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ABSTRACT

The basic function of an electric power system is to supply its customers with
electric energy as economically as possible and with a reasonable degree of continuity
and quality. Power system reliability evaluation techniques are now highly developed
through the work of many researchers and engineers. It is expected that the application
of power system reliability evaluation in bulk power systems will continue to increase in
the future especialy in the newly deregulated power industry. This thesis presents
research conducted on the three areas of incorporating multi-state generating unit models,
evauating system performance indices and identifying transmission deficiencies in
composite system adequacy assessment. The research was done using a previously
devel oped software package designated as MECORE.

Many generating companies in both the traditionally regulated and newly
deregulated electrical power industry have large generating units that can operate in one
or more derated states. In this research work, load point and system reliability indices
are evaluated using two-state and multi-state generating unit models to examine the
impact of incorporating multi-state generating unit models in composite system
adeguacy assessment.

The intention behind deregulation in the power industry is to increase competition
in order to obtain better service quality and lower production costs. This research
illustrates how Canadian power systems have performed in the past using data compiled
by the Canadian Electricity Association. A procedure to predict similar indices is
presented and used to estimate future performance and the effects of system
modifications.

The incentives for market participants to invest in new generation and transmission
facilities are highly influenced by the market risk in a deregulation environment. An
adequate transmission system is a key element in a dynamic competitive market. This
thesis presents a procedure to identify transmission deficiencies in composite generation
and transmission system.

The research work illustrated in this thesis is focused on the application of

probabilistic techniques in composite system adequacy assessment and particularly in



the newly deregulated electric power industry. The conclusions and the techniques

presented should prove vauable to those responsible for power system planning.
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1. INTRODUCTION

1.1. Introduction

Electricity is a very effective and flexible form of energy. It can be produced in a
variety of ways, delivered efficiently, safely and economically, and finally converted to
light, heat, power and electronic or other activities. Without it, large-scale industrial
equipment or small household electronics would not exist. People in modern societies
have difficulty appreciating how life would be without electricity. Recent blackouts in
North America and in other parts of the world have, however, focused attention on the
need for a highly reliable supply of electrical energy. The basic function of an electric
power system is to supply its customers with electrical energy as economicaly as
possible and with a reasonable degree of continuity and quality [1].

In order to resolve the dilemma between the economic and reliability constraints,
design, planning, and operating criteria and technigques have been developed and applied
in the electric power industry over many years. Most of these criteria are
deterministically based and many of them are still in use today [1-4]. It has, however,
been recognized that power systems and their components behave stochastically. The
basic weakness of deterministic criteria is that they do not respond and reflect the
probabilistic or stochastic nature of system behavior, of customer demands, or of
component failures [2]. Many engineers and researchers have worked for many years to
create quantitative frameworks to reflect the inherent probabilistic or stochastic nature of
power systems. There are many publications dealing with the development and
application of probabilistic techniques in power system reliability evaluation [5-11].
Reliability evaluation techniques are now highly developed and most power system
engineers have a working understanding of probability methods. Probabilistic techniques
have been extensively employed in generation planning and distribution system design
and some commercial software packages are available. In the field of major transmission



planning, more and more utilities are attempting to incorporate probabilistic techniques
into their system assessment because of the strategic importance of these facilities [12].
It is expected that the application of reliability concepts in electric power systems will

continue to increase in the future.

1.2. Introduction to the Electricity Utility Industry and its Deregulation

Electric utilities are organizations that produce, deliver, distribute or sell electric
power. The corresponding functions associated with their actions are generation,
transmission, distribution and retail sales. An overall electric power system can be said
to be composed of generation, transmission and distribution facilities. Electric utilities
can be investor-owned or government-operated entities. Different countries have
different power industry structures because of the economic and socia differences
between the countries, but they generally have some similar characteristics. In a
verticaly integrated utility, the generation, transmission and distribution facilities are
owned by that company, and it manages all the functions of producing, delivering, and
selling electric power to the end users [3]. In this type of industry structure, the required
revenues are directly related to the cost-of-service based on investment. One of the
advantages the traditionaly regulated industry has is in the coordination of al the
functions required to provide a highly reliable electrical supply. One of the important
disadvantages of the traditionally regulated industry is the lack of competition in the
created monopoly. This creates losses in efficiency and economic incentives that are
important factors in a market-based economy. Traditional regulated industry structures
have existed for a long time. In recent years, social, economic, political and technical
changes have forced the regulated industry to adapt. Competition has become the key
factor driving the deregulation process in the electric power industry, and should benefit
both the customers and the participating companies. The key concept behind
deregulation in amost every country is that no one company should have a monopoly on
either the production, the wholesale, or the retail sale of electricity and electricity-related
services. The delivery function associated with transmission and distribution is till a
regulated, monopoly business because of its natural characteristics [3]. One of the
advantages in the newly deregulated industry is the resulting competition and the



benefits that it brings to the customers, utility companies and therefore to society. One of
the biggest problems associated with the deregulation process however, is the resulting
financial risk caused by the uncertainty existing in the market. There is considerable
published material available on power industry deregulation al over the world and its
good and bad points [13-23]. Figure 1.1 illustrates some of the changes in the power
industry due to the deregulation process.

Before After
Generation ——1 Gencos ¢ » PX ¢
A R A A

ﬂ Deregulation u
\4 \4 \4
Transmission ——1 Transcos [¢ »  ISO
A R A A

ﬂ Deregulation u
\4 \4 \4
Distribution ——1 Discos ¢ » Rescos [¢

Deregulation

@ Customers

Gencos — Generation companies

Transcos — Transmission Companies
Discos — Distribution Companies

PX — Power Exchange

SO — Independent System Operator
Rescos — Retail Energy Services Companies

Figure 1.1: The deregulated power industry

As noted earlier, different countries can have quite different power industry
structures, and may be either regulated or deregulated. The industry frameworks
however, are al generally similar to that illustrated in Figure 1.1. The left side of the
figure shows a genera industry structure before deregulation and the right side shows
the basic elements existing after deregulation. The single arrows in the figure indicate
the flow of electric power and the double arrows indicate the flow of information

between the entities. As can be seen, the industry structure before deregulation is



comparatively simple. Generation, transmission and distribution are controlled by one
system or company and electricity flows from generation to customers directly with the
aid of information exchanged between the generation, transmission and distribution
divisions. Figure 1.1 shows that in the new deregulated structure, the basic functions of
generation, transmission and distribution are performed by a series of new corporate
utilities, designated as Gencos, Transcos, Discos, PX, 1SO and Rescos.

Gencos (Generation companies) are those organizations in the deregulated power
industry that own generating units and produce electric power. Transcos (Transmission
companies) are organizations that own transmission lines and move power in bulk
guantities from where it is produced to where it is wanted. Discos (Distribution
companies) are organizations that deliver electricity locally. There are two basic types,
the first is an organization in which the local distribution and retail functions are
combined in a single distribution company, and the second case is one in which the
distribution company only owns and operates the local distribution system rather than
both delivering and selling power. A PX (Power Exchange) is an organization somewhat
like a stock exchange where the buyers and sellers of wholesale electricity are allowed
to buy and sell electric energy as a commodity. An I1SO (Independent System Operator)
is a non-partisan organization that actually operates the power system in a region. The
duties of the 1SO are to operate the system in a reliable and economical manner, and
provide equitable treatment to all who need to use the bulk transmission system. Thisis
usually called non-discriminatory open access to the transmission system. Rescos (Retall
energy services companies) are retailers of electric power to end customers[3].

Some of the companies such as Gencos, Transcos, Discos, and 1SO in the newly
deregulated industry were elements of the vertically integrated electric utilities in the
regulated industry and are now independent companies responsible for different duties.
The PX and Rescos are companies established following deregulation and are important
elements in the electricity market. As shown in Figure 1.1, Gencos produce electric
power, which Transcos and Discos move to the end customers under the control of the
ISO. In this process, the PX and Rescos coordinated the market information and transfer
this knowledge to the other entities to facilitate their decision making and operating

strategies. All the companies have to work cooperatively to make a power system work



smoothly and safely for their common benefit. Under the new industry structure, the
revenues of the participating companies are based on their performance rather than on
the cost-of-service based on their investment. An ISO is usually a not-for-profit
organization. Its activities, however, dramatically impact all the companies because of
the key role it plays.

Problems aways arise with change, and this is certainly true in the deregulated
power industry as the old and comparably simple system is replaced by a more complex
industry structure. The power industry is faced with many problems such as how to
operate the new power systems economically and reliably, how to minimize production
costs, how to attract the new investment required to construct the required generation
and transmission facilities under the uncertainty of market competition, etc.
Considerable work needs to be done to answer those new and complicated questions.
The research described in this thesis is focused on reliability considerations in the
deregulated industry domain. Power system reliability evaluation is an important activity
in both vertically integrated and unbundled electric power utilities. Reiability is an
inherent characteristic and a specific measure of any component, device or system,
which describes its ability to perform its intended function. In a power system, the
measures of reliability indicate how well the system performs its basic function of
supplying electrical energy to its customers [24]. Increased investment in an electric
power system will reduce the likelihood of not meeting customer needs, and transates
into a higher reliability and a higher customer cost. Cost is amajor concern in the newly
deregulated power industry due to the competitive framework in which companies
operate. The requirements for low cost electrical energy and high levels of reliability are
in conflict. How to balance these two aspects is a big chalenge to power system

managers, planners, designers and operators.

1.3. Introduction to Power System Reliability Evaluation

The term “reliability” when used in a power system context has a very wide range
of meaning. In order to be more specific it is usua to divide the term into the two

aspects of adequacy and security, as shown in Figure 1.2.



System Reliability

System Adequacy System Security

Figure 1.2: Subdivision of system reliability

System adequacy relates to the existence of sufficient facilities within the system
to satisfy the consumer load demand or system operational constraints. These include the
facilities necessary to generate sufficient energy and the associated transmission and
distribution facilities required to transport the energy to the actual consumer load points
[2]. System security relates to the ability of the system to respond to disturbances arising
within that system. Security is therefore associated with the response of the system to
whatever perturbations it is subject to. These include the conditions associated with both
local and widespread disturbances and the loss of major generation and / or transmission
facilities, which can cause dynamic, transient, or voltage instability of a power system
[2]. System adequacy is associated with static conditions, which are long-term analyses.
On the contrary, system security is associated with dynamic or transient conditions and
associated with short-term analyses. The research work in this thesis is restricted to
adeguacy evaluation of electric power systems.

An overall power system can be divided into the three basic functiona zones of
generation, transmission, and distribution, and be organized into the three hierarchical
levels (HL) shown in Figure 1.3. Hierarchical Level | (HLI) involves only the generation
facilities. Hierarchical Level Il (HLII) involves both the generation and transmission

facilities. Hierarchical Level 111 (HLIII) involves al three functional zones.
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Figure 1.3: Power system hierarchical levels

Adequacy evauation at HLI is usually termed as generating capacity adequacy
evauation and examines the total system generation in order to determine its adequacy
to meet the total system load requirement. The transmission system is not part of the
anaysis at this level. Adequacy evaluation at HLII is usually termed as composite
system or bulk system evaluation because it includes both the generation and the
transmission facilities. Technical studies at HLII involve many activities, such as load
flow analysis, contingency analysis, overload alleviation, generation rescheduling, load
curtailment philosophy, etc. Analytical studies conducted at HLII can be used to assess
the adequacy of existing systems and compare the impact of proposed reinforcement
aternatives in both the generation and transmission functional zones. Adequacy
evaluation at HLIII is concerned with all three functional zones and includes all the
associated equipment from the generating sources to the individua consumer load
points. In this case, HLIlI load point indices can be used as input values to the
distribution functional zone. In practice, HLIII studies are not usually conducted directly
due to the scale of the problem. Analysis is usually performed in the distribution
functional zone rather than in al three functional zones [2]. As noted in Section 1.1,
probabilistically based evaluation techniques have been used extensively at HLI and in
the distribution functional zone. They can, however, be considered to be till in the

development phase at HLII. The research described in thisthesisisfocused on HLII.



1.4. Scope and Objectives of the Thesis

The research described in this thesis is focused on three important considerations
in HLII adequacy assessment: incorporating multi-state generating unit models,
predicting system performance indices, and identifying transmission deficiencies. All
three considerations are important elements in composite system adequacy studies
involving both generation and transmission system facilities. The three related areas are
discussed in more detail in the following sections. The studies described in the thesis
were conducted using a commercial software package known as MECORE. This
software is aMonte Carlo simulation based bulk system reliability evaluation tool and is
described in detail in Chapter 2.

1.4.1. Incor porating Multi-state Generating Unit M odelsin Composite System

Adegquacy Assessment

Many generating companies in both the traditionally regulated and newly
deregulated industry have large generating units that can operate in one or more derated
states. Two-state generating unit models involving derating adjusted forced outage rates
(DAFOR) are usualy used to conduct both generating capacity and composite
generation and transmission system reliability studies rather than multi-state unit models.
Incorporating derated states in large generating unit models can create a considerable
increase in the number of generation contingency states and therefore result in a
significant increase in the overall solution time when using the enumeration approach
[2]. The obvious disadvantage of this simplification is that it produces a dightly
pessimistic appraisal of generating capacity adequacy. In the traditionally regulated
industry, the additional investment can be returned due to the traditional cost-of-service
based rate mechanism. This is not the case in the newly deregulated industry. The
objective in examining the effects of incorporating multi-state generating units models in
composite system adequacy assessment is to assess the impact of these models on the
predictive load point and system reliability, and to draw some conclusions regarding
their application in practical system studies.



1.4.2. Evaluating System Perfor mance Indicesin Composite System Adequacy

Assessment

The intention of deregulation in the power industry is to increase competition in
order to obtain better service quality and lower production costs. Deregulation will not
only affect the economic and technical framework of the industry, but also the political
aspects. A new regulatory approach called performance-based regulation (PBR) has
been proposed by policymakers involved in deregulating the industry and in electricity
market development. This mechanism attempts to link rewards to desired results or
targets. Performance-based regulation is offered as an aternative to more traditional
cost-of-service regulatory practices. Bulk electricity system performance indices have
the potential to be a key element in this regulatory approach. Bulk electricity system
performance indices can be categorized as predictive indices and past performance
indices. Predictive indices provide relevant information associated with future system
reliability and are normally associated with system planning. On the other hand, past
performance indices reflect the actual system reliability and are therefore directly related
to the actual operation of the system. The objective of the research conducted in this area
is to examine how Canadian power systems have performed in the past using data
collected by the Canadian Electricity Association (CEA), and how similar indices can be

obtained to predict the future performance of power systems.

1.4.3. Identifying Transmission Deficienciesin Composite Systems

In the traditionally regulated electric power industry, utilities are required to build
more generation and transmission facilities to satisfy the growing demands. The
traditional cost-of-service based rate mechanism alows utilities to recover the
investment with some profit. In a deregulated environment, company revenues are
associated with competition in a market filled with risk and uncertainty. This has a
negative effect on new investment in transmission facilities. Sufficient transmission is
mandatory for a dynamic competitive market. The most efficient use of generating
resources cannot be realized without sufficient transmission capacity, and this is the
objective of restructuring the power industry. The responsibility of Transcos and I1SOsis

to see that the required electricity is delivered reliably and economically to the system



customers. The objective of the research conducted in this area is to examine the
utilization of composite system adequacy assessment to determine the transmission
deficiencies in systems where generation resources are decoupled from transmission

investment.

1.5. Outline of the Thesis

This thesis is organized into six chapters. Chapter 2 briefly describes relevant
reliability indices including both load point and system values. Three Monte Carlo
techniques used in power system reliability evaluation, i.e. the state sampling technique,
the state transition sampling technique, and the sequential technique are illustrated in
this chapter. The composite generation and transmission system reliability evaluation
software known as MECORE is introduced in this chapter. The software is based on a
combination of Monte Carlo simulation (state sampling) and enumeration techniques.
The two test systems used extensively in this thesis are aso briefly introduced in
Chapter 2. The Roy Billinton Test System (RBTS) is a small educational test system.
The IEEE Reliability Test System (IEEE-RTS) is a relatively large system compared
with the RBTS. Base cases studies of the two test systems together with the
corresponding assumptions are presented in this chapter. The load point and system
indices are categorized into annualized and annual values and presented in the base case
studies.

