that event is excluded from the
analysis, the overall LOOP frequency for power operation would have been 2.5E—2/rcry
rather than 3.6E—2/rcry.

Comparison of data obtained from previous studies is given in Table 6-2. For power mode of
operation, the overall LOOP frequency has decreased from'® 1.2E—1/rcry to 5.8E—2/rery’
ending with the current estimate® of 3.6E—2/rcry. The relative contributions of the four
categories of LOOP have changed significantly, with the increase of the share of the grid
related LOOP. The overall shutdown operation LOOP frequency has remained essentially
constant in all studies at approximately 2.0E—1/rsy.

14, 18, 92, 93
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Table 6-1 Plant-level LOOP frequencies®

Mode LOOP Category | Data Number | Reactor Mean Frequency
Data Period of Critical Frequency | Units*
LOOP | or
Events | Shutdown
Years
Plant centered 1997-2004 |1 724.3 2.07E-03 | /rcry
Switchyard 1997-2004 | 7 7243 1.04E—02 | /rery
Power centered
operation | Grid related 1997-2004 | 13 724.3 1.86E—02 | /rery
Weather related | 1997-2004 | 3 724.3 4.83E-03 | /rcry
All 1997-2004 | — — 3.59E-02 | /rcry
Plant centered 19862004 | 19 383.2 5.09E—02 | /rsy
Switchyard 1986-2004 | 38 383.2 1.00E-01 | /sy
Shutdown | centered
operation | Grid related 19862004 | 3 383.2 9.13E—03 | /rsy
Weather related | 19862004 | 13 383.2 3.52E-02 | /rsy
All 1986—2004 | — — 1.96E-01 | /rsy
Table 6-2 LOOP frequency comparison with the previous reports °
NUREG/CR- NUREG/CR- | NUREG/CR- | NUREG-
6890 5750 5496 1032
(1986-2004) (1987—-1995) | (1980-1996) | (1968—
1985)
Mode LOOP Mean Frequency | Mean Mean Mean
Category Data | Frequency | Units* Frequency Frequency Frequency
Plant centered | 2.07E—03 | /rcry 4.4E-02 8.7E—02
Switchyard Included in ilrrllduded
Y 1.04E—02 | /rcry Categories plant
centered plant
Power not centered
operation distinguished centered
Grid related 1.86E—02 | /rcry 2.9E-03 1.8E-02
Weather
related 4.83E—03 | /rcry 1.2E-02 1.1E-02
All 3.59E-02 | /rcry 4.6E-02 5.8E-02 1.2E-01
Plant centered | 5.09E—02 | /rsy 1.8E—01
) Included in
Switchyard
1.00E-01 | /rsy plant
Shutdown centered Shlltdown centered Shlltdown
operation | Grid related 9.13E—03 | /rsy ho 3.3E-03 ho
Woath covered covered
eather
related 3.52E-02 | /rsy 1.2E-02
All 1.96E-01 | /rsy 1.9E-01

The results from LOOP duration data analysis® including probabilities of exceedance versus
duration are shown in Table 6-3. In Station Blackout regulatory guide'’, it is stated that for
NPP with the two emergency diesel generators (EDG), acceptable station blackout duration
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capability is 4 and 8 hours respectively (depending on unit average EDG reliability as shown
in Table 2 of the corresponding reference'’). The presented results in Table 6-3 show that
probabilities of exceedance versus duration of 4 and 8 hours are 1.57E-01 and 6.72E—02

respectively, and this data can be used in the station blackout event trees.
Table 6-3 LOOP duration data analysis ° of probabilities of exceedance

Duration | Plant Switchyard | Grid Related | Weather Composite
(h) Centered Centered Related
0.00 1.00E+00 1.00E+00 1.00E+00 1.00E+00 1.00E+00
0.25 6.87E-01 7.86E—-01 9.43E-01 8.64E—01 8.72E—01
0.50 4.79E-01 5.95E-01 8.25E-01 7.73E-01 7.31E-01
1.00 2.77E-01 3.78E-01 6.11E-01 6.56E-01 5.30E-01
1.50 1.83E—-01 2.63E-01 4.61E-01 5.78E-01 4.03E-01
2.00 1.29E-01 1.94E-01 3.56E-01 5.20E-01 3.18E-01
2.50 9.64E—02 1.49E—01 2.81E—01 4.75E-01 2.58E—01
3.00 7.44E—02 1.18E-01 2.27E-01 4.39E-01 2.15E-01
4.00 4.77E-02 7.86E—02 1.54E-01 3.82E-01 1.57E-01
5.00 3.28E-02 5.57E-02 1.09E—01 3.40E-01 1.20E—01
6.00 2.37E-02 4.11E-02 8.05E—-02 3.07E-01 9.63E-02
7.00 1.78E—02 3.14E-02 6.10E—02 2.80E—01 7.95E-02
8.00 1.37E-02 2.46E—02 4.73E-02 2.58E—01 6.72E-02
9.00 1.08E-02 1.97E-02 3.73E-02 2.39E-01 5.79E-02
10.00 8.67E—03 1.60E—02 3.00E-02 2.23E-01 5.07E-02
11.00 7.07E-03 1.32E-02 2.44E-02 2.09E-01 4.50E-02
12.00 5.85E-03 1.10E-02 2.00E-02 1.97E-01 4.04E—02
Table 6-4 LOOP duration comparison 6
LOOP Summary Statistic | NUREG/CR-6890 | NUREG/CR-5496 | NUREG-1032
Category 1986—2004 1980-1996 1968-1985
Median  Duration
E?Iitered (h) (Actual Pata) 0.50 0.33 0.26
(including | Mean Duration (h) |} 5 1.22 0.45
switchyard (Actual Data)
centered) Type of Fit Lognormal Lognormal Weibull
Median  Duration
(h) (Actual Data) 1.56 2.38 0.55
Grid -
Related Xiﬁall)[‘;;f‘;on ®1243 2.64 1.24
Type of Fit Lognormal Lognormal Weibull
Weather Median  Duration 108 118 450
Related (h)
(Severe (Actual Data) Mean
and Duration (h) | 14.2 11.8 4.64
Extreme) | (Actual Data)
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A comparison of the results obtained for the LOOP duration is given in Table 6-4. The
presented results indicate an increase of the LOOP duration, with the largest increase notified
for weather related LOOP. The August 14, 2003, event also influences the duration analyses,
because without consideration of that event the average grid-related LOOP duration over
19862004 would have been 0.7 h rather than 2.4 h as shown in Table 6-4.

Consequential LOOP are events in which a reactor trip (unrelated to a LOOP) occurred and
subsequently a LOOP occurred in response to the reactor trip. In such events, the LOOP
would not have occurred if the reactor trip had not occurred. The conditional probability of a
consequential LOOP given a reactor trip is 3.0E—3 over the period® 1986-1996 and 5.3E—3
over the period 1997-2004. Comparison of the previous data'® indicates a recent increase in
the conditional probability of a consequential LOOP given a reactor trip. The conditional
probability of a consequential LOOP given a reactor trip over the five summer months® (when
the grid is most likely to be degraded) is 9.1E—3, indicating seasonal variation of a
consequential LOOP.

Of the 148 LOOP events® during the period 1986-2004, there were 10 LOOP that occurred
while a plant was in power operation, but the plant did not experience a reactor trip. These
events are termed the “no trip” LOOP, or LOOP-NTs. Some plants have unique designs that
have enabled them to experience some LOOP without incurring a reactor trip. The ten LOOP-
NT events occurred at eight plants. (Nine Mile Point 2 experienced three LOOP-NTs.)
However, four of these eight plants also experienced LOOP during power operation that did
result in reactor trips. The current data indicate that the probability for LOOP-NTs for current
plants is small.

The LOOP data® on Figure 6-1, illustrates the causes and cause breakdowns. Severe weather
is both a LOOP category and a LOOP cause on Figure 6-1. The definition of severe weather
related LOOP indicates that localized severe weather events such as lightning strikes at a
single plant or switchyard are coded as plant-centered or switchyard-centered LOOP,
although the cause is severe weather. Approximately 38% of the events are caused by
equipment failures, and approximately 30% of the events are caused by human errors.
Transformers dominate in the equipment failures and maintenance activities contribute by the
largest fraction to the human error events.
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50 L— —— | o Transmission Line Events

Z .

Plant Switchyard Grid Related ~ Weather
Centered Centered Related

0O Human Error During
Shutdown Mode

0O Human Error During
Operating Mode

40— —

Number of events

30 7 @ Hardware Related Failures

20 1 O Extreme External Events

Figure 6-1 LOOP event counts by cause’
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To summarize, the presented statistical data show that:

- Grid related LOOP are major contributor to LOOP during the power operation mode.

- Overall LOOP frequency decreased and length (duration) increased.

- Conditional probability of a consequential LOOP given a reactor trip increased.

- The probability for LOOP-NTs for current plants is small.

- The interconnected grid and transmission line events are dominant causes for the grid related
LOQP.

6.2 Method for calculation of Loss of Offsite Power IE Frequency

A method for calculating the LOOP initiating event frequency consistent with the current
NRC guidelines'’ is described in the following chapter. In the proposed method, LOOP IE is
a sum of four elements: plant centered losses (PCL), grid disturbances (GD), severe weather
related losses (SWRL), and extremely severe weather related losses (ESWRL). Plant centered
events are those in which the design and operational characteristics of the plant itself effect
likelihood of the loss of the offsite power. The grid related loss of off-site power events are
defined as LOOP that are strictly associated with the loss of the transmission and distribution
system due to insufficient generating capacity, excessive loads or dynamic instability.
Although grid failure may also be caused by the factors such as severe weather conditions
these events in current procedures are not considered grid related, since they are caused by
external events and accordingly they are covered separately.

There is no formal procedure for estimation of plant and grid related LOOP frequencies. The
procedure used in current PSA is to use available statistical data for those IE frequencies and
apply it as given, without considering the design of the on-site power system (plant centered)
or grid unreliability (grid related).

Severe weather related loses are divided into two groups:

1. Weather caused the event, but did not effect the time to restore power (for example
lightening induced event). These events are classified within plant centered losses.

2. Weather initiated the event and created conditions, so that power was not or could not have
been restored for a long time. This group includes major storms, hurricanes, high winds,
accumulations of snow and ice and tornadoes. This group of LOOP is divided into severe
weather related and extreme severe weather related LOOP. The following equation for
calculation of severe weather related LOOP is given in the corresponding references'®'”:

SWRL =1.310" *h, +b*h, +1.2107 * h, + ¢ * h, €vent (6.101)

year

Where:

h; — Annual expectation of snowfall for the site, in inches.

h, — Annual expectation of tornadoes (wind speed equal or greater than 113 miles per hour).

b — Value of 12.5 for sites with the transmission lines on two or more rights-of-way spreading
out in different directions from the switch-yard, or 72.3 for sites with the transmission lines
on one right-of-way.

h; — Annual expectation of storms with the wind speed between 75 and 124 mph.

hs — Annual expectation of hurricanes at the site.

¢ — Value of 0 for site not vulnerable to the effects of salt spray and 0.78 for vulnerable site.
The Eq. (6.101) shows that the frequency of severe weather related LOOP for the NPP
situated in the regions where probability of hurricanes and tornadoes is small or negligible,
depends only from the annual expectation of snowfall at the site. The h; is conservatively
taken to be equal to the largest measured value in the available meteorological data. Equation
(6.101) also indicates that the frequency of SWRL LOOP is smaller than 1E-2 event/year for
those power plants.
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The frequency of the extreme severe weather related LOOP (ESWRL) is taken to be equal to
the annual expectation of storms at a site with the wind velocities equal to or greater than 125
mph. In locations, where registered wind speeds are smaller than 125 mph, the frequency of
ESWRL=3.3E-4 event/year is taken conservatively.

The frequency of plant LOOP is obtained as sum of the frequencies of LOOP from all causes,
and in certain cases rounded to a larger value to conservatively account uncertainties in the
analysis.

Several major deficiencies were identified in the current procedures. The LOOP frequency
resulting from plant centered losses and grid disturbances (the dominant contributor to the
overall LOOP) is taken from statistical data’, without consideration of the unreliability of the
specific power system or configuration of the on-site power system of the nuclear power
plant. The procedure for estimation of SWRL and ESWRL LOOP frequency is developed
from the definitions and classification of the severe and extreme weather groups'®, but the
corresponding regulatory guides doesn’t specify the adequacy of these procedures for LOOP
frequency estimation. Specific extreme weather condition (high temperatures during summer
months), that has direct implication® on LOOP frequency, is not accounted in the current
procedure.