Chapter 3 uses the outage data for three types of generating unit provided by the
Edison Electric Institute (EEI) together with a procedure called the apportioning method
to establish multi-state generating unit models in the two test systems. Both load point
and system reliability indices are calculated using two-state and multi-state generating
unit models to illustrate the effects of incorporating multi-state generating unit models in
composite system adequacy assessment. How multi-state generating unit models should
be established and how many derated states are required for an acceptable appraisal are
also analyzed in this chapter.

Chapter 4 contains two distinct segments. In the first part, the basic data collected
and published by CEA over the period 1993 to 2001 are presented to show how the

performance of Canadian power systems has changed with time. A procedure to predict
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system performance indices similar to those compiled by the CEA is presented in the
second part. This procedure is applied to the two test systems.

Chapter 5 presents a procedure to identify transmission deficiencies in composite
generation and transmission system adequacy assessment. The proposed procedure
includes three parts. base case analysis, factor analysis of the base case, and remedial
modifications and their effects. The analyses described in this chapter are conducted
using the RBTS and the IEEE-RTS, and modified versions of these test systems, that
reflect possible transmission constraints in the new market environment.

Chapter 6 summarizes the research work described in the thesis and presents some

general conclusions.
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2. COMPOSITE SYSTEM ADEQUACY
ASSESSM ENT

2.1. Introduction

The basic function of a composite generation and transmission system is to
generate the required electricity and deliver it to the major load points. The major
objective of composite system adequacy assessment (HLII) is to evaluate the ability of
the system to perform this basic function. Composite system adequacy assessment is
very complex since it involves not only system analyses but also many practical
considerations. The system analyses involved in the assessment include load flow
studies, contingency assessment, generation rescheduling, transmission overload
aleviation, load curtailment, etc [2].

One of the most basic elements in power system planning is the determination of
how much generating capacity is sufficient to satisfy the load requirement. This capacity
should be capable of supplying the system requirement under conditions of generating
unit forced outages and unforeseen variations in the system load, and also permit
preventive maintenance of the generation facilities. Another equally important issue is
the development of a suitable transmission network to transfer the energy from the
generating system to the customers [26]. Considerable material is available in this area
based on the work done by utilities and other associated organizations[1, 2, 5-12].

Composite system adequacy assessment can be conducted using analytica
methods or Monte Carlo simulation techniques. Analytical methods represent the system
by anaytical models and use mathematical methods to evaluate the required reliability
indices based on these models. Monte Carlo simulation techniques estimate the
reliability indices by simulating the real process and stochastic behavior of the system.
In recent years, Monte Carlo simulation techniques have received increasing attention
and development because of their advantages when complex operating conditions are
incorporated into the assessment. The research work conducted in this thesis is based on
Monte Carlo ssmulation. A detailed introduction to Monte Carlo simulation techniquesis

presented later in this chapter.
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2.2. Reliability Indicesin Composite System Adequacy Assessment

Reliability indices are an important outcome of quantitative adequacy assessment
of a composite system. Both load point and system indices can be used to measure
composite system adequacy. Load point indices indicate the reliability at the individual
load buses while system indices provide an overall evaluation of total system reliability
and reiability worth [27]. The two sets of indices have different functions but
complement each other. Load point indices are usually used when the focus of the
adequacy assessment is to find and strengthen unreliable buses in the system. System
indices are used when the purpose of the adequacy assessment is to provide a global
assessment of the system and to compare different alternatives. There is a wide range of
load point and system indices that can be evaluated. Bulk system reliability indices can
be divided into the two genera categories of predictive and past performance indices. In
the first case, the indices are calculated based on component reliability data for the
generation and transmission facilities. In the second case, the indices are compiled using
statistical methods based on the actual operation of the bulk power system. Most
predictive indices are related to adequacy assessment and estimate future system
reliability. Past performance indices are normally associated with overall reliability
assessment and include both adequacy and security considerations. These indices are
usually used to provide general information on the reliability performance of bulk power
systems and are discussed in detail in Chapter 4 of thisthesis.

As noted above, there is awide range of possible predictive indices associated with
composite system adequacy assessment. A set of basic indices together with some
additional |EEE proposed indices are presented in the following [2, 27]. These indices
are also used in the research in this thesis.

(a).Basic indices
(2). Probability of Load Curtailment (PLC)

PLC= >'p, (2.2)

i0s
where p, isthe probability of system statei and Sisthe set of all system states associated

with load curtailments.
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(2). Expected Frequency of Load Curtailment (EFLC)
EFLC= ) (R —f,) occlyr (2.2)

ios
where F is the frequency of departing system state i and f; is the portion of F which
corresponds to not going through the boundary wall between the loss-of-load state set
and the no-loss-of -load state set.

It is a difficult task in composite system adequacy assessment to calculate the
frequency index using the state sampling technique. This is due to the fact that for each
load curtailment state i, it is necessary to identify all the no-load-curtailment states
which can be reached from state i in one transition. The Expected Number of Load
Curtailments (ENLC) is often used to replace the EFLC index.

ENLC= > F occ/yr (2.3)

i0s
The ENLC is the sum of the occurrences of the load curtailment states and is
therefore an upper boundary of the actual frequency index. The system state frequency
F; can be calculated by the following relationship between the frequency and the system
state probability p;:

F= pink occ./yr (2.9)

kON

where L, is the departure rate of component corresponding to system statei and N is the

set of al possible departure rates corresponding to statei.
(3). Expected Duration of Load Curtailment (EDLC)

EDLC = PLCx8760 hrslyr (2.5)
(4). Average Duration of Load Curtailment (ADLC)

ADLC = EDLC/EFLC hrg/disturbance (2.6)
(5). Expected Load Curtailments (ELC)

ELC=> CFR MW/yr (2.7)

i0s
where C, istheload curtailment of system statei.
(6). Expected Demand Not Supplied (EDNS)
EDNS= > Cp, MW (2.8)

i0s
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(7). Expected energy not supplied (EENS)
EENS= > CFRD, =) 8760C,p;, MWh/yr

i0os i0s

Where D, istheduration of system statei.

(8). Expected damage cost (EDC)
EDC= > CFDW k$/yr

i0os

duration of system state i; W isthe unit damage cost in $/kWh.
(b). |IEEE proposed indices

(9). Bulk power interruption index (BPII)

2.CF

BPII = 'DST MW/MW-yr

where L isthe annual system peak load in MW.

(10). Bulk power/energy curtailment index (BPECI)

BPECI = %NS MWh/MW-yr

(11). Bulk Power-supply average MW curtailment index (BPACI)

BPACI = iC MW/disturbance
EFLC

(12). Modified bulk energy curtailment index (MBECI)

MBECI = %NS MW/MW

(13). Severity Index (SI)
Sl = BPECIx60 system min/yr

(29)

(2.10)

where C, is the load curtailment of system state i; Fand D, are the frequency and the

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

The IEEE indices (9) to (13) are calculated from the basic indices given by

applied to either an overall system or to an individual load point.
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Equations 2.1 to 2.10. The IEEE indices can be calculated either at the system peak load
and expressed on a one-year basis, or calculated based on the annual load duration curve.
The advantage of the IEEE indices is that they can be used to compare the adequacies of

systems with different sizes, as they apply to an overall system. The basic indices can be



2.3. Monte Carlo Simulation

The Monte Carlo method, which is the general designation for stochastic
simulation using random numbers, is used in many fields such as complex mathematical
calculations, stochastic process simulation, medical statistics, engineering system
anaysis, and reliability evauation [2]. The simulation process is used to imitate the
system components and their behavior patterns including the random nature of al the
system actions including the number of failures, the time between failures, the
restoration times, etc during the simulated time. The objective of the simulation process
IS to estimate the expected or average value of the various reliability parameters and to
obtain, if required, the frequency/probability distribution of each parameter [1]. The
simulation is achieved by using random numbers and converting them into density
functions to represent the behavior of the components and variables under consideration.
Random numbers, their generation, and conversion are therefore important and essential
parts of Monte Carlo simulation [2]. As previously mentioned, both analytical methods
and Monte Carlo ssmulation can be used to perform power system adequacy evaluation
including composite system assessment. Monte Carlo simulation techniques have the
advantage compared to anaytical methods, when complex operating conditions are
incorporated into the assessment process, as they can mimic the actual process and
random behavior of the system more accurately. The main advantages of Monte Carlo
simulation in power system reliability evaluation are as follows [2]:

* In theory, it can include system effects or processes that may have to be

approximated in analytical methods.

* The required number of samples for a given accuracy level is independent of
the size of the system and therefore Monte Carlo ssimulation is suitable for
large-scale system evaluation.

* It can simulate the probability distributions associated with component failure
and restoration activities. This generally cannot be done using anaytical
methods.

* It can caculate not only reliability indices in the form of expected values of
the random variables, but also the distributions of these indices, which

anaytical techniques generally cannot do.
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* Non-électrical system factors such as reservoir operating conditions in hydro

systems, weather effects, etc. can also be simulated.

The two basic Monte Carlo methods used in power system reliability evauation
are generally known as the sequential and non-sequential techniques. The non-sequential
techniques sample the states of all components and evaluates the obtained system state
without considering system chronology. The non-sequential technique can be divided
into the two basic techniques of state sampling and state transition sampling based on
their different sampling approaches. The sequential technique simulates the up and down
cycles of all the system components chronologically. An entire system operating cycleis
then obtained by combining all the component cycles. These methods are briefly
described in the following [2].

2.3.1. State Sampling Technique

In the state sampling technique, the states of all components are sampled and the
obtained system state is evaluated without considering its chronological characteristics.
The basic sampling procedure is conducted by assuming that the behavior of each
component can be categorized by a uniform distribution under [0,1]. The component can
be represented by a two-state or multi-state model in accordance with the actua
conditions. In the case of atwo-state component, the component state can be categorized
by the component forced outage rate (FOR). The system state can be represented by a
vector S=(S1, S, S, .. ... 'S, , Sm), Where S is the state of the i component. The
vector S of m components includes the state of each element in the system (generators,
lines, transformers, etc.) [28]. The steps in evaluating composite system reliability using
the state sampling technique are briefly summarized below.

(2).A uniform random number U; in the range of O to 1 is generated for each
component i.

(2). The component is deemed to be available or failed using this uniform random
number. When the random number = FOR;, the component is considered to be available;

when the random number < FOR;, the component is considered to be in the failed state.
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0 (Normal state) if Ui > FOR;
S= (2.16)
1 (Outage state) if Ui <FOR;
where FOR; is the i component's forced outage rate.

(3). The system state is obtained by repeating Step (2) for all the components.

(4).1f S, which represents the system state, is equal to O, the system is in the
normal state and no load curtailment exists. If Sis not equal to zero, the system isin a
contingency state and load curtailment may occur.

(5).A linear programming minimization model is normally used to reschedule
generation, alleviate line overloads and to avoid load curtailment if possible or to
minimize the total load curtailment if it is unavoidable [29].

(6). The adequacy indices are accumulated and Steps (1)-(5) are repeated until the
coefficient of variation of a designated index such as the Expected Demand Not Served

(EDNS) isless than the tolerance error.

2.3.2. State Transition Sampling Technique

The state transition sampling technigque focuses on system state transitions, instead
of component states or component state processes. In this method, all the state residence
times are assumed to be exponentially distributed. The following steps followed briefly
describe the procedure used in composite system adequacy assessment [28].

(1). The simulation process starts from the normal system state in which al the
generating units and transmission lines are in the up state, which means every
component in the system is available.

(2).1f the present system state is a contingency state in which at least one
component is in the outage state, the minimization model of load curtailment is used to
evauate the adequacy of this system state. Otherwise, proceed to the next step without
utilizing the minimization model.

(3).Uniform distributed random numbers are generated to determine the next
system state using the state transition sampling procedure. In this procedure, a system
state transition sequence is directly created. It can therefore be used to calculate the
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actual frequency indices of the load points and for the total system, which cannot be
done using the state sampling technique [30].

(4).The process is repeated from Step (2) until the selected convergence criterion
is satisfied.

2.3.3. Sequential Technique

The sequential technique is based on sampling the probability distribution of the
component state duration. In contrast to above two techniques, this approach can
simulate the chronological component state transition processes for all components.

This method uses the component state duration distribution functions. In a two-
state component representation, these are the operating and down repair duration
distribution functions and are usually assumed to be exponential. Other distributions,
however, can aso be used. The procedure used in composite system adequacy
assessment is asfollows[2, 28]:

(2). Specify the initial state of each component. Generadly, it is assumed that all
components are initially available or in the up state.

(2).Sample the duration of each component state. In the case of an exponential
distribution, the sampling value of the state duration is

T, = -Aimui (2.17)

where U; is a uniformly distributed random number (in the range of 0 to 1) for the i
component. If the present state is the up state, A; is the failure rate of the i component.
If the present state is the down state, A; is the repair rate of the i component [31].

(3).Repeat Step (2) and record the sampling values of each state duration for all
components. The chronological component state transition processes for each
component can be obtained this way.

(4).The chronological system state is obtained by combining the chronological
component states of all the components.

(5). System analysis is then conducted for each different system state to obtain the
reliability index F(X;j), where X; is the sequence of system state S in year j and F(X;) is

thereliability index function over the year j.
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(6). Steps (1)-(5) are repeated until the coefficient of variation of the chosen index
isless than the tolerance error.

The three approaches introduced above have their own advantages and
disadvantages.

The basic state sampling technique is relatively simple. It only involves the
generation of uniformly distributed random numbers in the range of 0 to 1 instead of
sampling a distribution function. Relatively little basic reliability data such as the
component-state probabilities are required by the technique. The obvious disadvantage is
that the state sampling technique estimates the frequency of load curtailments as the sum
of the occurrences of load curtailment states. This is actually an upper boundary of the
actual frequency index, not the actual frequency value.

The state transition sampling method can be used to calculate an exact frequency
index without sampling the distribution function and storing chronological information
as in the sequential technique. The restriction in this technique is that it only applies to
exponentially distributed component state durations.

The sequential method can be used to accurately calculate the actual frequency
indices and can incorporate any state residence time distribution. Compared to the
relatively simple state sampling technique, this method requires considerable CPU time
and storage as it has to generate a random variable for each component and to store the
chronological component state transition information for a suitably long time span [2].

2.4. Introduction to MECORE

The MECORE software is a Monte Carlo based composite generation and
transmission system reliability evauation tool designed to perform reliability and
reliability worth assessment of bulk electricity systems. The MECORE program was
initially developed at the University of Saskatchewan and subsequently enhanced at BC
Hydro [27]. This commercia program can be used to provide a wide range of reliability
indices at the individual load points and for the overall composite generation and
transmission system. It can also be used to provide unreliability cost indices, which
reflect reliability worth. The indices produced by the program can be used to aid in
comparing different planning alternatives from a reliability point of view. MECORE is
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based on a combination of Monte Carlo simulation (state sampling technique) and
enumeration techniques. The Monte Carlo method can be used to simulate the system
component states and to calculate annualized indices at the system peak load level. A
hybrid method utilizing an enumeration approach for aggregated load states is used to
calculate annual indices using an annual load curve [27].

e System size: The program is designed to handle up to 1000 buses and 2000 branches.

Failure modes:

Independent failures of generators, lines and transformers
Common cause outages of transmission lines
Generating unit derated states
e Failure criteria
- Capacity deficiency
- Lineover load
- System separation-load loss
- Busisolation-load loss
e Load modd:
- Annual, seasonal, and monthly load curve
- Multi-step models
- Busload proportional scaling and flat level model
e Probability indices:
- System and bus indices
- Annualized and monthly/seasonal/annual indices
- Basic and IEEE-proposed indices
The basic indices include the ENLC, ADLC, EDLC, PLC, EDNS, EENS, EDC,
and ELC. The IEEE-proposed indices include the BPII, BPECI, BPACI, MBECI, and Sl.
The ENLC, ADLC, EDLC, PLC, EDNS, EENS, EDC, BPII, BPECI, BPACI, MBECI,
and S| are calculated at the system level, The ENLC, PLC, ELC, EDNS, and EENS are
calculated for each individual load point.
» Linear programming optimization model
The MECORE program utilizes a linear programming Optimal Power Flow (OPF)

model to reschedule generation (change generation patterns), alleviate line overloads and
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avoid load curtailments if possible or minimize total load curtailments if unavoidable.
Load curtailment philosophies in the form of a curtailment priority list can be considered
in the minimization model. If the load priority order is not specified using priority codes,
the program decides the load curtailment order automatically.

2.5. Two Composite Test Systems

Two test systems were used to conduct the research work in this thesis. They are
an educational test system designated as the Roy Billinton Test System (RBTS) [32] and
the IEEE Rdliability Test System (IEEE-RTS) [33]. The single line diagrams of the
RBTS and the IEEE-RTS are shown in Figures 2.1 and 2.2 respectively.

The RBTS is a composite system developed at the University of Saskatchewan for
educational and research purposes, which is small enough to permit the conduct of a
large number of reliability studies with reasonable solution time. The RBTS is a six-bus
test system with five load buses. It has eleven generators located at two generator buses
and nine transmission lines. The total installed generating capacity is 240 MW and the
system peak load is 185 MW. The system voltage level is 230 kV.

The IEEE-RTS was developed by the Subcommittee on the Application of
Probability Methods in the IEEE Power Engineering Society to provide a common test
system on which different techniques can be developed and the results compared. The
IEEE-RTS is arelatively large system compared with the RBTS. The generating system
contains 32 units located at 10 generator buses, ranging from 12 to 400 MW. The
transmission system has 24 buses, which include 10 generator buses, 10 load buses, and
4 connection buses, connected by 33 transmission lines and 5 autotransformers at two
voltage levels: 138kV and 230kV. The total installed capacity of the IEEE-RTS is 3405
MW and the system peak load is 2850 MW.

Both systems have the same per-unit load model [1], which can be used to generate
hourly loads for one year on a per unit basis, expressed in chronological fashion so that
daily, weekly, and seasona patterns can be modeled depending on individual study
needs.

The data for the two systems, including transmission line, generator and load

model information are given in Appendix A.
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2.6. Base Case Studiesfor the RBTS and the | EEE-RTS

Base case anaysis provides a benchmark in a genera study procedure against
which the effects of system modifications and data sensitivity can be assessed. Studies
conducted on the origina RBTS and IEEE-RTS provide the base case values in this
thesis. Many factors such as station configurations, common mode failures of
transmission lines, station originated failures and so on, can be included in a composite
system assessment [34]. In order to clearly understand the base case results, it is
important to appreciate which factors are included and which factors are not considered.
In the studies described in this thesis:

* station configurations are not incorporated in the evaluation process,

* the step-down transformers at transformer stations are assumed to be customer-

owned and the reliability indices are calculated at the high voltage busbars,

* the economic priority order for load curtailment is utilized,

* transmission line common mode failures are not considered.

2.6.1. Annual and Annualized I ndices

There are two ways to calculate the system and load point indices. The first is to
calculate the indices under peak load conditions and expressed them on a one-year basis.
The indices are then known as annualized indices. The second is to calculate them using
the annual load duration curve. In this case, they are known as annual indices. Annual
indices are the most useful indices as they incorporate the variations in load level and
reflect the actual load profiles throughout the year. The advantage of annualized indices
is that they require less computing time and can be used to roughly reflect the system
reliability performance. Both the annualized and annua indices were calculated in the
base case studies of the RBTS and the IEEE-RTS presented in this thesis.

2.6.2. Additional Input Datain the Base Case Studies

It is important in a stochastic ssimulation process to carefully select the number of
samples required to obtain meaningful results. Studies conducted earlier [34] show that

acceptable accuracy can be obtained when the numbers of samples for the RBTS and the
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IEEE-RTS are 2,000,000 and 500,000 respectively. These sample sizes were therefore
used in the analyses described in thisthesis.

Individual load point indices are highly dependent on the system load curtailment
philosophy. In an actual system, some loads are more important than others and
therefore, each load bus has a different priority. A load bus priority order should be
incorporated in a composite system adequacy assessment in order to implement an
agreed |load shedding philosophy. The MECORE program has the capability to perform
load shedding following a specified priority order. The priority order can be established
based on economic factors which recognize the customer costs associated with failure of
supply. The most convenient index for this purpose is the Interrupted Energy
Assessment Rate (IEAR) [1], which measures the customer monetary loss as a function
of the energy not supplied. The unit of the IEAR is $/kWh of unsupplied energy. The
priority code of each bus istherefore determined by the corresponding IEAR. The higher
the IEAR, the more troublesome is the loss of supply and a higher priority is applied.
The IEAR values for the individua load pointsin the RBTS are shown in Table 2.1 and
the corresponding priority order is derived and given in Table 2.2.

Table 2.1: IEAR vaues at each businthe RBTS

IEAR
Bus No. (S/KWh)
2 741
3 2.69
4 6.78
5 4.82
6 3.63
Table 2.2: Priority order of each businthe RBTS
Priority Order Bus No.
1 2
2 4
3 5
4 6
5 3

The IEAR values of each load busin the IEEE-RTS are given in Table 2.3 and the
corresponding priority order is shown in Table 2.4.
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Table 2.3: IEAR values at each busin the IEEE-RTS

IEAR
Bus No. ($/KWh)
1 6.20
2 4.89
3 5.30
4 5.62
5 6.11
6 5.50
7 541
8 5.40
9 2.30
10 4.14
13 5.39
14 341
15 3.01
16 3.54
18 3.75
19 2.29
20 3.64
Table 2.4: Priority order of each busin the IEEE-RTS
Priority Order Bus No.
1 1
2 5
3 4
4 6
5 7
6 8
7 13
8 3
9 2
10 10
11 18
12 20
13 16
14 14
15 15
16 9
17 19

The Expected Damage Cost (EDC) is an important index that can be used to
perform economic analysis in composite system adequacy assessment. The MECORE
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program calculates this index by multiplying the EENS of the overall system by a
representative system IEAR that is calculated using the following equation [1].

NB
Aggregate system IEAR = ) IEAR, g, $/kWh (2.18)
k=1

In Equation 2.18, NB is the total number of load busesin the system, IEAR, isthe
Interrupted Energy Assessment Rate (IEAR) at load bus k, and q, is the fraction of the
system load utilized by the customers at load bus k. The representative system IEAR of
the RBTS can be calculated using the data in Table 2.1 and Table A.1, and is 4.42
$'kWh in this case. The representative system |IEAR of the IEEE-RTS can be calculated
using the datain Table 2.3 and Table A.4, and is 4.22 $/kWh.

The additional input data for the base case studies can be summarized as follows.
The number of samples for the RBTS is 2,000,000, the representative system IEAR is
442 $/kWh, and the load curtailment priority order is shown in Table 2.2. The
corresponding vaues for the IEEE-RTS are 500,000, 4.22 $/kWh and the priority order
isgivenin Table 2.4.

2.6.3. RBTS Analysis

The annualized and annual load point indices for the RBTS base case are shown in
Tables 2.5 and 2.6 respectively. The annualized and annua system indices are given in
Table2.7.

Table 2.5: Annualized load point indices for the RBTS (base case)

BUS No. oLC ENLC ELC EDNS EENS
(Lyr) (MW/yr) (MW) (MWHhiyr)
2 0.00000 0.00150 0.004 0.00000 0.044
3 0.00869 4.08024 48.162 0.09699 849.637
4 0.00003 0.02135 0.142 0.00013 1113
5 0.00004 0.03020 0.300 0.00033 2.888
6 0.00139 1.30199 24,081 0.02471 216.460
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Table 2.6: Annual load point indices for the RBTS (base case)

Bus No. PLC ENLC ELC EDNS EENS
(Uyr) (MW/yr) (MW) (MWhyr)
2 0.00000 0.00000 0.000 0.00000 0.000
3 0.00018 0.10162 1.171 0.00201 17.564
4 0.00000 0.00109 0.008 0.00000 0.038
5 0.00000 0.00554 0.059 0.00003 0.296
6 0.00120 1.18265 15.095 0.01535 134.452
Table 2.7: Annualized and annual system indices for the RBTS (base case)
Indices Annualized Annual
ENLC (Lyr) 5.25586 1.27965
ADLC (hrg/disturbance) 16.48 9.45
EDLC (hrs/yr) 86.61 12.09
PLC 0.00989 0.00138
EDNS (MW) 0.122 0.017
EENS (MWh/yr) 1070.141 152.3497
EDC (k$/yr) N/A 673.386
BPII (MW/MW-yr) 0.39292 0.08829
BPECI (MWh/MW-yr) 5.785 0.824
BPACI (MW/disturbance) 13.830 12.764
MBECI (MW/MW) 0.00066 0.00009
Sl (system minutes/yr) 347.07 49.41

It can be seen from Tables 2.5 and 2.6 that the EENS values for Buses 3 and 6 are
much larger than those of the other buses in the RBTS, which indicates that Buses 3 and
6 are the least reliable load points in the system. It can be seen from Table 2.2 that Bus 3
has the lowest priority among al the load buses. Figure 2.1 shows that Bus 6 is located
relatively far away from the generation facilities and is connected to the rest of system

by a single radial line. Bus 6 aso has the second lowest priority in the system. Both of

these factors make Bus 6 arelatively low reliability load point.

2.6.4. |[EEE-RTS Analysis

The annualized and annual load point indices for the IEEE-RTS base case are

shown in Tables 2.8 and 2.9 respectively. The annualized and annual system indices are

givenin Table 2.10.

29




Table 2.8: Annualized load point indices for the IEEE-RTS (base case)

Bus PLC ENLC ELC EDNS EENS
No. (Uyr) (MW/yr) (MW) | (MWhlyr)
1 - - - - -
2 0.00022 | 0.21533 7.517 0.00743 65.052
3 0.00012 | 0.12469 5.997 0.00579 50.685
4 - - - - -
5 - - - - -
6 - - - - -
7 0.00000 | 0.00327 0.082 0.00005 0.438
8 0.00000 | 0.00294 0.062 0.00004 0.368
9 0.05080 | 35.32409 | 2612.315 | 3.86918 | 33894.023
10 0.00056 | 0.50498 35.025 0.03860 | 338.171
13 0.00003 | 0.03218 1.463 0.00126 11.073
14 0.01217 | 9.29683 | 639.791 | 0.81732 | 7159.724
15 0.03938 | 25.78817 | 2481.552 | 3.48197 | 30502.036
16 0.00552 4.43487 178.765 0.21584 | 1890.757
18 0.00237 | 1.90038 | 174.843 | 0.20937 | 1834.097
19 0.08419 | 58.09929 | 4160.457 | 5.99921 | 52553.046
20 0.00351 | 293097 | 153.836 | 0.18786 | 1645.678
Table 2.9: Annual load point indices for the IEEE-RTS (base case)
Bus PLC ENLC ELC EDNS EENS
No. (Uyr) (MW/yr) (MW) | (MWh/yr)
1 - - - - -
2 0.00000 | 0.00140 0.049 0.00005 0.397
3 0.00000 | 0.00082 0.027 0.00002 0.215
4 - - - - -
5 - - - - -
6 0.00000 | 0.00075 0.052 0.00003 0.293
7 0.00000 | 0.00041 0.004 0.00000 0.021
8 0.00000 | 0.00004 0.000 0.00000 0.002
9 0.00113 | 0.87165 53.880 0.06935 | 607.472
10 0.00001 | 0.00535 0.295 0.00029 2.541
13 0.00000 | 0.00013 0.004 0.00000 0.031
14 0.00021 | 0.17742 10.795 0.01266 | 110.899
15 0.00067 | 0.52376 45.318 0.05604 | 490.941
16 0.00010 | 0.08251 3.165 0.00362 | 31.750
18 0.00003 | 0.03086 2.402 0.00255 | 22.376
19 0.00201 | 1.51929 96.376 0.12820 | 1123.034
20 0.00006 | 0.05564 2.484 0.00273 | 23.956

Note: The indices at some buses are too small to be observed by MECORE and are

marked with a-.
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Table 2.10: Annualized and annual system indices for the IEEE-RTS (base case)

Indices Annualized Annua
ENLC (L/yr) 58.10550 1.52049
ADLC (hrg/disturbance) 12.69 11.56
EDLC (hrs/yr) 737.50 17.58
PLC 0.08419 0.00201
EDNS (MW) 14.833 0.276
EENS (MWHh/yr) 129932.7 2413.923
EDC (k$/yr) N/A 10186.755
BPII (MW/MW-yr) 3.66724 0.07539
BPECI (MWh/MW-yr) 45.590 0.847
BPACI (MW/disturbance) 179.873 141.305
MBECI (MW/MW) 0.00520 0.00010
Sl (system minutes/yr) 2735.43 50.82

It can be seen from Tables 2.8 and 2.9 that the EENS at Buses 9, 14, 15 and 19 are
much larger than those of the other buses in the IEEE-RTS. Table 2.4 shows that these
four buses have the lowest four priorities, which has a strong influence on their
reliability levels.

It can be seen based on the brief analysis of the base case studies of the two test
systems that the load curtailment priority order has a significant impact on the individual
load point indices. It can also be seen from Tables 2.5-2.10 that the annual indices are
much lower than the annualized values. The annualized indices are obtained on the
assumption that the system load resides at the peak level for the whole year and do not
incorporate the actual load model in the anaysis. All the reliability indices in the

following studies in this thesis are annual values.

2.7. Summary

The basic objective of composite generation and transmission system adequacy
assessment is to evaluate the ability of the system to generate electricity and deliver it to
the major load points. Composite system adequacy assessment can be conducted using
either analytical methods or Monte Carlo simulation techniques. Monte Carlo simulation
techniques have the advantage when conducting assessments incorporating complex
operating conditions.

Both load point and system indices can be used to measure the adequacy of a

composite system. The function of the load point indices is to determine the actual
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adequacy at the connection points to the low voltage distribution systems. System
indices are used to provide an overal appraisal of the system adequacy. The MECORE
program can be used to cal culate both load point and system indices.

The Monte Carlo method is the general designation for stochastic simulation using
random numbers. There are three basic Monte Carlo simulation approaches used in
power system reliability evaluation. They are designated as the state sampling technique,
the state transition sampling technique and the sequential technique. Each method has its
own merits and demerits.

The MECORE program is a Monte Carlo based composite generation and
transmission system reliability evaluation software designed to perform reliability and
reliability worth assessment of bulk electricity systems. It is based on the state sampling
technique. All the analyses in this thesis were performed using this software. The
concepts and methods illustrated in this thesis are based on analyses of the Roy Billinton
Test System (RBTS) and the IEEE Rdliability Test System (IEEE-RTS).

Load point and system indices can be categorized into annualized and annual
values. Annualized indices are evaluated at the peak load and expressed on a one-year
basis. Annual indices are evaluated incorporating the annual load model and provide a
practical estimate of the expected annual performance of the system. Both annualized
and annual indices are presented in this chapter to establish the base case indices for the
RBTS and IEEE-RTS.
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3. INCORPORATING MULTI-STATE
GENERATING UNIT MODELSIN
COMPOSITE SYSTEM ADEQUACY
ASSESSMENT

3.1. Introduction

Components are usually represented by two-state models in conventional
generating capacity (HLI) and composite generation and transmission system (HLII)
reliability studies. Multi-state generating unit models create a significant increase in the
number of generation contingency states and can result in a considerable increase in the
overal solution time. In order to avoid this problem, the derated states are usually
amalgamated with the totally forced out state to create a derating adjusted forced outage
rate (DAFOR) [1]. It has been recognized, however, that modeling large generating units
in generating capacity adequacy assessment by simple two-state models and DAFOR
can yield pessimistic appraisals [1]. Many utilities now use multi-state models instead of
two-state representations to assess generating capacity reliability in order to obtain a
more accurate appraisal. There is very little published material dealing with the effects
of using multi-state generating unit models in composite system adequacy assessment
[35]. This issue is becoming more important as Gencos and Transcos work together to
minimize their costs and therefore maximize their profits in the new electricity market.