6.3 Impact of LOOP frequency on CDF of NPP

The Surry’” Unit 1 plant is taken as a reference NPP for the analysis of the impact of LOOP
initiating event frequency on the CDF. The Surry NPP has two identical units Surry Unit 1
and 2 adjacent to the James River in Surry County, Virginia. Each unit includes a three-
coolant-loop, pressurized light water reactor nuclear steam supply system and a turbine
generator provided by the Westinghouse Electric Corporation. Both Surry units were uprated
in 1995 to the core power output of 2546 MW thermal with a gross electrical output of 855
MW electrical.

The selection of the Surry Unit 1 NPP as a reference NPP in the analysis is based on the
following comparison:

- Design of the Surry Unit 1 NPP is similar to the NPP Kr$ko. Both NPP have Westinghouse
PWR reactors with the two-coolant-loop reactor nuclear steam supply system in NPP Krsko
and three-coolant-loop in Surry Unit 1 NPP. Both NPP were uprated from the initial design
output, Surry units (855 MWe) in year 1995 and NPP Krsko (696 MWe) in year 2000.

- Both units have similar onsite power system configuration, with the two emergency diesel
generators (EDG) per unit.

- The PSA models of NPP are owned by NPP themselves and all their details are mostly not
publicly available. The detailed plant model and Level 1 PSA model of the Surry Unit 1 NPP
is available”™ *°, allowing the use of the model in the study. The PSA model of the Surry Unit
1 NPP is publicly available, because it was one of the five nuclear power plants, which was
analyzed in the demonstration study’”.

- The major difference between Surry Unit 1 NPP and NPP Krsko is sharing an
interconnection of specific safety systems (auxiliary feedwater system) and elements (one of
the EDG) of the Surry Unit 1 NPP with the adjacent Surry Unit 2 NPP. Notifying the
differences between Surry Unit 1 NPP and NPP Krsko, the results obtained from the Surry
Unit 1 PSA is expected to be applicable to the NPP Krsko.

The general description of the Surry Unit 1 NPP power system used in the Level 1 PSA
model is given in the section 6.3.1. The obtained results from the Level 1 PSA model are
given in the section 6.3.2. The results obtained from the sensitivity analysis of the CDF from
the EDG unreliability and LOOP frequency are presented in section 6.3.3. The obtained
results from the estimation of the LOOP frequency using the new method are presented in
section 6.4.
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6.3.1 NPP power system

The power system of the nuclear power plants consists of the offsite power system and onsite
emergency power system.

The offsite power system at nuclear power plants consist of the following major components:
- Two or more incoming power supplies from the grid.

- One or more switchyards to allow routing and distribution of power within the plant.

- One or more transformers to allow the reduction of voltage to levels needed for safety and
non-safety systems within the plant.

- Distribution systems from the transformers to the switchgear buses.

Figure 6-2 shows an example’’ of an offsite power system design used for nuclear power
plants. The offsite power system design shown on Figure 6-2 is similar to the design of the
NPP Krko®®. The solid lines on Figure 6-2 are SBO scoping boundary for license renewal’”.
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Figure 6-2 Example of an offsite power system™*
The on-site power system of the nuclear power plants includes safety Class 1E distribution
system, emergency diesel generators and batteries.
During normal operation, AC power is typically provided to the safety and non-safety buses
from the main generator through the unit transformers; it may also be supplied directly
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through the auxiliary transformer. A minimum of two preferred power supply circuits must be
provided. Sources of offsite power other than the grid may also be provided as alternate or
backup sources of power. These may include nearby (or onsite) gas turbine generators, fossil
power plants and hydroelectric power facilities connected directly through dedicated power
lines to the auxiliary transformer.

The on-site power system, referred as emergency power system (EPS) provides AC and DC
power to safety related components following reactor scram. The EPS is a support system that
interfaces with the nearly all front line systems.

The EPS at Surry Unit 1 NPP consist of two 4160 VAC buses, four 480 VAC buses, four 120
VAC vital instrumentation buses, two 125 VDC buses, one dedicated and one shared diesel
generator, and their associated components. The EPS at Surry Unit 2 NPP is symmetric to the
system of the Surry Unit 1 NPP. Each 4160 VAC bus is normally powered from offsite power
sources. Upon loss of offsite power the supply breakers open, the diesel generators start and
their associated output breakers close to load the diesel on the emergency buses. Surry has
three diesel generators, one dedicated to each unit and a third swing diesel generator shared
by the units. In the event that the swing diesel is demanded by both units, the diesel is aligned
to the unit at which a safety injection actuation system or consequence limiting control system
signal exists. The Surry EPS design does not require load sequences (installed in NPP Krsko)
for reloading of the buses due to the use of time delays included in the start circuitry of the
required pumps. Technical specifications require all three diesel generators to be operable.
However, one diesel may be taken out for service for a limited period of time.

Specific assumptions made in the analysis of the EPS are as follows:

- Failure of EDG 2, dedicated to Surry Unit 2 NPP, would result in the inability of the EDG 3
(shared EDQG) to supply to Surry Unit 1 NPP.

- The EDG mission time is taken to be equal to 6 hours.

- Battery depletion time is assessed to be 4 hours.

- Cross connection of the buses is not considered.

- Shorts in the buses and motor control centers fail only their respective bus and don’t fail the
power sources connected into the bus.

- Actuation failures for diesel generators are not explicitly included.

- Alternative source of AC power at the Surry site are not included in the station blackout
models.

The EDG parameters used in the Surry Level 1 PSA model are given in Table 6-5.
Table 6-5 EDG parameters

No. | Parameter Mean unavailability
1 EDG fails to start 2.20E-02
2 EDG fails to run 2.00E-03
3 EDG test and maintenance 6.00E-03
4 EDG circuit breaker - All failures | 3.00E-03

The probability for EDG failure to start is calculated from the plant specific data. The

common cause failures of the EDG are accounted using unavailability given in Table 6-6.
Table 6-6 EDG CCF unavailability

No. | Parameter Mean unavailability
1 2 EDG fail to start and run 3.80E-02
2 3 EDG fail to start and run 1.80E-02
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6.3.2 NPP PSA model

The PSA model of the Surry Unit 1 NPP is developed on the basis of the plant model and
Level 1 PSA analysis given in the corresponding references’ *°. The top events are modeled
using large fault trees. The PSA model includes 14 ET, 168 FT and 576 BE. The list of the

event trees constructed for Surry Unit 1 PSA are given in Table 6-7.
Table 6-7 Event trees and initiating events for Surry Unit 1 PSA

No. | Event tree name | Initiating event Description

1. |LOCA-A Large LOCA LOCA size 67-29”

2. |S1 Medium LOCA LOCA size 27-6”

3. |S2 Small LOCA LOCA size 1/27-2”

4. | S2-Consequence | Small LOCA as consequence LOCA size 1/27-2” as consequence
5. |S3 Very small LOCA LOCA less than 1/2”

6. |TI-N LOOP Loss of offsite power

7. |TIS-N SBO at Unit 1 Station blackout at Unit 1

8. |TISS-N SBO at Unit 1 and Unit 2 Station blackout at both Surry Units
9. |T2 Loss of main feedwater Loss of main feedwater

10. | T3 Turbine Trip Turbine trip with the MFW

11. | TS Loss of DC Bus No recoverable loss of DC bus

12. | T7-N Steam generator tube rupture Steam generator tube rupture (SGTR)
13. |TK Anticipated trans. without scram | ATWS as consequence

14. |V Interfacing LOCA Interfacing LOCA

The developed PSA model of the Surry Unit 1 NPP is not identical to the model the
corresponding references’™ °°. It is the best completely approximation of the reference model,
with the major differences described as follows. The results from developed PSA model for
Surry Unit 1 NPP are comparable to the results in corresponding reference’ °°, confirming
the applicability of the model.

The event tree number 4 (S2-Consequence) is added to the model in order to quantify the core
damage frequency resulting from the sequences, which have Small LOCA as consequence of
other initiating events. Event tree number 14 (V-Interfacing LOCA) is added in the plant PSA
model in order to directly quantify share of the Interfacing LOCA into total CDF of the plant.
The recovery actions of the operators are included in the model with the introduction of the
additional branches in the event trees. There are cross ties between the charging systems and
auxiliary feedwater systems at Surry Unit 1 and 2, and these interconnections are accounted
during FT construction. The fault and event trees are upgraded to account the failure of
systems due to the loss of AC power and incorporate operator recovery actions. The failure of
the consequence limiting system, auxiliary feedwater system during blackout, primary
pressure relief system, recirculation mode transfer system and safety injection actuation
system are modeled with fault trees developed from the description given in the
corresponding reference’. In the reference’® failure of these systems is calculated directly
from the Boolean expressions. The seal vulnerability sequences were excluded from the event
trees because, in the corresponding references’, there is no information about their
quantification and current actions in Surry NPP to improve the RCP seal/O-ring package””.
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The station blackout at Surry Unit 1 NPP (event tree T1S-N) is defined as failure of EDG 1
and EDG 3 to provide power to the Surry Unit 1 NPP following a LOOP. The station blackout
of both units (event tree TISS-N) is defined as failure of all three EDG to provide power to
Surry Unit 1 NPP following a LOOP initiating event. The EDG 3 is assumed to be
unavailable if EDG 2 has failed. The frequency of the Surry Unit 1 NPP station blackout
(SBO Ul initiating event) and station blackout of both units (SBO U2 initiating event) are
obtained with the construction of the fault trees on the basis of the Boolean equations given in
the reference’ . The frequencies of the initiating events SBO Ul and SBO U2 used in the

model are given in Table 6-8.
Table 6-8 SBO IE frequency

No. | Initiating Event Frequency [/yr]
PSA model
1 SBO at Unit 1 1.6E-04
SBO at Both Units | 3.3E-05

The frequency of the LOOP initiating event of Surry Unit 1 NPP is estimated to be 7.7E-2
[/yr]. No detailed description of procedure used for LOOP IE frequency estimation is
provided in the reference’ except the notation that the calculation is based on experience
from other plants with the similar switchyard configurations.

The results obtained from the Surry Unit 1 PSA model are obtained by quantification of the
model using the commercial software®. They are summarized in the following tables and
figures.

The contribution of the Accident Groups to CDF obtained for NPP S model is given in Table
6-9. The second column in Table 6-9 contains name of the accident group with included ET

given in third column and mean CDF in fourth column.
Table 6-9 Comparison of the results for dominant accident sequences by IE type

No. | Accident Included Event Trees Mean CDF [/yr]
Group PSA Model
1. | AILOOP T1-N, T1S-N, T1SS-N 9.63E-06
2. | AlLOCA LOCA-A, S1, S2, S2-Con., S3 | 6.31E-06
3. | Int. LOCA \Y% 1.60E-06
4. | All transient T2, T3, TS 1.52E-06
5. | ATWS TK 1.99E-06
6. | SGTR T7-N 4.03E-07
CDF Total 2.15E-05

The contribution of the Accident Groups identified in Table 6-9 to CDF obtained for Surry
Unit 1 NPP model is given on Figure 6-3.

The importance analysis is done and the most important BE are identified in Table 6-11.

The RAW importance measure for the initiating events is excluded from the results and
marked with the N/A in Table 6-11.
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CDF Contribution by Accident Groups

SGTR, 1.88%
ALLTRANS,, 7.05%

INT. LOCA, 7.44%

ATWS, 9.26%
’ ? ALL LOOP, 44.79 %

ALLLOCA, 29.35%

O ALL LOOP

B ALL LOCA
OATWS

O INT. LOCA
B ALL TRANS.
O SGIR

Figure 6-3 Contribution of Accident Groups for Surry Unit 1 CDF from model

The results on Figure 6-3 show that LOOP events are the dominating contributors to the Surry
Unit 1 CDF. Division of the LOOP and SBO events to the CDF from the ALL LOOP

Accident Group is given on Figure 6-4.

Contribution to ALL LOOP CDF by LOOP and SBO Initiating Events

SBO U2 12%

LOOP 35%

SBO Ul 53%

O LOOP
® SBO U1
O SBO U2

Figure 6-4 Contribution of LOOP and SBO to ALL LOOP Accident Group for Surry Unit 1 CDF

The Figure 6-4 shows that the main contributor to the CDF from ALL LOOP Accident Group

is the SBO Ul initiating event resulting from specific on-site power configuration.
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The CDF contribution by Initiating Events'® for NPP Krsko is given on Figure 6-5 with
description of the initiating events given in Table 6-10.

LDC CDF Contribution by Initiating Events
ISLo) 4,
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0,0%
1.2% OoLSP
o TRO
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Figure 6-5 CDF contribution by Initiating Events for NPP Krsko

Table 6-10 Description of the Initiating events

INITIATING EVENT IE
IANTICIPATED TRANSIENT WITHOUT SCRAM AWS
INTERFACING SYSTEMS LOCA ISL
LARGE LOCA LLO
LOSS OF 125V DC VITAL BUS LDC
LOSS OF COMPONENT COOLING WATER

SYSTEM CCW
LOSS OF ESSENTIAL SERVICE WATER SYSTEM [ESW
LOSS OF INSTRUMENT AIR INA
LOSS OF OFFSITE POWER LSP
MEDIUM LOCA MLO
SMALL LOCA SLO
STATION BLACKOUT SBO
STEAM GENERATOR TUBE RUPTURE SGR
STEAM LINE BREAK SLB
TRANSIENT WITH MFW AVAILABLE TRA
TRANSIENT WITH MFW UNAVAILABLE TRO
VESSEL FAILURE IVEF

Comparison of the results on Figure 6-3 from Surry Unit 1 NPP and results on Figure 6-5 for
NPP Krsko justify the selection of the NPP Surry as a reference plant as described in the
section 6.3.2.
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6.3.3 Sensitivity analysis of CDF

The results of the sensitivity studies are presented in the following sections. It is assumed that
they are applicable also to the NPP Krsko due to the similarities of the plants and the PSA
models.

The correlation of EDG reliability and emergency AC power system unavailability is
analyzed, with the obtained results given on Figure 6-6. The probability of failure to start for
all three EDG NPP PSA is changed and the emergency AC power system unavailability is
calculated. The CCF of the EDG are accounted.

TLOOE-02 ===~ ===

——SBO Ul FT —=—SBO U2 FT

1.00E-03 ~

LOOE-04 - Nt

Emergency AC power unavailabil;

1.00E'05 T T T T T T T T T T T T 1
0.974 0.976 0.978 0.980 0.982 0.984 0.986 0.988 0.990 0.992 0.994 0.996 0.998

EDG Reliability

Figure 6-6 Unavailability of the emergency AC power system from EDG reliability

The obtained results on Figure 6-6 show that unavailability of emergency AC power system
in the fault tree for station blackout of the Surry Unit 1 (SBO U1 FT) and fault tree for station
blackout of both units (SBO U2 FT) depends notably on EDG reliability. With the red squares
are marked values of EDG reliabilities used in the model. The ten most important MCS
identified for the emergency AC power system failure are given in Table 6-12, where
combinations of two EDG failures are identified. The description of the basic events is given
in Table 6-13.
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Table 6-12 Identified MCS for emergency AC power system failure

MCS No. | Probability | Event 1 Event 2

1 4.84E-04 OEP-DGN-FS-DGO1 | OEP-DGN-FS-DGO2
2 4.84E-04 OEP-DGN-FS-DGO!1 | OEP-DGN-FS-DGO3
3 1.32E-04 OEP-DGN-FS-DGO2 | OEP-DGN-MA-DGO1
4 1.32E-04 OEP-DGN-FS-DGO1 | OEP-DGN-MA-DGO3
5 1.32E-04 OEP-DGN-FS-DGO3 | OEP-DGN-MA-DGO1
6 1.32E-04 OEP-DGN-FS-DGO1 | OEP-DGN-MA-DGO2
7 6.60E-05 OEP-CRB-FT-25H3 OEP-DGN-FS-DGO1
8 6.60E-05 OEP-CRB-FT-15H3 OEP-DGN-FS-DGO3
9 6.60E-05 OEP-CRB-FT-15H3 OEP-DGN-FS-DGO2
10 6.60E-05 OEP-CRB-FT-15J3 OEP-DGN-FS-DGO!1

Table 6-13 Basic event description
BE name Description
OEP-DGN-FS-DGO1 | Diesel generator 1 fails to start
OEP-DGN-FS-DGO2 | Diesel generator 2 fails to start
OEP-DGN-FS-DGO3 | Diesel generator 3 fails to start
OEP-DGN-MA-DGOL | Diesel generator 1 in maintenance
OEP-DGN-MA-DGO?2 | Diesel generator 2 in maintenance
OEP-DGN-MA-DGO3 | Diesel generator 3 in maintenance
OEP-CRB-FT-25H3 Failure of circuit breaker 25H3 to remain closed
OEP-CRB-FT-15H3 Failure of circuit breaker 15H3 to remain closed
OEP-CRB-FT-15J3 Failure of circuit breaker 15J3 to remain closed
The obtained results for the unavailability of emergency AC power system from EDG
reliability without consideration of EDG CCF are given on Figure 6-7.
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Figure 6-7 Unavailability of the emergency AC power system from EDG reliability, CCF not accounted
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The results on Figure 6-7 (without CCF) compared to results on Figure 6-6 (with the CCF)
show that unavailability of the emergency AC power system decreased with the exclusion of
CCF and this result is more evident for SBO U2 FT. The CCF of all three EDG (BE “BETA-
3DG”) is the major contributor to the unavailability of the emergency AC power system in
SBO U2 FT. The obtained results on Figure 6-7 and Figure 6-6 are comparable to results
provided in the reference'®.

Figure 6-8 shows CDF versus EDG reliability.

—e— Without CCF —a— With CCF
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Figure 6-8 Dependency of CDF from EDG reliability
Figure 6-9 shows the sensitivity analysis of the CDF versus LOOP IE frequency.
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Figure 6-9 Dependency of CDF from LOOP frequency
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The red square on Figure 6-9 marks the current LOOP frequency and its respective CDF in
the PSA model. The detail cost/benefit analysis'’' is necessary to quantify the implication of
the CDF change.

6.4 Implication of Grid related LOOP on plant CDF

The results from the sensitivity analysis in the section 6.3.3 show the dependence of the CDF
on the LOOP frequency. Two methods for estimation of the LOOP frequency from the
unreliability of the power delivery to the house load of the NPP are developed and applied on
the IEEE RTS and Slovenian power system.
First approach is used for the assessment of the power system and second approach is used for
evaluation of the changes in the power system on the LOOP frequency.
The LOOP category data frequencies are given in Table 6-14. The first column in Table 6-14
identifies the LOOP category with the mean frequency obtained from the statistical data given
in the second column. The PSA model LOOP categories are given in the fourth column of the
table.

Table 6-14 Share of each LOOP data category into overall LOOP

LOOP Category | Mean Frequency [/yr] | Share % | Mean Frequency [/yr]
Data NUREG/CR-6890° PSA model”

Plant centered 2.07E-03 5.7 4.44E-03

Switchyard centered | 1.04E-02 28.9 2.23E-02

Grid related 1.86E-02 51.8 3.99E-02

Weather related 4.83E-03 13.4 1.04E-02

All 3.59E-02 100.0 7.70E-02

The share of the grid related LOOP is approximately half of the overall LOOP frequency with
the switchyard centered failures as the second largest contributor. The frequency of the LOOP
IE in the PSA model is approximately twice larger than the mean frequency obtained from the
statistical data, as shown in last column in Table 6-14.

The LOOP IE is assessed as a sum of the grid related LOOP and non-grid related LOOP. The
non-grid related LOOP include plant, weather and switchyard initiated LOOP that are taken to
be constant and equal to the statistical values given in the last column of the Table 6-14.

In the first approach the frequency of the grid related LOOP is assessed from the unreliability
of the power delivery to the house load of the NPP. The unreliability of the power delivery to
the house load is equal to the unavailability of the power delivery resulting from the usage of
the constant failure rate A and unrepairable component model for the constituting elements of
the power system. The Bernoulli’s theorem (i.e. the so-called ‘law of large numbers’) states
that in repeated, independent trials with the same probability p of success in each trial, the
chance that the percentage of successes differs from the probability p by more than a fixed
positive amount, converges to zero as the number of trials goes to infinity, ensuring
frequencies converge towards the probability. The LOOP frequency is assessed according to
this theorem. The main deficiency of this approach is that it doesn’t account the grid related
LOOP in the overall LOOP when:

- The obtained unreliability and corresponding grid related LOOP is small compared to the
non-grid LOOP.

- When change of the unreliability and corresponding grid-related LOOP, resulting from
changes in power system is small.

The second approach is developed and applied in order to account small unreliabilities into
the assessment of the LOOP IE frequency. The frequency of the LOOP IE, for the basic
configuration of the power system, is taken to be equal to the value available from the
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statistical data. For the power system configurations different from the basic configuration,
the LOOP IE frequency is obtained as a sum of the non-grid LOOP and product of the grid
LOOP with the ratio of the unreliabilities of the power delivery for new and basic
configuration, as shown on Eq. (6.102):

U
2= LOOP, [ /yr] (6.102)

basic

LOOP,,, =LOOP

new non-grid +

Where:

LOOP;ew — The NPP LOOP IE frequency for in the new configuration of the power system.
LOOPhon gria — Sum of the plant, weather and switchyard initiated LOOP.

Upew - The unreliability of the power delivery to the house load of the NPP in the new
configuration of the power system.

Ubpasic - The unreliability of the power delivery to the house load of the NPP in the basic
configuration of the power system.

LOOPyiq — The grid related LOOP.

The small changes of the unreliability of the power delivery to the house load of the NPP
resulting from the changes in the power system, are accounted in the assessment of LOOP
with the second approach.

The obtained results from presented approaches are given in the following sections.

6.4.1 Implication of Grid related LOOP on plant CDF in IEEE RTS

The unreliability of the power delivery to the house load of the nuclear power plants situated

in the substation 18 and 21 of the IEEE RTS is summarized in Table 6-15.
Table 6-15 Description of the power system models and obtained unreliabilities for IEEE RTS

No. | Power system model Unreliability of the power delivery
to the house load of NPP
1 NPP‘ n sgbsta‘uon 18 of the IEEE RTS, without 2 30E-03
consideration of voltages
7 NPP‘ n sgbsta‘uon 21 of the IEEE RTS, without 2 26E-08
consideration of voltages
3. NPP‘ n sgbstatlon 18 of the IEEE RTS, with the | 44E-00
consideration of voltages
4 NPP' in sqbstauon 21 of the IEEE RTS, with the 5 21E-06
consideration of voltages

The obtained LOOP IE frequency for IEEE RTS, using the first approach in section 6.4, are
shown in Table 6-16.
Table 6-16 CDF and LOOP frequency for IEEE RTS

No. | Power system model LOOP CDF [/yr]
frequency [/yr]

1 NPP in substation 18 of the IEEE RTS, without

) consideration of voltages 3.94E-02 1.68E-05
) NPP in substation 21 of the IEEE RTS, without

) consideration of voltages 3.71E-02 1.65E-05
3 NPP in substation 18 of the IEEE RTS, with the

' consideration of voltages 5.15E-02 1.83E-05
4 NPP in substation 21 of the IEEE RTS, with the

' consideration of voltages 3.71E-02 1.65E-05

The CDF of the NPP for IEEE RTS models given in Table 6-16, is given on Figure 6-10.
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Figure 6-10 Dependency of CDF from LOOP IE frequency, IEEE system

The red column on Figure 6-10 shows the CDF of the NPP obtained in the section 6.3.2 for
the initial generic LOOP IE frequency. The blue columns show the CDF of two nuclear power
plants in IEEE RTS for both options: with and without consideration of voltages.

The results on Figure 6-10 show that CDF is smaller for all LOOP frequencies compared to
the value obtained from the generic LOOP frequency’. The results on Figure 6-10 show the
increase of the CDF (model 3 compared to model 1) with the introduction of the substation
voltages in the method.
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6.4.2 Implication of Grid related LOOP on CDF in Slovenian power system

The unreliability of the power delivery to the house load of the NPP Krsko for analyzed
configurations of the Slovenian power system is given in Table 6-17.
Table 6-17 Description of the power system models and obtained unreliabilities for NPP Kr§ko

No. | Power system model Unreliability of the power delivery
to the house load of NPP Krsko
1 The basic configuration of the Slovenian power 1.55E-04
system
2. Single line NPP Krsko — Bericevo is added 1.80E-06
3. Double line NPP Krsko - Beric¢evo is added 3.23E-07
4 NPP Krsko 2 is added, proportional load increase is 3 24E-05
" | assumed, single line NPP KrSko — Beri¢evo is added | ™
NPP Krsko 2 is added, proportional load increase is
5. assumed, double line NPP Krsko - Beri¢evo is | 2.40E-05
added
6 NPP Krsko 2 is added, load increase in Divaca, | R0E-06
) single line NPP Krsko - BeriCevo is added '
7 NPP Krsko 2 is added, load increase in Divaca, 3.24E-07
) double line NPP Krsko - Bericevo is added '

The constant value of the LOOP=3.71E-02 [/yr] is obtained with the application of the first
approach from section 6.4 and the unreliabilities given in Table 6-17, as a result of their small
value. Therefore, the second approach from section 6.4 is applied.