In this chapter, load point and system reliability indices are presented using two-
state and multi-state generating unit models to illustrate the impact of incorporating
multi-state representations in composite system adequacy assessment. The reliability
indices are calculated using different multi-state generating unit models to demonstrate
the effect of model variations. Attention is focused on how many derated states should
be used in a multi-state model to obtain areasonably accurate appraisal. All the analyses
in this chapter are based on the RBTS and the IEEE-RTS.
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3.2. Establishment of Multi-state Generating Unit M odels

The multi-state generating unit models used in a composite system adequacy
assessment should be based on actual unit performance levels. There is relatively little
material available on this issue in the published literature. Generating unit outage
statistics including derated state data were collected for some time by the Edison Electric
Institute (EEI) and published in their Annual Equipment Availability Report [36]. These
profiles together with a technique called the apportioning method [37] were used to
create the multi-state generating unit models used in the studies conducted on the two
test systems. Generating unit outage statistics collected by EEI were introduced in
Section 3.2.1 and the apportioning method is described in Section 3.2.2.

3.2.1. Generating Unit Outage Statistics

The Forced Outage Rate (FOR) for a generating unit is obtained by dividing the
number of hours the unit is on forced outage by the total number of hours the unit is
exposed to outage. Similarly, the Partial Forced Outage Rate (PFOR) for a given derated
state is obtained by dividing the number of hours the unit is operated in the given forced
derated state by the total number of hours the unit is exposed to outage. The PFOR are
used in the apportioning method to create multi-state generating unit models. The EEI
Annua Equipment Availability Reports provide PFOR for generating units of different
sizes. The EEI data provide representative profiles based on the actual outage data for
different types of generating units. Figure 3.1 shows the PFOR based on ten derated
states for 60 — 89 MW units, 200 — 389 MW units and 390 — 599 MW units [ 36].



60 - 89 MW UNITS

-%

RATE
083
2.071

o N
=¥
5 [ 0.633
25 10.076
35 10.073
5 10.108
5 10.031
5 10.022
75 | 0.005
90 | 0.012
100

PARTIAL FORCED OUTAGE

5
1

< 0 ©

UNIT DERATED LEVEL IN PERCENT

200 - 389 MW UNITS

o
4.968

RATE- %
2.759

PARTIAL FORCED OUTAGE

75 10.093
90 10.141

0w v w wmw w w w
i

UNIT DERATED LEVEL IN PERCENT

390 - 599 MW UNITS

RATE- %

PARTIAL FORCED OUTAGE

nu v W wWwwLwLwLw o O
HNO’)#LO!DI\@S

UNIT DERATED LEVEL IN PERCENT

Figure 3.1: PFOR for the unit classifications covered in the Edison Electric Institute
Equipment Availability Report

In Figure 3.1, the numbers on the abscissa are the generating unit derated levelsin
terms of percent capacity on outage. The EEI ranges for the three types of generating
unit are 60 to 89 MW, 200 to 389 MW and 390 to 599 MW. The outage data profiles for
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the three generating units classes were used to build multi-state generating unit models
for the 40-MW thermal units in the RBTS, and the 350-MW and the 400-MW
generating unitsin the IEEE-RTS.

3.2.2. Building Multi-state Generating Unit M odels Using the Apportioning Method

The apportioning method is introduced in this section. There are many derated
states in which a generating unit can reside in the course of its operating history [37].
The requirement is to represent the generating unit by a specified reduced number of
derated states. The state reduction method is based on apportioning the residence times
of the actual derated states between the assigned derated state and the up (normal) or
down (outage) states. The closer an “absorbed” state is to the assigned state, the more
contribution it makes to the probability of the existence of that state. The apportioning
method is explained in this section using Figures 3.2-3.4. In these figures, Xy are the
original derated states and Y y are the designated derated states. Y 4, (0) and Y, (100) are
the full forced out and full capacity states respectively. The percent capacity values
shown on the abscissain Figures 3.2 to 3.4 are the percent capacity in service.

% of time
D
o

0 - I

Ydn (0) X1 X2 X3 X4 Yup(100)

Figure 3.2: The original generating unit model
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Figure 3.3: The “single-derated state” generating unit model
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Where

Figure 3.4: The “two-derated state” generating unit model

Xn=aNth original derated state capacity in percent of full capacity

Y n = aNth designated derated state capacity in percent of full capacity

Y an (O) = generating unit in the down state
Y up (100) = generating unit in the up state

Let

n = the number of derated states

Aty = residencetime of the original derated state of Xy

A t(Y,), = apportioned time of the determined derated state Y ; from the original
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derated state of Xy

A t(Y,), = apportioned time of the determined derated state Y, from the original
derated state of Xy

A t(Y,,)n = apportioned time of the up state from the original derated state of Xy

A t(Yg4,)n = apportioned time of the down state from the original derated state of Xy

T = total time spent in the up, derated and down states
Typ = time spent in the up state
Tan = time spent in the down state

PFOR, = partial forced outage rate for a Nth original derated state capacity in

percent of full capacity
Pon = Probability of the generating unit in the down state
Pup = Probability of the generating unit in the up state
Poei = Probability of the generating unit in the ith determined derated state
Note

Aty =PFOR, xT (3.1)

For the “single-derated state” generating unit model shown in Figure 3.3, the procedure

used to establish the modd is as follows:

Assume Y, s X <Y,
Yy =X

At(Yy)y =—2——F At 2

xUY ) Y-V, xIn (3.2
Xy—Y

Ayt(Yp)n = : _Yl Ayty (3.3
up 1

Andwhen X <Y, <Y

_XN_Y

At(Yy)y = At 3.4
x TN Y-Y,., x N (3.4)
Y, - X
A (Y, =—1 — N At
x Y an)n Y.-Y, x N (3.5)

Pon, Pup and Ppe are obtained as follows:

Tdn + Z AXt(de)N

— N=1
I:)DN -

T
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Tup +ZAXt(Yup)N (3 7)
P = N=1 '
upP

T

A t(Y,)
P _ szl X 1/N (38)
DE T

The procedure to establish the “two-derated state” generating unit model shown in
Figure 3.4 isasfollows:
Assume Y, =Y,

When Y, <X, <Y,

Ayt(Yy)y = Yo =% Ayty (3.9
Yup _Yl
Xy—Y

At(Yp)n = s _Yl Ayty (3.10)

up 1

When X, <Y, <Y,

Xy—Y

A H(Y,), = —N_down At 311

xWT2)N Y,-Y, xIn (311)
Y,-X

At(Yy )y =—2—" At 3.12

x WY anIn Y,-Y, xIn (312
When Y, <X <Y,
Xy—Y

Ayt(Y,)y = YN—Y Ayty (3.13)
1712
Y, - X

At(Y )y =— _YN Ayty (3.19)
17 T2

Therefore, Ppn, Pup are obtained using Equations 3.6 and 3.7, and Ppgi, Poex are
obtained using Equations 3.15 and 3.16:

DALYy

p_ = o~ (3.15)
e
ZAxt(Yz)N

Py =5 (3.16)
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As previously noted, derating adjusted forced outage rates (DAFOR) are used to
replace the forced outage rates of large generating unitsin most HLI and HLII reliability
studies. The term DAFOR is used by Canadian electric power utilities. In the United
States, the designation for this statistic is the “equivalent forced outage rate” (EFOR).
The EFOR or DAFOR is obtained using the apportioning method. The residence times
of the actual derated states are apportioned between the up (normal) and down (outage)
states. In this case, there are no assigned derated states. Equations 3.2 and 3.3 can be
used to calculate the apportioned times in the down and up states from the original
derated states. The DAFOR of a generating unit can be obtained using Equation 3.17.

Tdn + i AXt(Yl)N (317)

DAFOR = — 1
T

The two 40-MW thermal unitsin the RBTS, the two 400-MW generating units and
the 350-MW generating unit in the IEEE-RTS were represented by three state modelsin
[32] and [38]. The DAFOR of these three-state generating units are equal to the FOR of
the same generating units with two-state representations. Table A.3 shows that the FOR
of the two 40-MW thermal units in the RBTS is 0.03. The FOR of the two 400-MW
generating units and the 350-MW generating unit in the IEEE-RTS are 0.12 and 0.08
respectively as shown in Table A.6. The FOR of these generating unitsin the RBTS and
IEEE-RTS are not the same as the DAFOR calculated directly from the EEI data in
Figures 3.1. The EEI data profiles were scaled down in order to provide the specified
DAFOR for the RBTS and IEEE-RTS generating units. As an example, the percentage
of time spent in the totally forced outage states in Figure 3.1 will change from 2.071,
4.968 and 8.954 t0 2.7119, 6.1751 and 9.3596 respectively.

3.3. RBTS Analysis

The single line diagram of the RBTS is shown in Figure 2.1. The multi-state
generating unit models in the RBTS were established using the 60 — 89 MW generating
unit data profile in Figure 3.1. The annual indices for the RBTS were calculated using
two-state, three-state and four-state generating unit models. Annual indices were aso

40



obtained for different model representations. The results of these studies are illustrated

in this section.

3.3.1. Multi-state Generating Unit Models

The two 40-MW thermal units in the RBTS were given the optiona three-state

representation shown in Figure 3.5.

(40MW) (40MW)
up uP
Pup=0.97 Pup=0.9622
A
A\ 4
(OMW) (32MW) Derating-Adjusted (OMW)
DOWN DERATED Forced Outage Rate DOWN
Pon=0.03 Ppe=0.0098 (BAFOR)Z0.030 | b —0.0280

Figure 3.5: The two and three- state models for the 40-MW thermal generating units

The DAFOR in Figure 3.5 15 0.03. A four-state model for the 40 MW units in the
RBTS is shown in Figure 3.6. This four-state generating unit model together with the
two-state and three-state models are used in this section to illustrate how multi-state

generating unit models affect composite system adequacy assessment.
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(0 MW) (36 MW) (28 MW)
Down Derated Derated
PDN:0.0278 PD51:0.0104 PDE2:0.0040

Figure 3.6: The four-state model for the 40-MW thermal generating units
The DAFOR in al three model representations should be equal to 0.03 and be
obtained using Equation 3.18.

DAFOR =Py, +3° Cap.Curi

Poe 3.18
~ Cap DEi ( )

Where

DAFOR = Derating-adjusted forced outage rate

Pon = Probability of the generating unit in the down state

Cap.Curi = Curtailed capacity of the generating unit in the ith derated state
Cap = Full capacity of the generating unit

Pog = Probability of the generating unit in the ith derated state

n = the number of generating unit derated states

3.3.2. Comparison of Annual Indices

The annual indices for the RBTS are compared using two-state and multi-state
generating unit models in this section. The generating unit reliability data for the two-
state, three-state and four-state models for the 40 MW thermal generating units are
shown in Table 3.1.
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Table 3.1: Reliability datafor the RBTS 40-MW generating units

Model Cap Cap.Cur; | Cap.Cur; P P P DAFOR/
type MW) | (MW) | (MW) ON DEL DE2 FOR
Two-
oo 40 - - 0.03 - - 0.03
Three- 40 8 ; 0.0280 | 0.0098 ; 0.03
state
Four-

40 4 12 0.0278 | 0.0104 | 0.0040 0.03
state

The annual system and load bus indices together with the required computing time

considering the two-state, three-state and four-state models in Table 3.1 are given in

Tables 3.2 and 3.3.

Table 3.2: Annual system indicesfor the RBTS

o Two-state Three-state model Four-state model
Name of indices model Indices Diff. Indices Diff.
(%0) (%0)
ENLC (L/yr) 1.27965 1.27230 -0.6 1.27198 -0.6
ADLC (hrg/dist.) 9.44535 9.42601 -0.2 9.42623 -0.2
EDLC (hrglyr) 12.08675 11.99271 -0.8 11.98995 -0.8
PLC 0.00138 0.00137 -0.7 0.00137 -0.7
EDNS (MW) 0.01739 0.01726 -0.7 0.01724 -0.9
EENS (MWh/yr) 152.34970 | 15118742 | -0.8 | 151.01670 | -0.9
EDC (k$/yr) 673.38568 668.24841 -0.8 667.49376 -0.9
BPII (MW/MW-yr) 0.08829 0.08778 -0.6 0.08771 -0.7
BECI (MWh/MW-yr) 0.82351 0.81723 -0.8 0.81631 -0.9
BPACI (MW/dist.) 12.76397 12.76372 0 12.75699 -0.1
MBECI (MW/MW) 0.00009 0.00009 0 0.00009 0
Sl (sys minglyr) 49.41072 49.03376 -0.8 48.97839 -0.9
Computing time (sec) 112.097 127.233 130.479

Table 3.3;: Annual load busindices for the RBTS

. Two-state Three-state mc_)del Four-state quel
Indices Bus No. model Indices Diff. Indices Diff.
(%) (%)
2 0.00000 0.00000 0 0.00000 0
3 0.00018 0.00017 | -5.6 | 0.00017| -5.6
PLC 4 0.00000 0.00000 0 0.00000 0
5 0.00000 0.00000 0 0.00000 0
6 0.00120 0.00120 0 0.00120 0
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Table 3.3: (Continued)

_ Two-state Three-state quel Four-state quel
Indices Bus No. model Indices Diff. Indices Diff.
(%) (%)
2 0.00000 0.00000 0 0.00000 0
3 0.10162 0.09580 | -5.7 | 0.09557 | -6.0
ENLC (Uyr) 4 0.00109 0.00109 0 0.00109 0
5 0.00554 0.00554 0 0.00551| -0.5
6 1.18265 1.18084 | -0.2 | 1.18070 | -0.2
2 0.000 0.000 0 0.000 0
3 1.171 1.098 -6.2 1.087 -7.2
ELC (MW/yr) 4 0.008 0.008 0 0.008 0
5 0.059 0.059 0 0.059 0
6 15.095 15.075 -0.1 15.073 -0.1
2 0.00000 0.00000 0 0.00000 0
3 0.00201 0.00187 | -7.0 | 0.00186| -7.5
EDNS (MW) 4 0.00000 0.00000 0 0.00000 0
5 0.00003 0.00003 0 0.00003 0
6 0.01535 0.01535 0 0.01535 0
2 0.000 0.000 0 0.000 0
EENS 3 17.564 16.416 -6.5 16.251 -7.5
(MWHyr) 4 0.038 0.038 0 0.038 0
5 0.296 0.294 -0.7 0.293 -1.0
6 134.452 134.439 -0 134.435 0

The percentage values in Table 3.2 and 3.3 show the difference between the
reliability indices calculated using the two-state model, and the three-state and the four-
state model. The base indices are those for the two-state model. The computing times
are aso included in Table 3.2. The computing times in Table 3.2 show that it is possible
to use more precise generating unit models to conduct the assessment without taking
significantly more computing time. The results in Table 3.2 and 3.3 indicate that
reducing the range of derating levels to a two state representation can cause some
inaccuracy in the calculated reliability indices. The results obtained using the DAFOR
values are also pessimistic. This could result in additional investment in generation or
transmission facilities and this is a big issue in the newly deregulated industry. It is
therefore necessary to use a more comprehensive generating model when conducting

composite system adequacy assessment.