The obtained LOOP IE frequencies, using the Eq. (6.102), are given in Table 6-18.
Table 6-18 The obtained LOOP IE for the NPP Krsko

No. | Power system model LOOP [/yr] | CDF [/yr]
1. The basic configuration of the Slovenian power system | 7.70E-02 2.15E-05
2. Single line NPP KrSko — Beri¢evo is added 3.76E-02 1.66E-05
3. | Double line NPP Krsko - Beric¢evo is added 3.72E-02 1.65E-05
ety ottt nd s a2 | L7stos
5 | asoumed. double e NP Kisko - Bericevo isadded | #9502 | 1.73E-05
1K e, oo s 0 DO 80 3 oy s

The frequency of the LOOP IE, for the basic configuration of the Slovenian power system, is
equal to the generic value LOOPy,s=7.70E-02 [/yr] from the corresponding reference’. The
LOOP IE frequency is obtained with Eq. (6.102) for the Slovenian power system

configurations different from the basic configuration, with:

LOOPon gria — Sum of the plant, weather and switchyard initiated LOOP in Table 6-14, equal
to 3.71E-02 [/yr].
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Unew - The unreliability of the power delivery to the house load of the NPP for the new
configuration of the power system, given in Table 6-17.

Ubasic - The unreliability of the power delivery to the house load of the NPP for the basic
configuration of the power system, given in Table 6-17 with the value 1.55E-04[/yr] for the
NPP Krsko.

LOOPyiq — The grid related LOOP, given in Table 6-14, with the value 3.99E-02 [/yr].

Figure 6-11 shows core damage frequency for the selected configurations of the Slovenian
power system.

B0 1) 0
2.15E-05 + -
2.10E-05 + -
2.05E-05 + -
2.00E-05 + -
1.95E-05 + -
1.90E-05 + -
1.85E-05 + -
1.80E-05 + -
1.75E-05 + -
1.70E-05 + -
1.65E-05 | -
1.60E-05 + -
1.55E-05 + -
1.50E-05 + -
1.45E-05 + -
1.40E-05 -

CDF [/yt]

1 2 3 4 5 6 7 New EDG

Slovenian power system model

Figure 6-11 Dependency of CDF from LOOP IE frequency, Slovenian power system
The red column shows the basic configuration. Green columns show the variations connected
with selected power system configurations. The blue column shows the configuration with
additional emergency diesel generator installed at the NPP Krsko.
Figure 6-11 shows that obtained CDF is smaller for all configurations (green columns) of the
Slovenian power system compared to the CDF obtained for the basic configuration (red
column). The addition of the single line between substation NPP KrSko and substation
Beri¢evo decreases CDF for ACDF=5E-06 [/yr], with the additional decrease of ACDF=1E-
07 [/yr] with change of the interconnection from single to double. Figure 6-11 shows that,
from the aspect of nuclear safety, the safest configuration is the one with the two NPP in the
substation NPP Krsko, load increase in the substation Divac¢a and double NPP Krsko -
Beri¢evo interconnection (power system model 7).
The calculated CDF with the dedicated EDG is CDF=1.52E-05 [/yr], with the decrease of the
CDF for ACDF=6.3E-06 [/yr]. The obtained result show that the decrease of the CDF
obtained with the installation of the additional EDG in the NPP is comparable to the decrease
obtained with the installation of the line between substations NPP Krsko and Bericevo.
The obtained results show that the addition of the new interconnection between substations
NPP Krsko and Bericevo is comparable, from the aspect of nuclear safety and corresponding
CDF as the risk measure, to the installation of the new EDG in NPP Krsko.
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7 Conclusions

The current methods used for the estimation of the Loss of Offsite Power initiating event
frequency do not account the actual state and the specifics of the power system.

The main objectives of the thesis was to develop new and improved method for estimation of
the Loss of Offsite Power initiating event frequency, accounting the actual state of the power
system and on-site power system configuration of the nuclear power plant, and to evaluate the
implications of changes in the power system considering the safety of the nuclear power
plants.

The method for assessment of the Loss of Offsite Power initiating event frequency is
developed. It is used further for assessment of the nuclear power plant safety. The developed
method accounts the power flows through interconnections, configurations of switching
substations, their corresponding voltages and the methods and models of probabilistic safety
assessment.

The prerequisite for assessment of nuclear power plant safety within the power system is an
evaluation of the overall reliability of the power system, which was performed by
development of the computer code that integrates the power flows and probabilistic safety
assessment. The method for evaluation of the reliability of the power system includes
identification of the weak points in the system. The network importance measures identify the
most important elements or group of elements for the power system reliability.

The verification of the developed method is performed on small examples. The applicability
of the method is confirmed on the standard test system. The implication of the changes of the
power system considering the nuclear power plant safety is investigated on the simplified
Slovenian power system. The most important elements of the power system from the aspect
of nuclear safety are identified using the obtained risk measures.

The obtained results show that:

- Reliability of the substation NPP Krsko and the corresponding generator are the most
important elements for the overall reliability of the Slovenian power system.

- The change of the line between substation NPP Krsko and substation Beri¢evo from single
to double decreases the Loss of Offsite Power initiating event frequency and consequently
improves the nuclear power plant safety. This decrease depends on common cause failures of
the interconnection.

- Installation of new line Krsko-Bericevo is identified as a mean for improved safety and as a
prerequisite for additional nuclear power plant at Krsko site.

- The introduction of the power line between substation NPP Krsko and substation Beri¢evo
decreases the risk similarly as the installation of the additional emergency diesel generator.
The developed method, with the specific modifications, is applicable for the estimation of the
reliability of other networks, such as: computer, transport and various goods distribution
systems.

The recommendations for the future work and development of the method include
improvement of the module used for the identification of the minimal cut sets using faster
algorithm (e.g. using binary decision diagrams), improvement of the procedure used for the
testing of the energy flow path in order to account generators more realistically and
development of the procedure for estimation of the common cause failures of the
interconnections. The weather conditions are accounted only with air temperature and its
implication on the continuous load rating of the power lines. Estimation of the correlation
between grid and weather related events would require more detailed analysis of the weather
initiated failures of the power system elements, particularly power lines, and their integration
into the model using the common cause failures.
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APPENDIX A. PRINCIPLES OF ENGINEERING SAFETY

The 24 safety principles and their categorization are given in Table A-1. The categories in the
third column of Table A-1 are the following: (1) inherently safe design, (2) safety reserves,
(3) fail safe and (4) procedural safeguards.

Table A-1 Principles of engineering safety

Principle/method Brief description Category
Inherently safe | Potential hazards are avoided rather than controlled. 1
design

Safety factor The system is constructed to resist loads and stresses | 2
exceeding what is necessary for the intended usage by
multiplying the intended load by a factor (>1).

Safety margin An (additive) margin is used for acceptable system |2
performance as a precautionary measure.

Stress margins The system is designed so that statistical variations in | 2
stresses do not lead to failure.

Screening Control measure to eliminate components that may pass | 3, 4
operating tests for specific parameters but show signs of
possible future failure (or reduced sustainability).

Safety barriers Physical barriers providing multiple layers of protection; | 3
if one layer fails, the next will protect from system failure.

Reliability A measure of system failure rate. High reliability against | 3
certain types of failures is necessary for system safety.

Redundancy Method of achieving reliability for important system | 3
functions. Redundant parts protect the system in case of
failure of one part.

Diversity Redundant system parts are given different design |3
characteristics to avoid failures from a common cause-to-
cause failure in all redundant parts.

Segregation Redundant parts should not be dependent on each other. | 3

(Independence, Malfunction in part should not have any consequences for

Isolation) a redundant part. One way to avoid this is to keep the parts
physically apart.

Fail-safe design Even if a failure of one part occurs, the system remains | 3
safe, often by system shut down or by entering a “safe
mode” where several events are not permitted.

Proven design Relying on design that has been proven by the “test of | 3
time”, i.e. using solutions or materials that have been used
on many occasions and over time without failure.

Single failure | Design criteria stating that a failure of a single system part | 3

criterion should not lead to system failure. System failure should

(Independent only be possible in case of independent malfunction.

malfunction)

Pilotability (safe | The system operator should have access to the control | 3

information load) means necessary to prevent failure, and the work should
not be too difficult to perform

Quality Reliance on materials, constructions etc of proven quality | 3, 4

for system design.
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Principle/method Brief description Category

Operational interface | Focusing on controlling the interface between humans and | 3

control (the rest of) the system and equipment. For example, using
interlocks to prevent human action to have harmful
consequences.

Environmental The environment should be controlled so that it cannot | 4

control cause failures. Especially, neither extremes of normal
environmental fluctuations nor energetic events such as
fire should be able to cause failures.

Operating and | Automatic as well as manual procedures are used as a | 4

maintenance defense against failures. Training in order to follow

procedures procedures is a part of such safety procedures.

Job study | Identifying potential causes through collecting data from | 4

observations observations and audits, e.g., interviewing staff about
potential or existent hazardous practices.

Controlling behavior | Controlling certain types of behavior (e.g., alcohol and | 4
drug abuse, lack of sleep), e.g., by tests and audits.

Standards Standardized solutions of system design, material usage, | 1-4
maintenance procedures etc. Standards may be applied to
all areas of safety engineering.

Timed replacement | Replacing components before their performance has | 4
decreased as a precautionary procedure. This can be done
regularly without any signs of decreased performance, or
by using indicators of potential failure such as component
degradation or drift.

Procedural Procedures such as instructions to operators to take or | 4

safeguards avoid specific actions in general or in special
circumstances.

Warnings Warning devices and information are provided when

control measures are insufficient (or in addition to them).
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APPENDIX B. SUBSTATIONS CONFIGURATIONS

The substations have different complexity, which depend on their configuration (single bus,
sectionalized single bus, breaker-and-a-half, double bus double breaker, and ring bus),
number of generators, number of lines and number of loads connected into it.

The configurations of the substations used in the analysis are given in the following sections.

I.1 IEEE Test System

The IEEE test system includes 24 substations, 7 substations have identical configurations to
others, and therefore there are 17 unique substation configurations. The fault trees are
developed for all substations. The Figure B-1 shows the configuration of the substation 1 from
IEEE RTS. The components (e.g. bus, disconnect switches and circuit breakers), which are
active in the normal regime (i.e. closed), and components, which are not active (i.e. open), are
identified on Figure B-1 using different coloring schemes. Components in blue are normally
open.

The connected elements (lines, load and generators) are transferred from primary to secondary
bus with disconnection of the active elements and transfer of the energy thought secondary
bus in the case of identified error (e.g. short circuit to ground or between phases) from the
protection. The following naming procedure is used for the substation components and their
corresponding fault trees: the first letters identify the component type (e.g. bus, disconnect
switch, circuit breaker), the following two letters identify the substation number and the last
three numbers represent the identification of the component. For example, DS01011 identifies
disconnect switch (DS) 011 situated in substation O1.

DS01001 DS01005 DSo01011 DS01017 DS01023

[JCBUIOOI CB01003 [} CB01006 [} CB01009 [} CB01012 [J

DS01002 DS01006 DS01012 DS01018 DS01024

LINE2 ——>> LINE 1 < G
1
DS01007 DS01013 DS01019 DS01025
Gt — >
CB01004 |::| CB01007 |:j| CB01010|::| CBO1013 |::|
DS012008 DS012014 DS012020 DS01026
LINE 3 G3 LOAD le——

G2

DS01003 DS01009 DS01015 DS01021 DS01027

[JCBOIOOZ CB01005 [J CB01008 [J CBO01011 [J CB01014 [}

DS01004 DS01010 \{ DS01016 DS01022 DS01028

Figure B-1 Configuration of substation 1 from IEEE RTS
Substation 2 has the same scheme as substation 1, therefore the same FT is used.
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LINE 7

LINE 2

LINE 4

Substations 5 and 6 have the same configurations as substation 4.

LOAD

DS04004

DS04005

Figure B-3 Configuration of substation 4 from IEEE RTS
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A
DS03008 DS03007 F
> Z | |
CB03004
N Dso3001 DS03006  \{
CB03001 CB03003
N  Dso3002 DS03005 N\
CB03002
> L [ - < LINE 6
DS03003 DS03004
Figure B-2 Configuration of substation 3 from IEEE RTS
LOAD
1
DS04001
Z
N\  Dso4002 DS04007 ]
CB04001 CB04003
| Ds04003 DS04006
CB04002
> £ ] | ~ < LINE 8



LINE 13

LINE 12

LOAD LINE 11
4\ DS07010 DS07009 A
Z | | _~
L 1
CB07005
N Dso7001 DS07008 N\
CB07001 CB07004
N Dso7002 DS07007 N\
CB07002 CB07003
yau | « v | « > LINE 20
\ | I L \
1 DS07003 DS07004 | DS07005 DS07006 A
Q9 G20 G11
Figure B-4 Configuration of substation 7 from IEEE RTS
DS08008 DS08007 DS08009 DS08015 DS08014
1 ]
> | LOAD
CB08004 CB08007
DS08016
DS08001 DS08006 > LOAD
CB08001 CB08003
DS08013 |
DS08002 DS08005
CB08006
DS08012
CB08002 CB08005
—> 1 ] 1 ] LINE 11

DS08003

DS08004

DS08010

Figure B-5 Configuration of substation 8 from IEEE RTS
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LOAD LINE 14

DS09010 DS09009 DS09015 DS09016
LINE 6 v yau ]
L1 L1
CB09005 CB09009
DS09001 DS09008 DS09014 DS09017
CB09001 CB09004 CB09008 CB09010
DS09002 DS09007 DS09013 DS09018
CB09002 CB09003 DS09011 DS09012 CB09011
LINE 8 Z L/ |4 ya ] ]
L 1 L 1 L1
DS09003 DS09004 [ DS09005 DS09006 DS09019 DS09020
CB09006
LINE 12

Figure B-6 Configuration of substation 9 from IEEE RTS
Substation 10 has the same scheme as substation 9, therefore the same FT is used.

DS11006 DS11005 DS11012 DS11011
LINE 14 [ ] ]
L1 L1
CB11003 CB11006
DS11001 DS11007
CB11001 CB11004
DS11002 DS11008
CB11002 CB11005
LINE 16. LINE 18. ]
DS11003 DS11004 DS11009 DS11010

Figure B-7 Configuration of substation 11 from IEEE RTS
Substation 12 has the same scheme as substation 11, therefore the same FT is used.
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DS13014 DS13013

G12 > £ II II v > LINE 22
CB13007
N Dsi3001 DS13012 \]
CB13001 CB13006
Dsi3002 DSI3011 N
G13 —>] —> LOAD
N Ds13003 DSI3010  \
CB13002 CB13005
 Dsi3004 DSI3009 ]
CB13003 CB13004
Gl4 > V4 II || £ £ || II 4 > LINE 20
DS13005 DS13006 | DS13007 DS13008
LINE 18
Figure B-8 Configuration of substation 13 from IEEE RTS
sC
DS14008 DS14007
Y £ II II v < LINE 23
CB14004
N  Ds14001 DS14006  \{
CB14001 CB14003
N  Ds14002 DS14005 N\
CB14002
£ II II £ < LINE 19
J DS14003 DS 14004
/
LOAD

Figure B-9 Configuration of substation 14 from IEEE RTS
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BUS 15 A1

BUS 15B1
DS15010 DS15016 DS15022 DS15030 DS15036 DS15042
DS15001
CB15005 CB15008 CB15011 C159014 CB15017 CB15020
CB15001
DS15009 DS15015 DS15021 DS15029 DS15035 DS15041
G18 LINE 27 el LINE 26
DS15002 G26 G25
DS15008 DS15014 DS15020 DS15023 DS15028 DS15034 DS15040
G20 ———| CB15004 CBI15007 CB15010 CBI15013 CB15016 CBI15019
DS15007 DS15013 DS15019 DS15024 DS15027 DS15033 DS15039
DS15003 LINE 24 ——»] G29 —— | <—— LINE 26 ﬁ LOAD
DS15006 DS15012 DS15018 DS15026 DS15032 DS15038
CB15002
CB15003 CBI15006 CBI15009 CBI15012 CB15015 CBI15018
DS15004
DS15005 DS15011 DS15017 DS15025 DS15031 DS15037
BUS 15 A2 BUS 15 B2
Figure B-10 Configuration of substation 15 from IEEE RTS
BUS 16 Al
DS16001 DS16012
CB16001 CB16006
DS16016
DS16002 DS16011
CINEDS CB16008
DS16003 DS16010 DS16015
CB16002 CB16005 le——
G21
DS16004 DS16009 DS16014
LINE 29 l€«——LINE 28
ﬁ
CB16007
DS16005 DS16008
DS16013
CB16003 CB16004
DS16006 DS16007
BUS 16 A2
LOAD

Figure B-11 Configuration of substation 16 from IEEE RTS
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LINE 28

DS17006 DS17005 T
|
L1
CB17003
CB17001 CB17002
LINE 31 > A | _« £ ] |
L1 L1
DS17001 DS17002 | DS17003 DS17004

LINE 30

Figure B-12 Configuration of substation 17 from IEEE RTS

Substation 18 has the same scheme as substation 16, therefore the same FT is used.
Substation 19 has the same scheme as substation 8, therefore the same FT is used.

BUS 20 A1
LINE 35 > >
\] Ds20001
|: CB20001
DS20008  \]
Ds20002
LINE 37 —>| CB20004
N\  Ds20003
DS20007
CB20002
Ds20004
CB20003
LINE 36 > /| |~
DS20005 DS20006
Y
LOAD

Figure B-13 Configuration of substation 20 from IEEE RTS
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BUS 21 A1

DS21001 DS21012 DS21018
CB21001 CB21006 CB21009
DS21002 DS21011 DS21017
l«—— LINE3s l€«——LINE 32
LINE 25
DS21003 DS21010 DS21016
CB21002 CB21005 e
DS21004 DS212009 22U
5 le—— 133 [——
61 ——> LINE LINE 26

DS21005 DS21008 DS21014
CB21003 CB21004 CB21007
DS21006 DS21007 DS21013

BUS 21 A2

Figure B-14 Configuration of substation 21 from IEEE RTS
G25,G24
DS22008 DS22007 l DS22006 DS22005
G26,G27 > 4 I I 4 4 I I L < LINE 31
CB22004 CB22003
N Ds22001 DS22009 |
CB22001 CB22005
2
\ DS22002 DS22010 \
CB22002

1

)\ £ [ [ £ -« LINE 38
DS22003 DS22004
G28,G29

Figure B-15 Configuration of substation 22 from IEEE RTS
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LINE 22 LINE 37

DS23014 DS23013 11 DS23012 DS23011 l DS23010 DS$23009
LINE 21 > A | « Z | | _« yau |~ - LINE 36
1 1 1
CB23007 CB23006 CB23005
N ps23001 DS23008  \|
CB23001 CB23004
 Ds23002 DS23007  \{
DS23003 DS23004 DS23005 DS23006
——1 ~ 1
/ | I L 1 A
CB23002 CB23003
G30 G31 G2

Figure B-16 Configuration of substation 23 from IEEE RTS

LINE 27

1

\| DS24001 DS24004  \J
CB24001 CB24002
N\ DS24002 DS24003 A\

!

LINE 7

Figure B-17 Configuration of substation 24 from IEEE RTS
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I.2 Slovenian power system

Configurations of the substations in the Slovenian power system are given in the following

figures.
BUS01001
\] Dso1001 DS01003 \] Dso1005 \] Dso1007 \] Ds01009 DS01011
RTP KRSKO MARIBOR ZAGREB 1 ZAGREB 2 LOAD
CB01001
CB01002
1
I I »Gl
N\] DS01002 DS01004 \] DS01006 \] DS01008 \] DS01010 DS01012 \] Dso1013
BUS01002
Figure B-18 Configuration of the substation NPP Krsko
BUS04001
DS04001 DS04005 DS04009 DS04013 DS04017
MARIBOR BERICEVO SOSTANJ PODLOG 2
— — —> ——
DS04002 DS04006 DS04010 DS04014
CB04001 CB04002 CB04003 CB04004
CB04005
I I I 1
DS04003 DS04007 DS04011 BUS04002 DS04015 D504018 bSO 4m\l
DS04004 DS04008 DS04012 DS04016 DS04020

BUS04003

Figure B-19 Configuration of the substation Podlog
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BUS05001

DO05001 DS05003 DS05005 \] DS05007 \ DS05009 DS05011 N
PODLOG PODLOG 3 BERICEVO SOSTANJ CIRKOVCE OBER SIELACH
e —> —> — +—> —>
DS05002 DS05004 DS05006 N DS05008 N DS05010 DS05012
BUS05002
Figure B-20 Configuration of the substation Podlog 2
BUS08001
N\] DSo08001 DS08003 \{ DS08005 \{ DS08007 N DS08009 N
PODLOG 2 SOSTANJ 1 SOSTANJ 2 LOAD
— —— ———— > CB08001
\] Dsos002 DS08004 DS08006 DS08008 \{ DS08010 |
BUS08002

Figure B-21 Configuration of the substation Podlog 3
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BUS11001

DS11001 DS11005 DS11009 DS11013 DS11017 DS11021 DS11027
PODLOG DIVACA OKROGLO 1 OKROGLO 2 T421 T422
——> —> —> —> —> —>
DS11002 DS11006 DS11010 DS11014 DS11018 DS11022
CB11001 CB11002 CB11003 CBL1004 CB11005 CB11006
CB11007
 —
S —— S 1 S —— 3 — DS11019 N\ DS11023 N\ DS11025
DS11003 DS11007 DS11011 DS11015 DSJ[OZ(,#
DS11004 DS11008 DS11012 DS11016 DS11020 DS11024 DS11028
BUS11001
. . . .
Figure B-22 Configuration of the substation Beri¢evo
BUS12003
DS12001 DS12004 DS12007 DS12011 DS12015 DS12018 DS12021
CB12007
—1
2 ] ] ] Q  — DS12016 \J— DS12019 — DS12022
DS12002 DS012005 DS12008 DS12012 DS120234
BUS12002
CB12001 CB12002 CB12003 CB12004 CB12005 CB12006
T421 T422 PODLOG KLECE| T211 T222
—_— —_— — — — —
DS12003 DS12006 DS12010 DS12014 DS12017 DS12020 DS12024
BUS12001

Figure B-23 Configuration of the substation Bericevo 2
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DS13012

DS19001

DS19002

BU013001

Figure B-25 Configuration of the substation Brestanica
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DS13011 DS13001 DS13004 DS13007
LOAD T211 T212
S l——— ———
CBI13001
|
— — g — DS13008
DS013002 DS13005 Dsmoog\l
BUS13002
DS13013 DS13003 DS113006 Ds13010
BUS13003
. . . oy
Figure B-24 Configuration of the substation Bericevo 3
BUS19001
DS19003 DS19005 DS19007 DS19009 DS19011
KRSKO 1 KRSKO 2 G1 G2 G3
N | N | —— le—— e CB19001
DS19004 DS19006 DS19008 DS19010 DS19012
BUS19002




BUS10001

\] Ds10001 DS10003 \| DS10005 N\
PODLOG LOAD
—_— > CB10001
\ DS10002 DS10004 \ DS10006 N\
BUS10002
Figure B-26 Configuration of the substation Cirkovce
BUS16001
DS16001 DS16005 DS16009 DS16014
REDIPUGLIA BERICEVO MELINA
> — >
DS16002 DS16006 DS16010
CB11001 CB16002 CB16003
CB16004
—
DS11003 \™] DS16007 N\ DSI6012 \{—] Ds1601s ﬁ,mo\l
BUS16002
DS16004 DS16008 DS16013 DS16017
BUS16003

Figure B-27 Configuration of the substation Divaca
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BUS17001

DS17001 DS17003 N\ DS17005 \| DS17007 \ DS17009 N\ DS17011 N
PADRICE KLECE PEHLIN T212 T211
. > > > > CB17001
DS17002 DS17004 | DS17006 DS17008 DS17010 DS17012
BUS17002
Figure B-28 Configuration of the substation Divaca 2
BUS14001
DS14001 \{ DS14003 N\ DS14005 N\
T212 T222 LOADS
—> > —>
DS14002 N DS14004 DS14006
BUS14002