3.3.3. Risk Sensitivity to Derated Capacity L evel Selection

In this section, the reliability indices for the RBTS are presented and compared
using different three-state and four-state generating unit models. The generating unit
reliability data of seven three-state models for the 40 MW thermal generating units are
shown in Table 3.4. These seven three-state generating unit models were established
using the 60 — 89 MW generating unit data profile in Figure 3.1 and each has a different
designated derated capacity level. The corresponding seven locations of Y; shown in
Figure 3.3 are therefore different in each case. There is no single unique location for Y;
[37]. The set of annual system indices and the load bus indices using the different three-
state models for the 40 MW units are given in Tables B.1 and B.2

Table 3.4: Reliability datafor the three-state generating unit models of the RBTS
40-MW generating units

Indices Model No.
1 2 3 4 5 6 7
Cap
(MW) 40 40 40 40 40 40 40
Cap.Cur
(MW) 14 12 10 8 6 4 2

Pup 0.9656 | 0.9647 | 0.9636 | 0.9622 | 0.9596 | 0.9578 | 0.9524

Pon 0.0276 | 0.0278 | 0.0279 | 0.0280 | 0.0282 | 0.0287 | 0.0291

Poe 0.0068 | 0.0075 | 0.0085 | 0.0098 | 0.0122 | 0.0135 | 0.0185

DAFOR/
FOR

0.03 0.03 0.03 0.03 0.03 0.03 0.03

The RBTS base case analysis in Section 2.6.3 shows that the least reliable busesin
the system are Bus 3 and Bus 6. The most common index in actual application is the
EENS and therefore this index is selected to provide a pictoria representation of the
effects of derated state modeling. The following analyses are focused on the EENS at
Bus 3 and Bus 6, and for the system in order to illustrate how the different three-state
generating unit models affect the calculated indices. These effects are shown in Figures
3.7-3.9.
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Figure 3.7: RBTS EENS for the seven three-state generating unit models
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Figure 3.8: EENS at Bus 3 for the seven three-state generating unit models

Figure 3.9: EENS at Bus 6 for the seven three-state generating unit models
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It can be seen from Figures 3.7-3.9 that the EENS does not change very much with
the different three-state models. The maximum variation occurs at Bus 3. The RBTS has
a reasonably adequate generating system and therefore is not greatly affected by the
model variations. As shown in Figure 2.1, Bus 6 is located away from the generation
system and supplied by a single radia line. Its reliability is largely affected by
transmission failures and the EENS at Bus 6 does not change significantly with the
different three-state unit models. Bus 3 is supplied by four transmission lines and has the
lowest load curtailment priority. Its reliability is mainly affected by generation failures
and itsload will be curtailed when load shedding occurs in the system. The EENS at Bus
3 istherefore directly affected by the different three-state generating unit models. It can
be concluded that the effect of different three-state generating unit models on the load
bus indices depends on the network topology and the load curtailment philosophy.

A similar analysis was conducted using seven different four-state generating unit
models.

The generating unit reliability data for the seven four-state models for the 40 MW
thermal generating units are shown in Table 3.5. The seven four-state generating unit
models were established using the 60 — 89 MW generating unit data profile in Figure 3.1.
and have different designated derated capacity levels. The corresponding locations of Y,
and Y as shown in Figure 3.4 are therefore different in each case. The annua system
indices and the load bus indices using the different four-state models are given in Tables
B.3and B.4.

Table 3.5: Reliability datafor the four-state generating unit models of the RBTS
40-MW generating units

Indices Model No.
1 2 3 4 5 6 7

Cap

(MW) 40 40 40 40 40 40 40

Cap.Curl

(MW) 7 6 5 4 3 2 1

Cap.Cur2

(MW) 15 14 13 12 11 10 9
Pup 0.9610 | 0.9597 | 0.9589 | 0.9578 | 0.9561 | 0.9524 | 0.9525
Pon 0.0276 | 0.0276 | 0.0277 | 0.0278 | 0.0278 | 0.0279 | 0.0280
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Table 3.5: (Continued)

Indices Model No.
1 2 3 4 5 5 7
Poc: | 0.0001 | 0.0103 | 0.0102 | 0.0104 | 0.0113 | 0.0140 | 0.0118
Por, | 0.0023 | 0.0024 | 0.0032 | 0.0040 | 0.0048 | 0.0057 | 0.0077
DIA:(';CF)QR/ 003 | 003 | 003 | 003 | 003 | 003 | 003

The effects on the EENS for the system and Bus 3 and 6 due to the seven different
four-state generating unit models are shown in Figures 3.10-3.12.
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Figure 3.10: RBTS EENS for the seven four-state generating unit models
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Figure 3.11: EENS at Bus 3 for the seven four-state generating unit models
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Figure 3.12: EENS at Bus 6 for the seven four-state generating unit models

It can be seen from Figures 3.10-3.12 that the EENS values do not change
significantly with the different four-state generating unit models. The conclusion is
basicaly the same as that drawn from the analysis of the three-state generating unit
models. The system indices for the RBTS are not significantly affected by the changesin
the generating unit models. The effect of the different four-state generating unit models
on the load bus indices depends on the network topology and load curtailment
philosophy.

These studies show that the selection of the designated derating levelsis not very
important in an analysis of the RBTS. This conclusion relates directly to the RBTS and
cannot be universaly applied to all systems. This is illustrated later in regard to the
IEEE-RTS. The RBTS can be considered to have a relatively strong generation system
at the peak load level of 185 MW.

3.3.4. Comparison of the Two-state, Three-state and Four-state Gener ating Unit

Models

Reference 1 illustrates that the using two-state generating unit models can result in
a significant error in the load carrying capacity of a generation system at a specified
criterion risk. It also shows [1] that the load carrying capacity is further increased by
using more derated states in the analysis. The bulk of the benefit in load carrying
capacity occurs when three-state models are used and therefore three-state
representations are often used in actual practice. The system and load bus indices

calculated using the two-state, three-state and four-state generating unit models can be
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compared to demonstrate the effects of multi-state generating unit models on the
calculated indices. The system load level has a significant effect on the system and load
bus indices. The peak load level for the RBTS is assumed to vary from 160 MW to 200
MW in the following analysis. The two-state, three-state and four-state model data for
the 40 MW thermal generating units are given in Table 3.1. Table B.5 shows the annual
system indices for the three different generating unit models at different peak load
levels. The annual load bus indices are shown in Tables B.6 — B.8.

The annual EENS for the system and for Bus 3 and 6 as a function of peak load for

the three different generating unit models are shown in Figures 3.13 — 3.15.
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Figure 3.13: RBTS EENS versus peak load for the different generating unit models
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It can be seen from Figures 3.13 — 3.15 that as the system peak load increases, the
annual system and load bus indices calculated using the three-state and four-state
generating unit models decrease relative to those obtained using the traditional two-state
generating unit model. This decreaseisrelatively small inthe RBTS analysis and can be
seen more clearly from the numerical values in Tables B.5-B.8. As noted in [1]
regarding generating capacity assessment, the use of traditional two-state models for
large generating units provides a pessimistic appraisal of the system risk. This also
applies to the system and load point reliability in a composite system study. The results
shown in Tables B.5-B.8 indicate that the bulk of the change in the predicted indices
occur by using a three-state representation rather than the traditional DAFOR, and that
thereis relatively little further change by using a four-state representation. This suggests
that from a practical point of view, three-state generating unit models are sufficiently
accurate for studies of the RBTS. This is not a universal conclusion and is highly
dependent on the studied system composition and load profile. This is illustrated in the
following sections by application to the IEEE-RTS.

3.4. |EEE-RTS Analysis

The RBTS was developed for education and research purposes. The IEEE-RTS is
arelatively large system compared to the RBTS and is much closer in composition to an
actual power system. The single line diagram of the IEEE-RTS is shown in Figure 2.2.

In this section, similar studies to those presented in Section 3.3 are presented using the
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|[EEE-RTS. The multi-state generating unit models for the IEEE-RTS were established
using the 200 — 389 MW and 390 — 599 MW generating unit data profilesin Figure 3.1.

3.4.1. Multi-state Generating Unit Models

The two 400-MW generating units and the 350-MW generating unit in the IEEE-
RTS were given three-state representations. The three-state representation for the two

400-MW generating unitsis shown in Figure 3.16.

(400MW) (400MW)
uP uP
Pup=0.88 Pup=0.8263
A

A 4

(OMW) (320MW) Derating-Adjusted (OMW)

DOWN DERATED Forced Outage Rate DOWN
Pon=0.12 Ppe=0.0671 (DAFOR)=012 1 py\=0.1066

Figure 3.16: The two and three- state models for a 400-MW generating unit

The DAFOR in both of the models shown in Figure 3.16 is 0.12. The four-state
model for the 400 MW thermal generating unitsis shown in Figure 3.17.

(400 MW)
UP
Pup=0.8072
A
A 4
(0 MW) (360 MW) (280 MW)
Down Derated Derated

PDN:O.1034 PDE]_:O.0511 PDE2:0.0383

Figure 3.17: The four-state model for a 400-MW generating unit
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The DAFOR in the four state model shown in Figure 3.17 isagain 0.12, and can be

determined using Equation 3.18.
The two-state, three-state and four-state representations of the 350-MW generating

unit are shown in Figures 3.18 and 3.19.

(350MW) (350MW)
up uP
Pup=0.92 Pur=0.8810
A
A\ 4
(OMW) (280 MW) Derating-Adjusted (0 MW)
DOWN DERATED Forced Outage Rate DOWN
Pon=0.08 Poe=0.0487 (DAFOR)=008 | g =0.0703

Figure 3.18: The two and three- state models for the 350-MW generating unit

(350 MW)
UP
Pup=0.8694
A
A 4
(0 MW) (315 MW) (245 MW)
Down Derated Derated

PDN:O.0677 PDE]_:0.0328 PDE2:0-0301

Figure 3.19: The four-state model for the 350-MW generating unit

The DAFOR in Figures 3.18 and 3.19is 0.08 in each case.

53



3.4.2. Comparison of Annual Indices

The analysis in this section is quite similar with that presented for the RBTS in
Section 3.3.2. The annua indices for the IEEE-RTS are compared using two-state and
multi-state generating unit models. The generating unit reliability data of the two-state,
three-state and four-state models for the 400 MW and 350 MW generating units are
shown in Table 3.6.

Table 3.6: Reliability data for the IEEE-RTS 400-MW and 350-MW generating units

Model Cap Cap.Cury | Cap.Cur; P P P DAFOR/
type (MW) | (MW) | (MW) DN DEL DE2 FOR
Two- 400 - - 0.12 - - -
state 350 - - 0.08 - - -
Three- 400 80 - 0.1066 | 0.0671 - 0.12
state 350 70 - 0.0703 | 0.0487 - 0.08
Four- 400 40 120 0.1034 | 0.0511 | 0.0383 0.12
state 350 35 105 0.0677 | 0.0328 | 0.0301 0.08

The annual system and load bus indices together with the required computing time
considering the two-state, three-state and four-state models for the 400 MW and 350
MW generating unitsin Table 3.6 are given in Tables 3.7 and 3.8.

Table 3.7: Annual system indices for the IEEE-RTS

. Two-state Three-state model Four-state model

Indices model Indices Diff. Indices Diff.

(%) (%0)
ENLC (L/yr) 1.52049 1.33277 -12.3 1.28366 -15.6
ADLC (hrg/dist.) 11.56395 11.57540 +0.1 11.55139 -0.11
EDLC (hrs/yr) 17.58358 1542802 | -12.3 | 14.82872 | -157
PLC 0.00201 0.00176 -12.4 0.00169 -15.9
EDNS (MW) 0.27556 0.23523 -14.6 0.22477 -18.4
EENS (MWHh/yr) 2413.92314 | 2060.64060 | -14.6 | 1968.99995| -184
EDC (k$/yr) 10186.75491 | 8695.90342 | -14.6 | 8309.17954 | -184
BPII (MW/MW-yr) 0.07539 0.06452 -14.4 0.06167 -18.2
BECI (MWh/MW-yr) 0.84699 0.72303 -14.6 0.69088 -18.4
BPACI (MW/dist.) 141.30454 137.97528 -2.4 136.91434 -3.1
MBECI (MW/MW) 0.00010 0.00008 -20.0 0.00008 -20.0
Sl (sys mins/yr) 50.81941 4338190 | -146 | 4145263 | -184

Computing time (sec) 292.809 427.698 463.780




Table 3.8: Annual load bus indicesfor the IEEE-RTS

_ Two-state Three-state model | Four-state model
Indices Bus No. model Indices Diff. Indices Diff.
(%) (%)
2 0 0 - 0 -
3 0 0 - 0 -
6 0 0 - 0 -
7 0 0 - 0 -
8 0 0 - 0 -
9 0.00113 | 0.00097 | -14.2 | 0.00093 | -17.7
PLC 10 0.00001 0 -100.0 0 -100.0
13 0 0 - 0 -
14 0.00021 | 0.00017 | -19.0 | 0.00016 | -23.8
15 0.00067 | 0.00056 | -16.4 | 0.00053 | -20.9
16 0.0001 0.00008 | -20.0 | 0.00007 | -30.0
18 0.00003 | 0.00003 0 0.00003 0
19 0.00201 | 0.00176 | -12.4 | 0.00169 | -15.9
20 0.00006 | 0.00005 | -16.7 | 0.00005 | -16.7
2 0.0014 0.0013 -7.1 | 0.00101 | -27.9
3 0.00082 | 0.00066 | -19.5 | 0.00063 | -23.2
6 0.00075 | 0.00075 0 0.00075 0
7 0.00041 | 0.00041 0 0.00041 0
8 0.00004 | 0.00004 0 0.00004 0
9 0.87165 | 0.75137 | -13.8 | 0.72435 | -16.9
ENLC (1/yr) 10 0.00535 | 0.00425 | -20.6 | 0.00376 | -29.7
13 0.00013 | 0.00011 | -15.4 | 0.00012 | -7.7
14 0.17742 | 0.14714 | -17.1 | 0.13707 | -22.7
15 0.52376 | 0.44337 | -15.3 | 0.42205 | -19.4
16 0.08251 | 0.06777 | -17.9 | 0.06327 | -23.3
18 0.03086 | 0.02493 | -19.2 | 0.0228 | -26.1
19 151929 | 1.33158 | -12.4 | 1.28247 | -15.6
20 0.05564 | 0.04523 | -18.7 | 0.04134 | -25.7
2 0.049 0.042 -14.3 0.036 -26.5
3 0.027 0.027 0 0.023 -14.8
6 0.052 0.052 0 0.052 0
7 0.004 0.004 0 0.004 0
8 0 0.001 - 0 -
9 53.88 46.27 -14.1 44,397 -17.6
10 0.295 0.234 -20.7 0.216 -26.8
ELC (MWiyr) 13 0004 | 0005 | +250 | 0005 | +250
14 10.795 8.914 -17.4 8.296 -23.1
15 45.318 38.248 | -156 | 36.219 | -20.1
16 3.165 2.578 -18.5 2.388 -24.5
18 2.402 1.909 -20.5 1.747 -27.3
19 96.376 83.616 | -13.2 | 80554 | -16.4
20 2.484 1.99 -19.9 1.813 -27.0
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Table 3.8: (Continued)

_ Two-state Three-state moddl | Four-state model
Indices Bus No. model Indices Diff. Indices Diff.
(%) (%)
2 0.00005 | 0.00004 | -20.0 | 0.00003 | -40.0
3 0.00002 | 0.00002 0 0.00002 0
6 0.00003 | 0.00003 0 0.00003 0
7 0 0 - 0 -
8 0 0 - 0 -
9 0.06935 | 0.05938 | -14.4 | 0.05687 | -18.0
10 0.00029 | 0.00023 | -20.7 | 0.00021 | -27.6
EDNS (MW) 13 0 0 i 0 i
14 0.01266 | 0.01044 | -175 | 0.0097 | -23.4
15 0.05604 | 0.04714 | -159 | 0.04458 | -20.4
16 0.00362 | 0.00295 | -185 | 0.00272 | -24.9
18 0.00255 | 0.00204 | -20.0 | 0.00186 | -27.1
19 0.1282 0.11075 | -13.6 | 0.10673 | -16.7
20 0.00273 0.0022 -194 0.002 -26.7
2 0.397 0.333 -16.1 0.281 -29.2
3 0.215 0.209 -2.8 0.179 -16.7
6 0.293 0.293 0 0.293 0
7 0.021 0.021 0 0.021 0
8 0.002 0.004 | +100.0| 0.003 +50.0
9 607.472 | 520.189 | -14.4 | 498.183 | -18.0
EENS 10 2.541 2.002 -21.2 1.826 -28.1
(MWhyr) 13 0.031 0.04 +29.0 0.033 +6.5
14 110.899 9149 | -17.5 | 85.001 | -234
15 490.941 | 412905 | -15.9 | 390.503 | -20.5
16 3175 25.841 -18.6 | 23.869 | -24.8
18 22.376 17.857 -20.2 16.271 | -27.3
19 1123.034 | 970.144 | -13.6 | 934.991 | -16.7
20 23.956 19.312 -19.4 17.552 -26.7

It can be seen from Tables 3.7 and 3.8 that reducing the number of generating unit

states can have a big impact on the system and load bus indices in a relatively large

system such as the IEEE-RTS. The computing times shown in Table 3.7 increase

considerably when multi-state generating unit models are incorporated in the assessment.