Figure B-29 Configuration of the substation Klece
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DIVACA BERICEVO
BUS150015 DS15001 DS15002 DS15003 DS15004 DS15005 BUS15002
yau| |4 Z A |
i 1 L1 i
1 1
1 CB15001 CB15002 1
1 1
1 1
1 1
1 1
1 [}
1 1
1 1
2 £ 2
T212 T211
Figure B-30 Configuration of the substation Klece 2
BUS02001
N\ DS02001 DS02003 N\ DS02005 \| DS02007 \ DS02009 \ DS02011 N
BRESTANICA 1 BRESTANICA 2 NEK NEK-Low Voltage BRESTANICA-NEK
—> —> S S - CB02001
N\
DS02011
N Ds02002 DS02004 \ DS02006 \{ DS02008 ] DS02010 \{ DS02012 ]
BUS02002

Figure B-31 Configuration of the substation RTP Krsko
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BUS03001

DS03001 D031005 DS03009 DS03013 DS03017 DS03021
LOAD KAINACHTAL 1 KAINACHTAL 2 NEK KRSKO PODLOG
— —> —> —— ——>
DS03002 DS03006 DS03010 DS03014 DS03018
CB03001 CB03002 CB03003 CB03004 CB03005
CB03006
1
— — o I— — S0302
DS03003 DS03007 DS03011 DS03015 DS03019 503022 DS03023 \l
BUS03002
DS03004 DS03008 DS03012 DS03016 DS03020 DS03024
BUS03003

BUS 18001
DS18001 N DS18003 N DS18005 N
BERICEVO 1 BERICEVO 2
—>  —
DS18002 \ DS18004 DS18006
BUS 18002

Figure B-32 Configuration of the substation Maribor

Figure B-33 Configuration of the substation Okroglo
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LOAD

—> T411




DS09001

DS09002

BUS09001

Gl1

DS09003

DS09004

DS09005

DS09006

G3

DS09007

DS09008

PODLOG 1
—

DS09009

DS09010

PODLOG 2
——

DS09011

CB09001

DS09012

BUS09002

Figure B-34 Configuration of the substation TE So$tanj
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APPENDIX C. VERIFICATION OF THE METHOD AND COMPUTER
CODE

The verification of the method and the corresponding computer code FTASYS is done by
comparing the obtained results with those obtained from the commercial software for the
small example systems. The verification is done in two steps:

- Verification of the fault tree (FT) construction and the identification of the minimal cut sets
(MCS).

- Verification of the results obtained for load flow calculations.

The verification of the FT construction and MCS identification is done by comparing the
results obtained from FTASYS and those calculated from commercial software for several
small example systems. The FT built by the FTASYS is converted to format compatible to
commercial software. The inspection of the built FT is done. The next step is identification of
the list of MCS with commercial software and comparison with the list of MCS obtained from
FTASYS. The results showed that:

1. Program FTASYS builds FT in accordance with the method.

2. Program FTASYS identifies the same MCS as commercial software, verifying the software
section responsible for qualitative FT analysis.

The test systems and a part of the obtained results are given in the following sections.

I.1 Verification of FT construction and MCS identification

The configuration of the simplest 3NET.v1 test system, consisting of three substations, each
with generator and load, interconnected with three power lines is given on Figure C-35. All
energy flow paths are accounted during the construction of the FT for the loads. The FT built
for the power delivery to the load in the substation 1 is given on Figure C-36.

LOAD 1 Gl

A

Line 1 ine 3
LOAD 2 @ @ LOAD 3
A A
Line 2

Figure C-35 Test system 3NET.v1
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The list of the identified MCS for the FT given on the Figure C-36 for the test system
3NET.vl given on Figure C-35 is shown in Table C-2. The same MCS are identified with

Figure C-36 Fault tree for test system 3NET.v1

FTASYS computer code.
Table C-2 Identified MCS for test system 3NET.v1

MCS No. | Event 1 Event 2 Event 3 Event 4

1 B1-101

2 G2 101-1 L1-101 102 L1-101 103

3 G2 101-1 G2 102-1 G2 103-2

4 B1-102 G2 101-1 L1-101 103

5 B1-103 G2 101-1 G2 102-1

6 B1-103 G2 101-1 L1-101 102

7 B1-102 G2 101-1 G2 103-2

8 B1-102 B1-103 G2 101-1

9 G2 101-1 G2 102-1 L1-101 103 L1-102 103
10 G2 101-1 G2 103-2 L1-101 102 L1-102 103

The test system 4NET.v1, which has one additional bus compared to 3NET.v1, is shown on
Figure C-37. The FT built for load 1 in the test system 4NET.v1 is shown on Figure C-38.
Comparison of the FT for power delivery to the load 1 in test systems 3NET.v1 and 4NET.v1
indicates the increase of the size and the complexity of the built FT resulting from addition of

one interconnection and one substation.
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Figure C-37 Test system 4NET.v1

Figure C-38 Fault tree for test system 4NET.v1
The list of 28 MCS identified for FT for test system 4NET.v1 given on Figure C-37 is shown
in Table C-3 shows. The same MCS are identified with FTASYS.

Table C-3 Identified MCS for test system 4NET.v1

MCS Event 1 Event 2 Event 3 Event 4 Event 5
No.

1 B1-101

2 G2 101-1 L1-101 102 |L1-101 103 L1-101 104

3 G2 101-1 G2 102-1 G2 103-2 L1-101 104

4 G2 101-1 G2 104-2 L1-101 102 L1-101 103

5 G2 101-1 G2 102-1 G2 103-2 G2 104-2

6 B1-102 G2 101-1 L1-101 103 L1-101 104
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MCS Event 1 Event 2 Event 3 Event 4 Event 5

No.

7 B1-103 G2 101-1 G2 102-1 L1-101 104

8 B1-104 G2 101-1 L1-101 102 L1-101 103

9 B1-103 G2 101-1 L1-101 102 L1-101 104

10 B1-102 G2 101-1 G2 104-2 L1-101 103

11 B1-102 G2 101-1 G2 103-2 L1-101 104

12 B1-103 G2 101-1 G2 102-1 G2 104-2

13 B1-104 G2 101-1 G2102-1 G2 103-2

14 B1-103 G2 101-1 G2 104-2 L1-101 102

15 B1-102 G2 101-1 G2 103-2 G2 104-2

16 B1-102 B1-103 G2 101-1 L1-101 104

17 B1-102 B1-104 G2 101-1 L1-101 103

18 B1-103 B1-104 G2 101-1 G2 102-1

19 B1-103 B1-104 G2 101-1 L1-101 102

20 B1-102 B1-103 G2 101-1 G2 104-2

21 B1-102 B1-104 G2 101-1 G2 103-2

22 G2 101-1 G2 102-1 L1-101 103 L1-101 104 |L1-102 103
23 B1-102 B1-103 B1-104 G2 101-1

24 G2 101-1 G2 102-1 G2 104-2 L1-101 103 |[L1-102 103
25 G2 101-1 G2 103-2 L1-101 102 L1-101 104 |L1-102 103
26 G2 101-1 G2 103-2 G2 104-2 L1-101 102 |[L1-102 103
27 B1-104 G2 101-1 G2 102-1 L1-101 103 |L1-102 103
28 B1-104 G2 101-1 G2 103-2 L1-101 102 |L1-102 103

The test system 4NET.v2, which has similar configuration as 4NET.vl, with changed
interconnections to the substation four is shown on Figure C-39. The FT constructed for the
load 1 in the 4NET.v2 test system is shown on Figure C-40. The increase of the size of the FT
with the increase of the number of the interconnections is demonstrated on Figure C-40.
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Figure C-39 Test system 4NET.v2
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The list of MCS for test system 4NET.v2 given on Figure C-39 and FT shown on Figure C-40
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Figure C-40 Fault tree for test system 4NET.v2

is given in Table C-4. The same MCS are identified with FTASYS.
Table C-4 Identified MCS for test system 4NET.v2

MCS | Event 1 Event 2 Event 3 Event 4 Event 5 Event 6
No.

1 B1-101

2 G2101-1 |L1-101 102 |L1-101 103

3 B1-102 G2 101-1 L1-101 103

4 B1-103 G2 101-1 L1-101 102

5 B1-102 B1-103 G2 101-1

6 G2101-1 | G2102-1 G2 103-2 G2 104-2

7 B1-103 G2 101-1 G2 102-1 L1-102 104

8 B1-102 G2 101-1 G2 103-2 L1-103 104

9 B1-103 G2 101-1 G2 102-1 G2 104-2

10 B1-104 G2 101-1 G2 102-1 G2 103-2

11 B1-102 G2 101-1 G2 103-2 G2 104-2

12 B1-103 B1-104 G2 101-1 G2 102-1

13 B1-102 B1-104 G2 101-1 G2 103-2

14 G2101-1 | G2102-1 L1-101 103 | L1-102 103 |L1-102 104

15 G2 101-1 | G2 103-2 L1-101 102 | L1-102 103 |L1-103 104

16 G2101-1 | G2102-1 G2 103-2 L1-102 104 | L1-103 104

17 B1-104 G2 101-1 G2 102-1 L1-101 103 |L1-102 103

18 B1-104 G2 101-1 G2 103-2 L1-101 102 | L1-102 103

19 G2101-1 | G2102-1 G2 104-2 L1-101 103 |L1-102 103 |L1-103 104
20 G2101-1 | G2 103-2 G2 104-2 L1-101 102 | L1-102 103 |L1-102 104

The test system 4NET.v3 in which all substations are interconnected is shown on Figure C-

41. The constructed FT is omitted from the results for 4ANET.v3 due to the reasons of space.
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Figure C-41 Test system 4NET.v3
The list of the identified MCS for test system 4NET.v3 is given in Table C-5. The same MCS

Line 6

are identified with FTASYS as those in Table C-5.
Table C-5 Identified MCS for test system 4NET.v3

MCS No. | Event 1 Event 2 Event 3 Event 4 Event 5 Event 6

1 B1-101

2 G2101-1 | L1-101 102 | L1-101 103 | L1-101 104

3 G2 101-1 | G2 102-1 G2 103-2 G2 104-2

4 B1-102 G2 101-1 L1-101 103 | L1-101 104

5 B1-104 G2 101-1 L1-101 102 | L1-101 103

6 B1-103 G2 101-1 L1-101 102 | L1-101 104

7 B1-104 G2 101-1 G2 102-1 G2 103-2

8 B1-103 G2 101-1 G2 102-1 G2 104-2

9 B1-102 G2 101-1 G2 103-2 G2 104-2

10 B1-102 B1-103 G2 101-1 L1-101 104

11 B1-102 B1-104 G2 101-1 L1-101 103

12 B1-103 B1-104 G2 101-1 G2 102-1

13 B1-103 B1-104 G2 101-1 L1-101 102

14 B1-102 B1-104 G2 101-1 G2 103-2

15 B1-102 B1-103 G2 101-1 G2 104-2

16 B1-102 B1-103 B1-104 G2 101-1

17 B1-104 G2 101-1 G2 102-1 L1-101 103 | L1-102 103

18 B1-103 G2 101-1 G2 102-1 L1-101 104 | L1-102 104

19 B1-104 G2 101-1 G2 103-2 L1-101 102 [ L1-102 103

20 B1-102 G2 101-1 G2 104-2 L1-101 103 | L1-103 104

21 B1-102 G2 101-1 G2 103-2 L1-101 104 | L1-103 104

22 B1-103 G2 101-1 G2 104-2 L1-101 102 | L1-102 104

23 G2 101-1 | G2102-1 L1-101 103 | L1-101 104 | L1-102 103 | L1-102 104
24 G2 101-1 | G2 102-1 G2 104-2 L1-101 103 | L1-102 103 | L1-103 104
25 G2 101-1 | G2 103-2 L1-101 102 | L1-101 104 | L1-102 103 | L1-103 104
26 G2101-1 | G2102-1 G2 103-2 L1-101 104 | L1-102 104 | L1-103 104
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MCS No. | Event 1 Event 2 Event 3 Event 4 Event 5 Event 6
27 G2 101-1 | G2103-2 G2 104-2 L1-101 102 | L1-102 103 | L1-102 104
28 G2 101-1 | G2104-2 L1-101 102 | L1-101 103 | L1-102 104 | L1-103 104

The test system SNET.v1, which has one additional substation connected thought one line

compared to the test system 4NET.v3, is given on Figure C-42.
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Figure C-42 Test system SNET.v1

The first 20 identified MCS from total 82 for test system SNET.v1 are given in Table C-6.

The same MCS are identified with FTASYS.

Table C-6 First 20 identified MCS from total 82 for test system SNET.vl

MCS Event 1 Event 2 Event 3 Event 4 Event 5
No.

1 B1-101

2 G2 101-1 L1-101 102 L1-101 103 L1-101 104 L1-101 105
3 G2 101-1 G2 105-2 L1-101 102 L1-101 103 L1-101 104
4 G2 101-1 G2 102-1 G2 103-2 G2 104-2 L1-101 105
5 G2 101-1 G2 102-1 G2 103-2 G2 104-2 G2 105-2

6 B1-102 G2 101-1 L1-101 103 L1-101 104 L1-101 105
7 B1-105 G2 101-1 L1-101 102 L1-101 103 L1-101 104
8 B1-104 G2 101-1 L1-101 102 L1-101 103 L1-101 105
9 B1-103 G2 101-1 L1-101 102 L1-101 104 L1-101 105
10 B1-102 G2 101-1 G2 105-2 L1-101 103 L1-101 104
11 B1-103 G2 101-1 G2 102-1 G2 104-2 L1-101 105
12 B1-104 G2 101-1 G2 102-1 G2 103-2 L1-101 105
13 B1-103 G2 101-1 G2 105-2 L1-101 102 L1-101 104
14 B1-104 G2 101-1 G2 105-2 L1-101 102 L1-101 103
15 B1-102 G2 101-1 G2 103-2 G2 104-2 L1-101 105
16 B1-104 G2 101-1 G2 102-1 G2 103-2 G2 105-2
17 B1-105 G2 101-1 G2 102-1 G2 103-2 G2 104-2
18 B1-103 G2 101-1 G2 102-1 G2 104-2 G2 105-2
19 B1-102 G2 101-1 G2 103-2 G2 104-2 G2 105-2
20 B1-102 B1-104 G2 101-1 L1-101 103 L1-101 105
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The two additional versions of the SNET test system used during the verification are given on
Figure C-43 and Figure C-44. The difference between the SNET.vl and SNET.v2 and
SNET.v3 are the additional interconnections to newly added substation. The eight bus system
which is the last test system for which inspection of the built FT is done, is shown on Figure
C-45. Program FTASYS passed all tests for FT construction verifying the obtained results.
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Figure C-43 Test system SNET.v2
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Figure C-44 Test system SNET.v3
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Figure C-45 Test system SNET.v1

The IEEE RTS is used for the final examination of the FTASYS and the module for MCS
identification. The commercial software calculated about 200000 MCS before
demodularization for the house load of the NPP situated in the substation 18 of the [IEEE RTS.
In the final results only 121 MCS are identified. In the FTASY'S the 4087 MCS are identified
for the house load of the NPP in the substation 18. The truncation limits used during the
analysis with the commercial software were maximum 5 BE in MCS and probability less than
QMCS<10'12. The change of the truncation limits in the commercial software didn’t result with
the increase of the number of the identified MCS. In the developed computer code default
truncation limits used in the analysis are maximum 7 BE in MCS and probability less than
QMCS<1O'14. These truncation limits were changed for the specified loads. The comparison of
the MCS verified the MCS identification module in the developed computer code.

1.2 Verification of the DC Flow calculations

Verification of the results obtained for approximate DC load flow calculations is performed
using MATPOWER, a MATLAB™ Power Simulation Package. The MATPOWER Version
3.0.0 freely available together with MATLAB™ Version 6.5.0 Release 13, commercial
software from the MathWorks, Inc is used in the analysis.

The analysis of errors of the approximate DC model is done with load flows through line.
Error is defined as:

G, (%) +G,,(%)

G,% = 5 C-(1)
Where:
Gp1-Error of calculated power flows on start of the line.
Gp-Error of calculated power flows on the end of the line.
Pl,., — Pl
G, (%)= —La— A 100 C-(2)
AC1
Pl,., — Pl
G, (%) = e [1]1] C-(3)
AC2
The errors of the reactive power flows are calculated with the same approach.
The errors of the calculated voltages are calculated using the relation:
U, -U
G, (%) = =2 HC100 = Upe (%) = U e (%) C-(4)

n
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The power flows and voltages are calculated and compared for IEEE test system for normal
regime (no failed lines) using two of five MATPOWER power flow solvers. The runpf is the
default power flow solver based on a standard Newton’s method using a full Jacobean. The
second method is a DC power flow, which is obtained by executing rundcpf solver.

The calculated difference G,, using Equation C-(4), between voltages calculated in
MATPOWER using runpf and voltages obtained from FTASYS is given in Table C-7. The
obtained results verify the module used for voltage calculation in the FTASYS.

Table C-7 Difference between calculated voltages

Bus Matpower FTASYS Diference
No. Voltage(p.u) | Voltage(p.u) | Gu(%)
101 1.04 1.07 3.89
102 1.04 1.08 4.04
103 0.99 0.99 0.85
104 1.00 1.02 2.32
105 1.03 1.06 2.77
106 1.09 1.10 1.43
107 1.03 1.05 2.86
108 1.00 1.02 2.13
109 1.01 1.01 0.95
110 1.05 1.07 1.63
111 1.00 1.03 3.13
112 1.01 1.04 3.01
113 1.02 1.05 291
114 0.98 1.01 2.96
115 1.01 1.01 -0.01
116 1.02 1.02 0.65
117 1.04 1.04 0.33
118 1.05 1.05 0.22
119 1.02 1.03 1.13
120 1.04 1.05 1.63
121 1.05 1.05 0.13
122 1.05 1.05 0.09
123 1.05 1.07 1.87
124 0.98 0.99 0.74

The calculated power flows from MATPOWER are given in Table C-8. The DC power flow
solver included in the MATPOWER provides only active power flows in the system, and it
doesn’t account transformers off-nominal ratio. The power flows at line start (calculated by
runpf), power flows at the line end (calculated by runpf) and flows calculated using rundcpf
are given in Table C-8. The power flows obtained from the FTASYS are given in Table C-9.

Evaluation of the results for the calculated power flows is done using Egs. C-(1), C-(2), C-(3)
and the obtained results are given in Table C-10. The G,RDC(%) is relative error of results
obtained from rundcpf and runpf (exact AC model), both from MatPower. The G,PDC(%)
and GPDC(%) are relative errors of active and reactive power flows calculated from
FTASYS and runpf. The GPDCS and G4PDCE are the absolute errors of reactive power
flows, given in MVAr, at the start(G,PDCS) and at the end of the line(G{PDCE) calculated
from FTASYS and runpf. The results show that for the active power flows, results from
FTASYS have small difference compared to results from the exact AC model. The value of
relative error is decreasing with the increase of the line power flow. The results obtained from
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FTASYS are equal or better from those obtained from rundcpf. There is an error for reactive
power flows G,PDC(%), especially for lines which have smaller flows of reactive power,
marked with “ " in Table C-10. This result is expected accounting the approximations in the
methodology. The absolute errors are small (important for overload lines identification), and
calculated voltages (important for the identification of the violated bus voltages) are
comparable to those obtained from the exact AC model, shown in Table C-7.

Table C-8 Calculated power flows using runpf and rundcpf

Bus Start | End | P(MW) | Q(MVAr) | P(MW) | Q(MVAr) | P(MW)
no. rundcpf
1 101 | 102 14.1 -27.7 -14.1 -21.7 14.5
2 101 | 103 -10.4 24.5 10.9 -28.6 -15.3
3 101 | 105 60.3 -10.6 -59.5 11.1 64.8
4 102 | 104 |40.0 17.2 -394 -18.4 37.9

5 102 | 106 49.2 -394 -47.4 40.3 51.6

6 103 | 109 30.6 -25.2 -30.2 23.8 37.7
7 103 | 124 [-221.5 [16.7 222.6 273 -233.0
8 104 | 109 -34.7 3.4 35.0 -4.9 -36.1
9 105 | 110 |[-1L.5 -25.1 11.6 23.1 -6.2
10 106 | 110 | -88.6 -67.1 90.2 -207.0 -84.4
11 107 | 108 115.0 16.2 -112.9 | -10.1 115.0
12 108 | 109 -35.8 4.7 36.3 -7.0 -39.2
13 108 | 110 |-22.3 -29.6 22.8 26.9 -16.8
14 109 | 111 -94.4 -18.3 94.6 26.5 -93.9
15 109 | 112 -121.7 | -29.6 122.1 43.4 -118.7
16 110 | 111 -145.1 | 63.9 145.6 -44.4 -138.7
17 110 | 112 -174.6 | 53.1 175.2 -27.1 -163.8
18 111 [ 113 -105.2 | -37.8 105.9 33.5 -83.2
19 111 | 114 | -135.0 |55.7 136.1 -55.0 -149.4
20 112 [ 113 -56.7 -20.3 56.9 11.7 -38.5
21 112 | 123 -240.5 4.0 2474 29.8 -243.9
22 113 | 123 -239.9 9.8 246.0 19.2 -250.7
23 114 | 116 |-330.1 |-49 335.8 63.6 -343.4
24 115 | 116 103.7 -31.0 -103.5 [29.2 105.8
25 115 | 121 -216.0 | -43.0 218.8 55.0 -220.4
26 115 | 121 -216.0 | -43.0 218.8 55.0 -220.4
27 115 [ 124 | 226.2 43.6 -222.6 | -27.3 233.0
28 116 | 117 -320.9 | -36.2 323.9 56.5 -326.3
29 116 | 119 143.6 -45.2 -143.0 | 45.1 143.6
30 117 | 118 -185.3 | -61.0 186.0 62.6 -184.6
31 117 | 122 -138.7 [ 4.5 141.2 -9.6 -141.7
32 118 | 121 -59.5 4.3 59.6 -9.5 -58.8
33 118 | 121 -59.5 4.3 59.6 -9.5 -58.8
34 119 | 120 |-19.0 -41.1 19.1 32.9 -18.7
35 119 | 120 [-19.0 -41.1 19.1 32.9 -18.7
36 120 | 123 -83.1 -45.9 83.3 42.7 -82.7
37 120 | 123 -83.1 -45.9 83.3 42.7 -82.7
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Table C-9 Calculated power flows in FTASYS

Bus | Start | End | P (MW) | Q(MVAr) | P (MW) | Q(MVAr)
no.

1 101|102 | 145 ~40.0 145 “13.2
2 101 | 103 |-15.3 40.8 15.3 434
3 101 | 105 |64.8 1.2 -64.8 0.3

4 102 | 104 |379 31.3 -37.9 -31.0
5 102 | 106 |51.6 284 51.6 28.4
6 103 [ 109 [37.7 273 -37.7 26.1
7 103 | 124 |-2365 |35.4 236.5 10.6
8 104 109 |-36.1 16.9 36.1 _18.4
9 105 | 110 |-62 _13.4 6.2 10.9
10 |106 |110 |-84.4 73.0 84.4 -210.1
11 | 107 |108 |115.0 26.5 1150 | -182
12 108 |109 |-39.2 12.9 39.2 -15.0
13 108 [110 |-16.8 272 16.8 243
14 109 |111 |-96.7 _10.4 96.7 18.8
15 109 |[112 |-1222 | -20.1 1222 34.0
16 | 110 | 111 |-140.7 | 66.3 140.7 45.9
17 110 [112 [-1662 |572 166.2 -30.3
18 | 111 | 113 |-832 -36.4 83.2 30.0
19 |111 [114 |-1494 |63.9 149.4 -62.5
20 112 | 113 |-385 214 38.5 11.5
21 112 | 123 |-2439 |219 2439 19.8
22 [113 [123 2507 |316 250.7 9.0
23 | 114 | 116 |-3434 |38.0 343.4 25.3
24 [115 |116 |105.7 693 1057 | 68.0
25 115 |121 |-2204 |-406 220.4 57.6
26 | 115 | 121 |-2204 |-40.6 220.4 57.6
27 115 |124 |233.0 28.6 2330 |-10.2
28 | 116 | 117 |-3263 |-182 326.3 42.8
29 116 | 119 |143.6 -68.0 1436 | 684
30 | 117 | 118 [-184.6 |-51.2 184.6 53.9
31 (117 | 122 |-141.7 |102 141.7 114
32 | 118 [121 |-588 8.9 58.8 -14.0
33 118 | 121 |-58.8 8.9 58.8 _14.0
34 119 [120 [-187 -53.0 18.7 45.1
35 119 | 120 |-18.7 -53.0 18.7 45.1
36 | 120 | 123 | -82.7 583 82.7 55.7
37 120 123 |-82.7 583 82.7 55.7

The values of reactive power flows calculated in the FTASYS are larger than actual verifying
that obtained results are conservative. The obtained results verified the used algorithm and
computer code.
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Table C-10 Calculated errors of

power flows (%)