It can be seen, however, that traditional two-state generating unit models can provide a

pessimistic appraisal and it is possible to use more comprehensive generating unit

models to obtain a more accurate appraisal without taking an unreasonable amount of

computing time.
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3.4.3. Risk Sensitivity to Derated Capacity L evel Selection

In this section, the reliability indices for the IEEE-RTS are presented and
compared using different three-state and four-state generating unit models. The
generating unit reliability data of seven three-state models for the 400 MW and 350 MW
generating units are shown in Table 3.9. The seven three-state generating unit models
were established using the 200 — 389 MW and 390 — 599 MW generating unit data
profilesin Figure 3.1. The set of annual system indices and load bus indices considering
the different three-state models are given in Tables B.9 and B.10.

Table 3.9: Reliability datafor the three-state models of the IEEE-RTS 400-MW and
350-MW generating units

Model Cap Cap.Cur P P P DAFOR/

No. (MW) | (MW) P DN DE FOR
1 400 140 0.8466 | 0.1020 | 0.0514 0.12
350 70 0.8810 | 0.0703 | 0.0487 0.08

5 400 120 0.8412 | 0.1034 | 0.0554 0.12
350 70 0.8810 | 0.0703 | 0.0487 0.08

3 400 100 0.8337 | 0.1046 | 0.0617 0.12
350 70 0.8810 | 0.0703 | 0.0487 0.08

4 400 80 0.8263 | 0.1066 | 0.0671 0.12
350 70 0.8810 | 0.0703 | 0.0487 0.08

c 400 60 0.8139 | 0.1083 | 0.0778 0.12
350 70 0.8810 | 0.0703 | 0.0487 0.08

5 400 40 0.8072 | 0.1119 | 0.0809 0.12
350 70 0.8810 | 0.0703 | 0.0487 0.08

. 400 20 0.7872 | 01151 | 0.0977 0.12
350 70 0.8810 | 0.0703 | 0.0487 0.08

The IEEE-RTS is arelatively large system compared to the RBTS and is divided
into two regions designated as north and south. It can be seen from the IEEE-RTS base
case anaysis in Section 2.6.4 that the least reliable buses in the system are Buses 9
(south region), 14, 15 and 19 (north region). The following analyses are therefore
focused on the EENS of Buses 9, 14, 15 and 19, and the system EENS in order to
illustrate the impact of using three-state generating unit models on the system and load
bus indices.

The EENS for the system and for Buses 9, 14, 15 and 19 with the seven different
three-state generating unit models are shown in Figures 3.20-3.24.
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Figure 3.20: IEEE-RTS EENS for the seven three-state generating unit models
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Figure 3.21: EENS at Bus 9 for the seven three-state generating unit models
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Figure 3.22: EENS at Bus 14 for the seven three-state generating unit models
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Figure 3.23: EENS at Bus 15 for the seven three-state generating unit models
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Figure 3.24: EENS at Bus 19 for the seven three-state generating unit models

It can be seen from Figures 3.20-3.24 that the EENS for the overall system and for
the load buses are affected significantly by the different three-state generating unit
models. In a system like the IEEE-RTS, which is considered to have a relatively strong
transmission system, the load bus indices are not greatly influenced by where the load
points are located. Bus 14, 15 and 19 are located in the north region where the most of
the generating units reside, and Bus 9 resides in the south region that is relatively far
removed from the generation center. All these buses, however, have very low load
curtailment priorities and therefore their indices are affected by the different three-state
generating unit models. The selected derated capacity level in the three-state generating

unit models is therefore important in these cases.
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The reliability data for the seven four-state models are shown in Table 3.10. The

numerical values of the annua system and load bus indices considering the different
four-state models are given in Tables B.11 and B.12.

Table 3.10: Reliability data for the four-state models of the IEEE-RTS 400-MW and

350-MW generating units

Model Cap Cap.Cu | Cap.Cu DAFO
No. (MW) rl r2 Pup Pon Poe1 Poe2 R/

MW) | (Mw) FOR

1 400 70 150 0.8210 | 0.1015 | 0.0529 | 0.0246 0.12
350 35 105 0.8694 | 0.0677 | 0.0328 | 0.0301 0.08

> 400 60 140 0.8139 | 0.1021 | 0.0572 | 0.0268 0.12
350 35 105 0.8694 | 0.0677 | 0.0328 | 0.0301 0.08

3 400 50 130 0.8112 | 0.1027 | 0.0535 | 0.0326 0.12
350 35 105 0.8694 | 0.0677 | 0.0328 | 0.0301 0.08

4 400 40 120 0.8072 | 0.1034 | 0.0511 | 0.0383 0.12
350 35 105 0.8694 | 0.0677 | 0.0328 | 0.0301 0.08

5 400 30 110 0.8005 | 0.1040 | 0.0513 | 0.0442 0.12
350 35 105 0.8694 | 0.0677 | 0.0328 | 0.0301 0.08

6 400 20 100 0.7872 | 0.1046 | 0.0582 | 0.0500 0.12
350 35 105 0.8694 | 0.0677 | 0.0328 | 0.0301 0.08

- 400 10 90 0.7871 | 0.1056 | 0.0487 | 0.0586 0.12
350 35 105 0.8694 | 0.0677 | 0.0328 | 0.0301 0.08

The effects on the system EENS and the EENS of Buses 9, 14, 15 and 19 due to

the seven different four-state generating unit models are shown in Figures 3.25-3.29.
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Figure 3.25: IEEE-RTS EENS for the seven four-state generating unit models
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Figure 3.26: EENS at Bus 9 for the seven four-state generating unit models
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Figure 3.27: EENS at Bus 14 for the seven four-state generating unit models
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Figure 3.28: EENS at Bus 15 for the seven four-state generating unit models
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Figure 3.29: EENS at Bus 19 for the seven four-state generating unit models

It can be seen from Figure 3.25-3.29 that the system and load bus indices are
significantly affected by the different four-state generating unit models. The conclusion
istherefore similar to that shown in Section 3.4.3. The selected derated capacity levelsin
the four-state generating unit model impact the calculated indices and should be
carefully considered.

The two sets of studies clearly show that in the case of the IEEE-RTS, the derated
capacity levels in the multi-state generating unit models should be selected carefully as
they significantly affect the system and load bus indices. The impact of multi-state
generating unit is larger than that in the RBTS because the IEEE-RTS has a comparably
weak generation system.

3.4.4. Comparison of the Two-state, Three-state and Four-state Generating Unit

Models

The system and load bus indices calculated using the two-state, three-state and
four-state generating unit models are compared in this section,. The peak load level for
the IEEE-RTS is assumed to vary from 2500 MW to 3100 MW in the following
anaysis. The reliability data for the two-state, three-state and four-state models of the
400 MW and 350 MW generating units are shown in Table 3.7. Table B.13 shows the
annual system indices with the three different generating unit models at different peak
load levels. The annual load bus indices are shown in Tables B.14 to B.16.

62



The annual system EENS and the EENS of Buses 9, 14, 15 and 19 as a function of
the peak load for the three different generating unit models are shown in Figures 3.30-
3.34.
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Figure 3.30: IEEE-RTS EENS versus peak |oad for the different generating unit models
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Figure 3.31: EENS at Bus 9 versus peak |oad for the different generating unit models
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Figure 3.32: EENS at Bus 14 versus peak load for the different generating unit models
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Figure 3.33: EENS at Bus 15 versus peak load for the different generating unit models
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Figure 3.34: EENS at Bus 19 versus peak load for the different generating unit models



Figures 3.30 — 3.34 clearly show that when the system peak load increases, the
annual system and load bus indices calculated using the three-state and four-state
generating unit models decrease relative to those calculated using the traditional two-
state generating unit model. This can aso be seen from the numerical data in Tables
B.13 to B.16. As in the previous study dealing with the RBTS, the traditional two-state
generating unit model creates a pessimistic appraisal of composite system adequacy

assessment and at |east three states should be used in modeling large generating units.

3.5. Summary

In this chapter, the EEI outage data for three generating unit classes are used with
the apportioning method to establish multi-state generating unit models for the RBTS
and the IEEE-RTS. Load point and system reliability indices are presented for the two
test systems using two-state and multi-state models for selected generating units.

The studies in this chapter show that it is important to incorporate multi-state
generating unit models in composite system adequacy assessment and that the traditional
two-state generating unit model can lead to pessimistic appraisals. It is also possible to
use more comprehensive generating unit models without taking significantly more
computing time.

The selection of the designated derated capacity level in a multi-state generating
unit model is important in some circumstances and should be done carefully as the
system and load bus indices can be significantly affected in these cases. This is
especialy true in a large system such as the IEEE-RTS, which has a relatively weak
generation system.

The composite system analyses conducted on the RBTS and the IEEE-RTS show
that there is a significant decrease in the predicted reliability indices by using a three
state generating unit representation for the large generating units rather than the
traditional DAFOR. The indices decrease further by using more states in the large unit
models. This decrease is considerable less than that created using a three-state model. In
many cases, the three-state representation will provide a reasonable assessment and can

be used in practical system studies. The need to use more states will depend on the size

65



of the largest units relative to the total system capacity and the magnitude of the peak
load relative to the total installed capacity.
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4. INCORPORATING SYSTEM
PERFORMANCE INDICESIN COMPOSITE
SYSTEM ADEQUACY ASSESSM ENT

4.1. Introduction

There are two basic types of bulk electricity system performance indices. These are
predictive indices and past performance indices. Predictive indices provide relevant
estimates of future system reliability and are normally associated with system planning.
On the other hand, past performance indices reflect the actual system reliability and are
therefore related to the actual operation of the system.

Performance-based Regulation (PBR) is a new proposed regulatory approach,
which sets rates, or components of rates, for a period of time based on externa indices
rather than a utility's cost-of-service. The PBR approach is aready in the test phase in
some electricity distribution industry utilities [25]. In the field of composite generation
and transmission systems, PBR is under consideration and bulk electricity system
performance indices will be key factors in this regulatory approach. The most common
system performance indices in composite ststems are the System Average Interruption
Frequency Index (SAIFI), the System Average Interruption Duration Index (SAIDI), the
System Average Restoration Index (SARI) and the Delivery Point Unreliability Index
(DPUI). This chapter presents some past performance indices that illustrate how
Canadian power systems have performed over the last nine years. These data were
collected by the participating utilities and compiled by the Canadian Electricity
Association (CEA) as part of their Electric Power System Reliability Assessment
protocol [39]. This chapter aso presents a procedure that can be used to calculate
predictive indices to estimate the future performance of power systems. This procedure
isillustrated using the RBTS and the IEEE-RTS. The bulk system performance indices
used in the analyses are the SAIFI, SAIDI, SARI and DPUI parameters.
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4.2. Basic CEA Data Analysis

A comparison of the SAIFI, SAIDI and SARI indices for the 1993-1997,
1994-1998, 1995-1999, 1996-2000 and 1997-2001 periods are presented in this
section. These indices were collected and published by the CEA [39]. The purpose of
this comparison is to show how the performance has changed with time using the three
system performance indices. The time period used to display the basic CEA datais five
years, and therefore the SAIFI, SAIDI and SARI indices are rolling five year average
values.

The following is a summary of the relevant terms used in the CEA bulk system
reliability performance protocol [39].

» Bulk Electricity System (BES)

The Bulk Electricity System (BES) is composed of the power resources, the
transmission system that includes buses, switching equipment and circuits of 50 kV and
above, al transformers connected to those buses or circuits and low side buses
associated with these transformers. It does not include the distribution system.

» Délivery Point (DP)

The delivery point is the point of supply where the energy from the BES is
transferred to the distribution system or the retail customer. This point is generally taken
as the low voltage busbar at step-down transformer stations (the voltage is stepped down
from a transmission or subtransmission voltage, which may cover the range of 50-750
kV to a distribution voltage of under 50 kV but above 2 kV). For customer-owned
stations supplied directly from the transmission system, this point is generally taken as
the interface between utility-owned equipment and the customer's equipment.

» Single-Circuit Supplied Delivery Point (SC)

A DP supplied from the BES by one circuit whereby the interruption of that circuit
will cause an interruption to the Delivery Point.
* Multi-Circuit Supplied Delivery Point (MC)

A DP supplied from the BES by more than one circuit such that the interruption of
one circuit does not cause a Delivery Point interruption.

» Dédlivery Point Primary Supply Voltage
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The transmission voltage level before transformation to the Delivery Point. For the
purpose of the reporting system, the following four Voltage Classes have been identified.
Voltage Class 1 50- 99kV
Voltage Class 2 100 - 199 kV
Voltage Class 3 200 - 299 kV
Voltage Class4 300 - 750 kV
e Sustained Interruption (SI)

Any loss of supply voltage to a DP that has a duration of one minute or more. In
addition to the Sustained Interruption Frequency, the Interruption Duration of both the
BES Supply Voltage and the Customer Load are reported. Generally, the loss of supply
voltage to a DP will result in all customer loads to be interrupted since most Canadian
utilities have distribution systems that are supplied from a radia DP. However, there
may be some situations where customer load is not interrupted or is restored sooner than
the BES Supply Voltage, such as where a distribution system is operated as a meshed
network or where there is an aternative BES Supply Voltage path. The indices
evauated using MECORE are the sustained interruption indices.

e System Average Interruption Frequency Index- Sustained Interruptions (SAIFI-SI)

A measure of the average number of sustained interruptions that a DP experiences

during a given period, usually one year.

Total No.of Sustained Interruptions
Total No.of Delivery Points Monitored
o System Average Interruption Duration Index (SAIDI)

SAIFI-SI =

A measure of the average total interruption duration that a DP experiences during a
given period, usually one year.

SAID| = Total Duration of al Interruptions
Total No.of Delivery PointsMonitored
» System Average Restoration Index (SARI)

A measure of the average duration of a delivery point interruption. In essence, it
represents the average restoration time for each delivery point interruption.

_ Total Duration of al Interruptions
Total No.of Sustained Interruptions
* Dédlivery Point Unreliability Index (DPUI)

SARI
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A measure of overall BES performance in terms of a composite index of
unreliability expressed in System Minutes.

Total Unsupplied Energy (MW - Minutes)
System Peak Load (MW)

DPUI =

4.2.1. Comparison of SAIFI-SI by Voltage Class and Supply Type

Figures 4.1-4.4 show a comparison of the SAIFI-SI excluding the 1998 ice storm
over the period 1993-2001 using the 1993-1997, 1994-1998, 1995-1999, 1996-2000 and
1997-2001 data. Tables C.1-C.4 show a comparison of SAIFI-SI by Voltage Class and
SAIFI-SI values in total by Supply Type for the 1993-2001 period, excluding and
including the 1998 ice storm.

—m— Voltage Class 1
—e— Voltage Class 2
—a— Voltage Class 3

Voltage Class 4

SAIFI (occlyear)

93-97 94-98 95-99 96-00 97-01

Figure 4.1: SAIFI-SI by Voltage Class for single circuits during the period 1993-2001

—m— Voltage Class 1
—e— Voltage Class 2
—a— Voltage Class 3

Voltage Class 4
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93-97 94-98 95-99 96-00 97-01

Figure 4.2: SAIFI-SI by Voltage Class for multiple circuits during the period 1993-2001
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Figure 4.3: SAIFI-SI by Voltage Class for both single circuits and multiple circuits
during the period 1993-2001
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Figure 4.4: SAIFI-SI by Supply Type for all voltage classes during the period 1993-2001

It can be seen from Figure 4.1 that the SAIFI-SI of single circuits at high
transmission voltages is much lower than for low transmission voltages. It can be seen
from Figure 4.2 that for multiple circuits, the SAIFI-SI for high voltage circuits are not
aways smaler than those for low voltage circuits because of the more complex
configurations of multiple circuits. Figure 4.3 shows that for both single and multiple
circuits combined, the values of SAIFI-SI for high voltage circuits are smaller than those
for low voltage circuits. The results in this case are dominated by the single circuit
values. The values of SAIFI-SI shown in Figure 4.3 increased smoothly over the period
of 1994-1998 and decreased smoothly again over the period of 1995-1999. It can be seen
from Figure 4.4 that for all transmission voltages, the values of SAIFI-SI for multiple
circuits are much smaller than those for single circuits.

The effects of the ice storm in 1998 are not included in Figure 4.1-4.4. Figures

C.1-C.4 show a comparison of SAIFI-SI over the same period excluding and including
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the 1998 ice storm. These figures illustrated the effect of the 1998 ice storm on the
SAIFI-SI. In Figures C.1-C.4, the solid curves represent the data excluding the 1998 ice
storm and the dashed curves include the 1998 ice storm data.

4.2.2. Comparison of SAIDI by Voltage Class and Supply Type

Figures 4.5-4.8 show the SAIDI excluding the 1998 ice storm over the period
1993-2001 using the 1993-1997, 1994-1998, 1995-1999, 1996-2000 and 1997-2001 data.
Tables C.5-C.8 show a comparison of SAIDI by Voltage Class and SAIDI valuesin total
by Supply Type for the 1993-2001 period, which excludes and includes the 1998 ice

storm.
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Figure 4.5: SAIDI by Voltage Class for single circuits during the period 1993-2001
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Figure 4.6: SAIDI by Voltage Class for multiple circuits during the period 1993-2001
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Figure 4.7: SAIDI by Voltage Class for both single and multiple circuits during the
period 1993-2001
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Figure 4.8: SAIDI by Supply Type for al voltage classes during the period 1993-2001

It can be seen from Figures 4.5-4.7 that the values of SAIDI for high voltage
circuits are much smaller than those for low voltage circuits. Figure 4.8 shows that the
SAIDI for multiple circuits are much smaller than those for single circuits for al
transmission voltages.

Figures C.5-C.8 show a comparison of SAIDI excluding and including the 1998
ice storm over the same period.

It can be seen from Figures C.5-C.8 that the two curves for Voltage Class 4 are
relatively separate, which indicates that ice storm 98 had a significant impact on SAIDI
for Voltage Class 4. It can be seen from Figure C.8 that the ice storm in 1998 had a
significant effect on the reliability performance of both single and multi circuits for al

voltage classes.
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4.2.3. Comparison of SARI by Voltage Class and Supply Type

Figures 4.9-4.12 show a comparison of the SARI excluding the 1998 ice storm
over the period 1993-2001 using the 1993-1997, 1994-1998, 1995-1999, 1996- 2000 and
1997- 2001 data. Tables C.9-C.12 show a comparison of the SARI by Voltage Classes
and SARI values in total by Supply Type for the 1993-2001 period excluding and
including the 1998 ice storm.
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Figure 4.9: SARI by Voltage Class for single circuits during the period 1993-2001
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Figure 4.10: SARI by Voltage Class for multiple circuits during the period 1993-2001
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Figure 4.11: SARI by Voltage Class for both single circuits and multiple circuits during
the period 1993-2001
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Figure 4.12: SARI by Supply Type for all voltage classes during the period 1993-2001

It can be seen from Figure 4.9 that the SARI for high voltage single circuits are not
always smaller than for low voltage single circuits. It can be seen from Figure 4.10 that
for multiple circuits the values of SARI at high voltages are usualy smaller than those at
low voltages. Figure 4.11 shows that for al circuits, the SARI at high voltages are
generally smaller than those at low voltages. Figure 4.12 shows that the SARI for
multiple circuits are generally larger than those for single circuits for al transmission
voltage levels.

Figures C.9-C.12 show the comparison of SARI excluding and including the 1998
ice storm over the repeating period. As with the analysis of SAIDI, Figures C.9-C.12
illustrate that the 1998 ice storm had observable effect on SARI. The CEA system
performance indices of SAIFI-SI, SAIDI and SARI shown in Section 4.2 provide a
factual illustration of the data used by Canadian electric power utilities to monitor the
BES performance of their systems. The actual annua values of SAIFI-SI, SAIDI and
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SARI are more variable than the rolling five year average values. The five year values
are average values and can be compared with expected values predicted by analysis. The
following section illustrates a procedure using the MECORE software to predict the
average performance indices for the two test systems.

4.3. Predicting System Performance I ndices of Bulk Electricity System Delivery
Points

The basic CEA data are presented in Section 4.2 to show how the past system
performance indices of SAIFI-SI, SAIDI and SARI vary over a specified period. It is
important for utilities to also have the ability to predict how system performance indices
may change with time as thisis directly related to their revenues and costs. The program
MECORE can be used to conduct this task.

A procedure that can be used to transfer the reliability indices calculated by
MECORE into a similar form as the CEA past performance indices of SAIFI, SAIDI,
SARI and DPUI is presented in the following [34].

The SAIFI is the average number of interruptions per delivery point during time T,
usually one year. The ENLC of bus i represents the number of contingencies requiring
load to be curtailed at bus i or the isolation of busi during time T and depends on the
probability of load curtailments and the failure rate of the components involved in these
load curtailments. The ENLC for each load bus can be calculated using MECORE. The
load buses can be categorized by Voltage Class and Supply Type. The SAIFI for a
designated category is the arithmetic mean of the ENLC for those buses in the category.
The SAIDI represents the average total interruption duration per delivery point during a
given time T, usually one year. The PLC of bus i represents the probability of load
curtailments at bus i or the isolation of bus i during the given time T. The PLC of busii
multiplied by 8760 is the expected annual interruption duration. The PLC can be
converted to the SAIDI in the same manner that the ENLC is converted to the SAIFI.
The SARI is the SAIDI divided by the SAIFI. The DPUI is a measure of overall BES
performance in terms of a composite index of unreliability in System-Minutes. The
DPUI is equa to the composite system reliability index Sl calculated by MECORE.
Equations 4.1-4.6 can be used to implement the procedure described above.
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Equation 4.1 shows the calculation of the SAIFI for the specified Voltage Class

and Supply Type using the ENLC of each load bus.

D ENLC
iOM;
M, (Single Circuits)
> ENLC,
SAIFI = e : (Multiple Circuits)
j
> ENLC, + > ENLC,
oM, oL (All circuits)
N

I Number of delivery points
J: Voltage Class number defined by CEA (j=1, 2, 3, 4)
N:  thetotal number of delivery points

(4.1

M;:  thetotal number of delivery points supplied by single circuits at a specified

voltage level |

Li:  the tota number of delivery points supplied by multiple circuits at a

specified voltage level |

Equation 4.2 shows the calculation of the SAIDI for the specified Voltage Class

and Supply Type using the PLC of each load bus.

> PLC; x8760
iOM;
M (Single Circuits)
J
> PLC, x8760
SAIDI = i - (Multiple Circuits)
i
D PLC, x8760+ ) PLC, x8760
oM, N o (All circuits)

(4.2)

Equation 4.3 shows the calculation of the SAIFI for al the Voltage Classes by

Supply Type using the ENLC of each load bus.
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—— (Single Circuits)

_ j=1i0L, . R
SAIFI = —_— (Multiple Circuits) (4.3)

N (All circuits)

Equation 4.4 shows the calculation of the SAIDI for all the Voltage Classes by
Supply Type using the PLC of each load bus.

24: > PLC, x8760

j=1i0M;

- (Single Circuits)

> > PLC, %8760
SAIDI = =y

2 (Multiple Circuits)  (4.4)

24: > PLC; x8760+ 24: > PLC; x8760
j=1i0Mm; j=1i0L,

N (All circuits)

Equation 4.5 shows the calculation of the SARI based on SAIDI and SAIFI:

SARI = SAIDI

SAIFI (45)

Equation 4.6 is used to obtain the DPUI:
DPUI =Sl (4.6)

Bulk electricity system delivery point performance can be affected by many
variables. Factors such as station transformer configurations, the load curtailment
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philosophy, system modifications and the system peak |oad are considered and analyzed
in the next section to show they affect the system performance indices. The analyses
conducted were done using the RBTS and the IEEE-RTS.

4.4. RBTS Analysis

Five factors that can affect the system performance indices are considered in this
section. The five factors are station transformer configurations, station transformer
failure rate and outage duration, load curtailment philosophy, system modifications, and
system peak load levels. Their impacts on bulk electricity system delivery point
performance are analyzed individualy.

The RBTS ddlivery points are classified using the CEA protocol in Table 4.1.

Table 4.1: Classification of the delivery pointsin the RBTS

Delivery Point Supply Type Voltage Class
Single Multiple 1 2 3 4
2 X X
3 X X
4 X X
5 X X
6 X X

4.4.1. The Effect of Station Transformers

In the following analysis, the step-down transformers are assumed to be utility-
owned. The delivery points in this study are the low voltage busbars at the step down
transformer stations. The single line diagram of the RBTS with step-down transformer
stations is shown in Figure 4.13. As shown in Figure 4.13 there may be one transformer,
or two or three redundant transformers in paralel at each transformer station. The
following analysis is focused on how the three different transformer station

configurations affect the system performance indices.
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Figure 4.13: Single line diagram of the RBTS with step-down transformers

The three cases in this study are designated as follows: Case 1, only one
transformer at every transformer station; Case 2, two redundant transformers are
instaled in paralel at every transformer station; Case 3, three redundant transformers
areinstalled in parale at every transformer station. Table 4.2 shows the reliability data
for the station transformers.

Table 4.2: The station transformer reliability data

Reliability data Base case

Failurerate )

(failureslyr) 0.02
Outage duration r 768

(hrs)

Repair rate p

(repairg/yr) 1141
Unavailability U 0.00175
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The only transmission voltage in the RBTS is 230KV and therefore only one
transmission voltage class (Voltage Class 3) exists.

Figures 4.14-4.16 show the SAIFI and SAIDI by Supply Type and DPUI for the
three transformer cases. Tables C.13-C.14 contain the numerical values of SAIFI and
SAIDI by Supply Type for the base case and for Cases 1, 2, 3. Table C.15 shows the

DPUI for the four cases.
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Figure 4.14: SAIFI by Supply Type including the effects of station transformers
(MECORE results)
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Figure 4.15: SAIDI by Supply Type including the effects of station transformers
(MECORE results)
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Figure 4.16: DPUI of the system including the effects of station transformers
(MECORE results)

In Figure 4.14, the values of SAIFI show a large increase between the base case
and Case 1. Thisis not reasonable, as the failure rate of the utility-owned transformersis
only 0.02 fallureslyr (Table 4.2), which cannot provide the increase shown. As
previously noted, the ENLC is an upper bound on the actual frequency index, when
calculated using the state sampling technique. The ENLC obtained by MECORE at a
bus supplied by a radial element with a very low failure rate was found to be highly
overestimated. This is an obvious disadvantage of the MECORE program. Further
development should be done to use the state transition sampling technique or the
sequentia technique to calculate a more exact frequency index in order to obtain system
performance indices such as SAIFI.

The load point failure rate, outage duration and unavailability values at the high
voltage buses calculated using the MECORE software can be extended to the low
voltage busbars using a smple analytical extension. This hybrid technique was used to
obtain the system performance indices at the low voltage busbars. Figures 4.17-4.19
show the SAIFI and SAIDI by Supply Type and the DPUI including the effect of station
transformers for the base case and Case 1 and 2. The results for Case 3 are not shown as
they are virtually identical to those of Case 2. The numerical values are given in Table
C.16 and C.17. Table C.18 shows the DPUI for the three cases.
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Figure 4.17: SAIFI by Supply Type including the effects of station transformers
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Figure 4.18: SAIDI by Supply Type including the effects of station transformers
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Figure 4.19: DPUI of the system including the effects of station transformers

When the step-down transformers are utility-owned as in Case 1, the values of
SAIFI for single, multiple and al circuits increase sightly. In Cases 2 and 3, in which
two and three step-down transformers are used, the values of SAIFI for single, multiple

and al circuits al decrease to approach the base case level. Redundant transformers in
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utility-owned transformer stations have a positive impact on the SAIFI. Figures 4.14 and
4.17 show that the ENLC calculated by MECORE leads to a clear overestimation of the
frequency based system performance index SAIFI.

Figures 4.15 and 4.18 show that the SAIDI values calculated directly by MECORE
and those obtained by the analytical extension of MECORE are very close to each other.
The overestimation associated with ENLC does not occur in the PLC. When the step-
down transformers are utility-owned as in Case 1, the values of SAIDI for single,
multiple and all circuits increase significantly because of the higher probability of load
curtailment at each load bus. When two or three redundant transformers are used at a
utility-owned transformer station, the values of SAIDI for single, multiple and all
circuits approach the base case values. Redundant transformers in utility-owned
transformer stations can have a positive impact on the SAIDI.

Figures 4.16 and 4.19 shows that DPUI has similar variations to those of SAIDI as
both system performance indices are affected by the probability of load curtailment. It
can also be seen from Figures 4.16 and 4.19 that the DPUI calculated by MECORE are
very close to those calculated using the anal ytical extension method.

The analyses conducted also show that three redundant transformers did not
provide much benefit over the use of two redundant transformers. The impact of station
transformers on the system performance indices is obviously dependant on the
transformer failure and repair parameters shown in Table 4.2. The following section
illustrates the sensitivity of the system performance indices to selected variations in their

parameters.

4.4.2. The Effect of the Station Transformer Failure Rate and Outage Duration on

the System Performance Indices

Equipment failure rates tend to increase as equipment age. This can have a
negative impact on the reliability of the system. Good maintenance practices and the
replacement of aging equipment can have a positive impact on the system reliability. In
this section, the anaysis is focused on how the station transformer failure rate and
outage duration affect the system performance indices. Cases 1 and 2 in Section 4.4.1
are taken as two separate configurations in the following analysis. For each
configuration three situations with different station transformer reliability data were
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analyzed and compared with the corresponding base case. The station transformer
reliability data sets designated as A, B and C and the base case data are shown in Table
4.3.

Table 4.3: The station transformer reliability data setsA, B and C and the base case

Reliability data Base case A B C

Failure rate A
(Failuresfyr) 0.02 0.03 0.04 0.02

Outage duration r 768 768 768 384

(hrs)

Repair rate 11.41 11.41 11.41 2281
(repairs/yr)

Unavailability U 0.00175 0.00262 0.00349 0.00088

As it can be seen in Table 4.3, data set B gives the lowest station transformer
reliability due to the relatively high failure rate and long average outage duration. Data
set C gives the highest station transformer reliability because of the relatively low failure
rate and short average outage duration.

The following analysis is based on the three data scenarios and the transformer
configurations designated as Cases 1 and 2. Case 1 has one utility-owned step-down
transformer at each transformer station. The corresponding studies involving the three
data sets are designated as Cases 1A, 1B and 1C. Case 2 has two redundant utility-
owned step-down transformers at each station and the subsequent studies are labeled
Cases 2A, 2B and 2C.