Bus Start | End | G,RDC(%) | GpPDC(%) | G{PDC(%) | G{PDCS | G,PDCE
No. MVAr MVAr
1 101 102 2.5 2.5 2.7 12.29 -8.45
2 101 103 46.3 43.5 59.4 -16.34 14.83
3 101 105 7.4 8.2 -104.3" -11.82 10.82
4 102 104 -5.1 -4.4 75.4 -14.12 12.62
5 102 106 49 6.8 -28.7 -10.97 11.86
6 103 109 23.0 24.0 9.1 2.15 -2.29
7 103 124 5.2 6.5 253 -18.68 16.69
8 104 109 4.2 3.7 337.0° -13.52 13.48
9 105 110 -45.8 -46.3 -49.7 -11.72 12.19
10 106 110 -4.7 -5.6 5.2 5.92 3.13
11 107 108 0.0 0.9 72.3 -10.32 8.13
12 108 109 9.6 8.8 145.9" -8.24 8.02
13 108 110 -24.7 -25.6 -8.9 -2.38 2.60
14 109 111 -0.5 2.3 -36.1 -7.93 7.69
15 109 112 -2.5 0.3 -26.9 -9.48 943
16 110 111 -4.4 -3.2 3.6 -2.37 1.55
17 110 112 -6.2 -5.0 9.7 -4.14 3.17
18 111 113 -20.9 -21.2 -7.1 -1.41 3.50
19 111 114 10.7 10.2 14.2 -8.24 7.47
20 112 113 -32.1 -32.3 1.9 1.07 0.16
21 112 123 1.4 0.0 205.0° -17.87 9.95
22 113 123 4.5 3.2 85.4 -21.84 10.15
23 114 116 4.0 3.1 471.17 -42.86 38.34
24 115 116 1.9 2.0 128.2° 38.30 -38.79
25 115 121 2.0 1.4 -0.5 -2.44 -2.62
26 115 121 2.0 1.4 -0.5 -2.44 -2.62
27 115 124 3.0 3.8 -48.5 14.96 -17.09
28 116 117 1.7 1.2 -37.0 -17.96 13.72
29 116 119 0.0 0.2 51.0 22.78 -23.29
30 117 118 -0.4 -0.5 -15.0 -9.79 8.73
31 117 122 2.2 1.3 73.7 -5.73 1.84
32 118 121 -1.2 -1.2 78.3 -4.64 4.52
33 118 121 -1.2 -1.2 78.3 -4.64 4.52
34 119 120 -1.7 -1.9 33.1 11.94 -12.21
35 119 120 -1.7 -1.9 33.1 11.94 -12.21
36 120 123 -0.5 -0.6 28.8 12.41 -13.03
37 120 123 -0.5 -0.6 28.8 12.41 -13.03
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APPENDIX D. RELIABILITY PARAMETERS

The basic event is an event which is not further developed in the fault tree. Each basic event is
linked to its probabilistic model in order to quantify the probability of the event. The
probability of the basic event corresponding to the failure probability of the modelled
component or system is calculated using one of the parametric reliability models. The
selection of a specified model is based on the available data and characteristics of the
modelled components.

The unavailability of the components is calculated as mean® (long-term) unavailability:

A
Qmean = D'(S)
A+ u
The following relations can be written for failure and repair rate:
_ D-(6)
MITTF
1
_ D-(7
a MTTR 2

A - Failure rate of the component.
1 - Repair rate of the component.
MTTEF- Mean time to failure. The mean time expected until the first failure.
MTTR- Mean time to recovery. The average time that a device will take to recover from a

non-terminal failure.

Table D-11 Reliability parameters of the components used in the analysis

Component type MTTF (Yr) | MTTR (Yr) | A(1/yr) p(yr) Qmean

Generator P=12MW 3.36E-01 6.85E-03 2.98E+00 | 1.46E+02 | 2.00E-02
Generator P=20MW 5.14E-02 5.71E-03 1.95E+01 | 1.75E+02 | 1.00E-01
Generator P=S0MW 2.26E-01 2.28E-03 4.42E+00 | 4.38E+02 | 1.00E-02
Generator P=76 MW 2.24E-01 4.57E-03 4.47E+00 | 2.19E+02 | 2.00E-02
Generator P=100MW 1.37E-01 5.71E-03 7.30E+00 | 1.75E+02 | 4.00E-02
Generator P=155MW 1.10E-01 4.57E-03 9.13E+00 | 2.19E+02 | 4.00E-02
Generator P=197MW 1.08E-01 5.71E-03 9.22E+00 | 1.75E+02 | 5.00E-02
Generator P=350MW 1.31E-01 1.14E-02 7.62E+00 | 8.76E+01 | 8.00E-02
Generator P=400MW 1.26E-01 1.71E-02 7.96E+00 | 5.84E+01 | 1.20E-01
Transformer V>550kV 2.48E-02
Transformer 243-346kV 1.70E-02
Transformer 146-242kV 1.61E-02
Transformer 73-145kV 1.24E-02
Bus 138kV 1.13E-02 | 2.09E+02 | 5.44E-05
Bus 230kV 9.03E-03 | 2.04E+02 | 4.43E-05
Circuit breaker Active 6.60E-03 | 8.11E+01 | 8.14E-05
Circuit breaker Passive 5.00E-04 | 8.11E+01 | 6.16E-06
Disconnect switch Active 8.14E-05
Disconnect switch Passive 6.16E-06

* Risk Spectrum Theory Manual, Relcon AB, 1998
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The mean (long-term) reliability model of monitored repairable component is selected for
elements of the power system because only MTTF and MTTR were available as input data
and because this model quickly approach asymptotic value given by Eq. D-(5).

The input data and obtained unavailability used in the analysis is given in Table D-11.

The input data and calculated unavailability of the lines and transformers of the IEEE RTS is
given in Table D-12. The unavailability Qccr resulting from the CCF of the interconnections
is calculated as product of the Qpuean Of the other interconnection multiplied by the length
(percentage of whole line length) of the interconnection exposed to the CCF.

Table D-12 Line data for IEEE RTS

Line No. | From bus | To bus | A(1/yr) | p(yr) Qmean Qccr

1 1 2 0.24 547.5 4.38E-04

2 1 3 0.51 876 5.82E-04

3 1 5 0.33 876 3.77E-04

4 2 4 0.39 876 4.45E-04

5 2 6 0.48 876 5.48E-04

6 3 9 0.38 876 4.34E-04

7 3 24 0.02 11.40625 | 1.75E-03

8 4 9 0.36 876 4.11E-04

9 5 10 0.34 876 3.88E-04

10 6 10 0.33 250.2857 | 1.32E-03

11 7 8 0.3 876 3.42E-04

12 8 9 0.44 876 5.02E-04 | 5.02E-04
13 8 10 0.44 876 5.02E-04 | 5.02E-04
14 9 11 0.02 11.40625 | 1.75E-03

15 9 12 0.02 11.40625 | 1.75E-03

16 10 11 0.02 11.40625 | 1.75E-03

17 10 12 0.02 11.40625 | 1.75E-03

18 11 13 04 796.3636 | 5.02E-04 | 5.02E-04
19 11 14 0.39 796.3636 | 4.89E-04

20 12 13 04 796.3636 | 5.02E-04 | 5.02E-04
21 12 23 0.52 796.3636 | 6.53E-04

22 13 23 0.49 796.3636 | 6.15E-04

23 14 16 0.38 796.3636 | 4.77E-04

24 15 16 0.33 796.3636 | 4.14E-04

25 15 21 0.41 796.3636 | 5.15E-04 | 5.15E-04
26 15 21 041 796.3636 | 5.15E-04 | 5.15E-04
27 15 24 0.41 796.3636 | 5.15E-04

28 16 17 0.35 796.3636 | 4.39E-04

29 16 19 0.34 796.3636 | 4.27E-04

30 17 18 0.32 796.3636 | 4.02E-04

31 17 22 0.54 796.3636 | 6.78E-04 | 3.48E-04
32 18 21 0.35 796.3636 | 4.39E-04 | 4.39E-04
33 18 21 0.35 796.3636 | 4.39E-04 | 4.39E-04
34 19 20 0.38 796.3636 | 4.77E-04 | 4.77E-04
35 19 20 0.38 796.3636 | 4.77E-04 | 4.77E-04
36 20 23 0.34 796.3636 | 4.27E-04 | 4.27E-04
37 20 23 0.34 796.3636 | 4.27E-04 | 4.27E-04
38 21 22 0.45 796.3636 | 5.65E-04 | 6.49E-04
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The reliability parameters of the elements of the power system are taken from multiple
sources™. The used input data for calculation of the unavailability of the interconnections of

the Slovenian power system is given in Table D-13. The data is the same as the data used for

the Macedonian power system®.

Table D-13 Slovenian power system lines reliability parameters

Line No. | From bus | To bus M/yr) | m(yr) | Qmean

1 Krsko Krsko 2 2.897E-03
2 Krsko Maribor 7.5 705.7 | 1.052E-02
3 Maribor | Podlog 3.75 | 705.7 | 5.286E-03
4 Podlog Sostanj G5 | 3 705.7 | 4.233E-03
5 Podlog Bericevo |3 705.7 | 4.233E-03
6 Okroglo | Bericevo | 6 705.7 | 8.431E-03
7 Okroglo | Bericevo | 6 705.7 | 8.431E-03
8 Bericevo | Divaca 5.25 | 705.7 | 7.385E-03
9 Divaca2 Klece 2.16 | 839.5| 2.566E-03
10 Bericevo | Klece 1.8 839.5 | 2.140E-03
11 Beri¢evo | Podlog 2 1.44 | 839.5 | 1.712E-03
12 Podlog 2 | SostanjG4 | 1.44 | 839.5 | 1.712E-03
13 Podlog 2 | Cirkovce 1.62 | 839.5 | 1.926E-03
14 Beri¢evol | Beri¢evo2 2.897E-03
15 Bericevol | Bericevo2 2.897E-03
16 Podlog Podlog2 2.897E-03
17 Podlog3 Sostanj 2.24 |938.6 | 2.381E-03
18 Krsko2 Brestanica | 2.24 | 938.6 | 2.381E-03
19 Krsko2 Brestanica | 2.24 | 938.6 | 2.381E-03
20 Bericevo2 | Bericevo3 1.069E-03
21 Beri¢evo2 | Beri¢evo3 1.069E-03
22 Podlog2 | Podlog3 1.069E-03
23 Podlog2 | Podlog3 1.069E-03
24 Klece2 Klece 1.069E-03
25 Klece2 Klece 1.069E-03

The size and location of the loads and generators in the Slovenian power system model is
given in ta.

Table D-14. The substations marked with “*” at the end of the name have representative and
not actual generators in the power system.

The generators in the substations Maribor, Divaca and Divaca 2 represent power flows with
the neighboring power systems. The generator in substation Maribor additionally represent
adjacent hydro power plants connected to 110 kV power system network. The generators in
Podlog 2 and Okroglo represent adjacent hydro power plants that are not directly connected to
the specified substations. The size and reposition of the loads and generators in Table D-14

® Billinton R., Allan R. N; Reliability assessment of large electric power systems, Kluwer Academic
Publishers,1988

¢ IEEE Std 500-1984, IEEE Guide to the Collection and Presentation of Electrical, Electronic, Sensing
Component, and Mechanical Equipment Reliability Data for Nuclear-Power Generating Stations, 1983

¢ JAEA-TECDOC-478, Component reliability data for use in probabilistic safety assessment, 1988

¢ Todorovski M.; Approximate calculation of the power flows in the high voltage networks, Graduation work,
Faculty of Electrical engineering - Skopje, Macedonia, 1995
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doesn’t represent the actual Slovenian power system but the nearest approximation developed
on the basis of the available data.

Table D-14 The size of the loads and generators of the Slovenian power system

Substation | Substation | Load | Load | Generator | Generator

number name MW | MVar | MW MVar
1 NPP Krsko | 30 0 600 130
2 RTP Krsko | 254 54 0 42
3 Maribor* 139 17 77 0
4 Podlog 0 0 0 0
5 Podlog 2* 0 0 10 0
6 Sostanj 4 0 0 232 65
7 Sostanj 5 0 0 246 29
8 Podlog 3 100 50 0 0
9 Sostan;j 1 0 0 35 50
10 Cirkovce 94 105 0 0
11 Bericevo 115 0 0 0
12 Beric¢evo2 74 60 0 0
13 Bericevo3 80 15 0 0
14 Klece 2 113 68 0 0
15 Klece 0 0 0 0
16 Divacda* 77 32 0 106
17 Divaca 2* 48 47 0 81
18 Okroglo* 159 58 53 0
19 Brestanica | 70 0 100 197
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