Figures 4.20-4.21 show the SAIFI by Supply Type for al voltage classes including
the station transformers. Figures 4.22-4.23 and Figures 4.24- 4.25 show the results for
SAIDI and DPUI respectively. Table C.19-C.24 present the numerical values to support
the pictorial results shown in Figures 4.22-4.25.
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Figure 4.20: SAIFI by Supply Type including station transformer failure rate and outage
duration effects (single transformer)
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Figure 4.21: SAIFI by Supply Type including station transformer failure rate and outage
duration effects (two transformers)
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Figure 4.22: SAIDI by Supply Type including station transformer failure rate and outage
duration effects (single transformer)
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Figure 4.23: SAIDI by Supply Type including station transformer failure rate and outage
duration effects (two transformers)
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Figure 4.24: DPUI of the system including station transformer failure rate and outage
duration effects (single transformer)
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Figure 4.25: DPUI of the system including station transformer failure rate and outage
duration effects (two transformers)

It can be seen from Figure 4.20 and Table C.19 that the SAIFI values for single,

multiple and al circuits increase only slightly when the station transformer failurerateis
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increased. The SAIFI valuesin Figure 4.21 and Table C.22 change even less under these
conditions because of the redundancy effect.

The impact of increasing the failure rate is more significant on the SAIDI values.
Figure 4.22 shows the combined effect of increasing the failure rate and the relatively
low average outage duration assigned to a transformer. This effect is reduced
considerably when the average repair time decreases as shown in Figure 4.22. The effect
on the SAIDI of adding a redundant transformer can be seen from Figure 4.23.

The DPUI values are shown in Figure 4.23-4.24 and behave in a similar manner to
those for the SAIDI. Both indices are primarily affected by the probability of load

curtailment.

4.4.3. The Effect of Load Curtailment Philosophy

The individual load point indices in a composite system adequacy assessment are
highly dependent on the load curtailment philosophy. The more important load points
are normally assigned a high priority. In the following analysis, the effect on the system
performance indices of different load curtailment philosophiesin the RBTS isillustrated.

Four different priority orders are shown in Table 4.4.

Table 4.4: Four priority orders for the RBTS

Bus No. Priority order
Casel Case?2 Case3 Case4
2 0 1 1 1
3 0 5 3 2
4 0 2 4 3
5 0 3 2 4
6 0 4 5 5

In Case 1, each load bus is assigned same priority and therefore load curtailment is
automatically conducted in the linear programming optimization model rather than
decided by a specified priority order. The priority order in Case 2 is that of the base case
based on the IEAR of each bus. Case 3 and Case 4 have different assigned priorities.
The following analysis is based on the single line diagram shown in Figure 2.1 and

therefore station transformers are not considered.
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Figures 4.26- 4.28 show the SAIFI and SAIDI by Supply Type and DPUI for the
four load curtailment priority orders shown in Table 4.4.

The numerical values of the indices in these studies are given in Tables C.25-C.27.
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Figure 4.26: SAIFI by Supply Type including the effects of load curtailment philosophy
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Figure 4.27: SAIDI by Supply Type including the effects of load curtailment philosophy
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Figure 4.28: DPUI of the system including the effects of load curtailment philosophy
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It can be seen from Figures 4.26 and 4.27 that the load curtailment philosophy has
some effect on the SAIFI and SAIDI values for single circuits. In the RBTS only Bus 6
is supplied by a single circuit, and in Case 3 and 4, Bus 6 has the lowest economic
priority. These two factors increase the probability of load curtailment at Bus 6, which
makes the related SAIFI and SAIDI values increase dightly. The SAIFI and SAIDI
values are relativel y unchanged for the multiple and all circuits cases.

It can be seen from Figure 4.28, that changing the load curtailment priority order
has virtually no effect on the system DPUI. The total amount of load curtailments is not
dependant on the specific load curtailment philosophy.

4.4.4. The Effect of System Modifications

All modifications made to the system have some effect on the system reliability.
The effect may be large or relatively insignificant depending in the modification. A
detailed analysis of possible system modifications was conducted in [34]. These studies
showed that doubling line 9 and adding 2 x 10MWgenerating units at Bus 3 had a
significant effect on the system and load point reliability indices. Figures 4.29-4.31 show
that these modifications also have a significant effect on the system performance indices
of SAIFI, SAIDI and DPUI. Tables C.28-C.30 show the numerical values obtained in
these studies. The station transformers are assumed to be customer owned in this
anaysis. The modified system has no single circuit supply point and therefore Figures
4.29-4.31 only show multi circuits and all circuit values.

0.3
0.25 +
0.2
0.15 +
0.1
0.05 +
0

—e— Multi Circuits

—a— All circuits

SAIFI (Interruptions/DP)

Base Case The modified
system

Case Name

Figure 4.29: SAIFI by Supply Type including the effects of system modifications
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Figure 4.30: SAIDI by Supply Type including the effects of system modifications
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Figure 4.31: DPUI of the system including the effects of system modifications

It can be seen from Figures 4.29-4.30 that the SAIFI, SAIDI and DPUI vaues
decrease dramatically due to the modifications made to the RBTS. These are high
impact modifications [34]. Any modification to the system will affect the load point and
system reliability indices and can be portrayed in terms of the system performance

indices currently used by the Canadian electric power industry.

4.4.5. The Effect of System Peak Load L evels

The magnitude of the system peak load has an important impact on the reliability
of an electric power system. The effect of the system peak load on the system
performance indices is illustrated in this section. The system peak load was varied from
160 MW to 200 MW in steps of 10 MW. The analysis is based on the single line
diagram shown in Figure 2.1, in which the station transformers are assumed to be

customer-owned.
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Figures 4.32-4.34 show the SAIFI and SAIDI by Supply Type for al voltage

classes and DPUI for the different system load levels. The numerical values are given in

Tables C.31-C.33.
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Figure 4.32: SAIFI by Supply Type as afunction of the system load level
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Figure 4.33: SAIDI by Supply Type as afunction of the system load level

(A uiw wesAs) INdA

200

170

Peak Load (MW)

Figure 4.34: DPUI of the system as afunction of the system load level
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The only single circuit delivery point in the RBTS is Bus 6. The SAIFI and SAIDI
values at Bus 6 are dominated by the failure rate of line 9 and are only dlightly affected
by increases in the system load. This is not the case for the multiple circuit delivery
points and their SAIFI and SAIDI values are significantly affected by increases in load.
The DPUI isdirectly related to the system EENS and is highly influenced by increases
in the total system load.

4.5. |[EEE-RTS Analysis

The previous section illustrated the effect on the system performance indices of
several system factors. This analysis was conducted using the RBTS. This section
utilizes the same basic factors to examine the sensitivity of the system performance
indices in the IEEE-RTS. This system is quite different from the RBTS in regard to the
relative strength of the generation and transmission facilities. The classification of the
|[EEE-RTS delivery points using the CEA categoriesis shown in Table 4.5.

Table 4.5: Classification of the delivery pointsin the IEEE-RTS

. . Supply Type Voltage Class
Delivery Point Single Multiple 1 2 3 4

1 X X

2 X X

3 X X

4 X X

5 X X

6 X X

7 X X

8 X X

9 X X
10 X X
13 X X
14 X X
15 X X
16 X X
18 X X
19 X X
20 X X
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45.1. The Effect of Station Transformers

A similar analysis to that conducted for the RBTS was performed on the |EEE-
RTS. In this analysis, the step-down transformers were assumed to be utility-owned and
the delivery points are at the low voltage busbars in the step down transformer stations.

The two cases of one and two transformers in a station were analyzed using the
transformer data givenin Table 4.2.

The IEEE-RTS has two transmission voltage levels, 138KV and 230KV. As shown
in Table 4.5, there are two Voltage Classes, Class 2 and 3. There are no single circuit
delivery pointsin the IEEE-RTS and therefore the system performance indices pertain to
multiple or total circuits.

The values of SAIFI and SAIDI by Voltage Class for al circuits were obtained
using the hybrid analytical and simulation method. Figures 4.35-4.37 show SAIFI and
SAIDI by Voltage Class for al circuits and the DPUI including the effect of station
transformers for the base case and for Cases 1, 2. The numerica values are shown in
Table C.34-C.36.
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Figure 4.35: SAIFI by Voltage Class including the effects of station transformers
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Figure 4.36: SAIDI by Voltage Class including the effects of station transformers
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Figure 4.37: DPUI of the system including the effects of station transformers

It isinteresting to note that in Figure 4.35, the SAIFI of Voltage Class 2 is smaller
than that for Voltage Class 3, which is different from that shown for the CEA data in
Section 4.2.1. This is because in the IEEE-RTS, the most unreliable delivery points
reside in the north region, in which the transmission voltage is 230KV. Buses 14, 15 and
19 in the north region have the largest contribution to the system performance indices
and Bus 9 in the south region, which has a transmission voltage of 138KV, has a
comparably smaller contribution. The voltage levels are region based rather than being
spread across the entire system. The performance levels in the region are more
dependant on the system topology and composition and the load curtailment philosophy.
Each system has its own unique characteristics and these factors play an important role
in a quantitative reliability assessment.

Figures 4.35-4.37 show the same trends as those illustrated in Figure 4.17-4.19 for
the RBTS.
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4.5.2. The Effect of the Station Transformer Failure Rate and Outage Duration on

the System Performance Indices

The effect on the IEEE-RTS system performance indices of varying the
transformer failure rates and average repair times was examined. These studies are
similar to those conducted on the RBTS. The transformer reliability parameters are
givenin Table 4.3.

Figures 4.38-4.39 show the SAIFI by Voltage Class for the two cases of one and
two transformers in a station. Figures 4.40-4.41 and Figures 4.42- 4.43 show SAIDI and
DPUI respectively. The numerical values are given in Appendix C.
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Figure 4.38: SAIFI by Voltage Class including the station transformer failure rate and
outage duration effects (one transformer)

o
o 0.4 - \ ‘ ‘
e — - e | | —=— Voltage Class 2
S03+
2021 a " .4 —e—Voltage Class 3
E 1 : |
S 01 g === m——-——-w ' |——All Voltage
L | ! ; Classes
< O : ‘
@ 2 2A 2B 2C
Case No.

Figure 4.39: SAIFI by Voltage Class including the station transformer failure rate and
outage duration effects (two transformers)
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Figure 4.40: SAIDI by Voltage Class including the station transformer failure rate and
outage duration effects (one transformer)
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Figure 4.41: SAIFI by Voltage Class including the station transformer failure rate and
outage duration effects (two transformers)
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Figure 4.42: DPUI of the system including the station transformer failure rate and outage
duration effects (one transformer)
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Figure 4.43: DPUI of the system including the station transformer failure rate and outage
duration effects (two transformers)
The general conclusions for this study are very similar to those drawn for the
RBTS. The actua effect of adding utility owned transformers in the analysis is
dependant on the relative reliability of the delivery points without the transformers.

4.5.3. The Effect of Load Curtailment Philosophy

The effect on the system performance indices of different load curtailment
prioritiesis analyzed in this section. Four different priority orders for the IEEE-RTS are
shown in Table 4.6. The following analysis is based on the single line diagram in Figure

2.2, in which station transformers are assumed to be customer-owned.

Table 4.6: Four priority orders of each busin the IEEE-RTS

Bus No. Priority order
Casel Case?2 Case3 Case4
1 0 1 1 9
2 0 9 5 13
3 0 8 13 4
4 0 3 2 10
5 0 2 10 1
6 0 4 11 2
7 0 5 3 11
8 0 6 12 3
9 0 16 17 8
10 0 10 14 5
13 0 7 4 12
14 0 14 16 7
15 0 15 8 16
16 0 13 7 15

©
o




Table 4.6: (Continued)

Bus No. Priority order
Casel Case?2 Case 3 Case4
18 0 11 6 14
19 0 17 9 17
20 0 12 15 6

Figures 4.44-4.46 show the SAIFI and SAIDI by Voltage Class and the DPUI for

the different load curtailment cases. The numerical values are given in Appendix C.
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Figure 4.44: SAIFI by Voltage Class including the effects of load curtailment
philosophy
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Figure 4.45: SAIDI by Voltage Class including the effects of load curtailment
philosophy
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Figure 4.46: DPUI of the system including the effects of load curtailment philosophy

It should again be noted that the Voltage Classes are region specific in the |IEEE-
RTS. Voltage Class 3 isin the north and Voltage Class 2 isin the south. The bulk of the
system generation is in the north together with most of the load. The assignment of low
load curtailment priorities has a big impact on the region indices and therefore shows up
as a big impact on the Voltage Classes. If the voltage levels were distributed over the
regions then the regional effects would not directly relate to the Voltage Classes. The
SAIDI and SAIFI values for the all Voltage Class category are not significantly affected
by the different load curtailment priority orders. The DPUI is again unaffected as the
system EENS is not influenced by the specific load curtailment priority order.

4.5.4. The Effect of System Modifications

The original |IEEE-RTS has a relatively strong transmission network. Several
modifications were made in [40] to weaken the system for the purpose of conducting
transmission planning studies. The Modified IEEE-RTS (MRTYS) is asfollows.

The system peak |oad was increased to 125% of the annual peak value of 2850MW.
A total of eight generators were added to selected buses (1x76MW at bus 1, 1x76MW at
bus 2, 1x197MW at bus 13, 4x50MW at bus 22 and 1x350MW at bus 23). All the
additional generators have identical failure and repair data to those of the generators
having the same capacity in the original system. In the transmission area, six lines and
one transformer branch were removed from the original version and are shown by the
dashed lines in Figure 4.47. The six transmission lines are Lines 2, 3, 18, 26, 34 and 36,

the one transformer branch is Transformer 14. The following analysis is based on the
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single line diagram shown in Figure 4.47, in which station transformers are assumed to

be customer-owned.

Bus 16

230 kV

Bus 10 Bus 6
- Cable

Figure 4.47: Single line diagram of the modified IEEE-RTS
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The system performance of the MRTS is compared with that of the base case of
the original IEEE-RTS to show the effect of the system modifications noted above.

Figures 4.48-4.50 show the SAIFI and SAIDI by Voltage Class and the DPUI for
the original IEEE-RTS and the MRTS. The numerical values are given in Appendix C.
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Figure 4.48: SAIFI by Voltage Class including the effects of system modifications
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Figure 4.49: SAIDI by Voltage Class including the effects of system modifications
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It can be seen from Figures 4.48-4.49 that the SAIFI and SAIDI values of Voltage
Class 2 (south) decrease and those of Voltage Class 3 (north) increase due to the
modifications made. The originally strong transmission system in the north region has
been weakened by removing some of the transmission facilities in this area, which
resulted in a decrease in the load bus reliabilities in this region. The reliability at the
load buses in the south is impacted by the added generation and only slightly affected by
the remova of oneline.

Figure 4.50 shows that the system DPUI decreases due to the modifications. The
overal system reliability is improved due to the added installed capacity despite the
increase in the system peak load. The effect of weakening the originaly strong
transmission system is offset by the addition of installed capacity. The predicted system
performance indices of SAIFI, SAIDI and DPUI provide important practical indications

of the merits and demerits of the proposed system modifications.

4.5.5. The Effect of System Peak Load L evels

The system peak load was varied from 2500 MW to 3100 MW. The analysis is
based on the single line diagram shown in Figure 2.2.

Figures 4.51-4.53 show the SAIFI and SAIDI by Voltage Class and the DPUI at
the various load levels. The numerical values of the indices at the five load levels are
shown in Tables C.49-C.51.
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Figure 4.51: SAIFI by Voltage Class as afunction of the system load level
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Figure 4.52: SAIDI by Voltage Class as afunction of the system load level
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Figure 4.53: DPUI of the system as afunction of the system load level

Figures 4.51-4.53 show that the predicted system performance indices increase
dramatically as the system peak |oad increases particularly when it exceeds the base case
value of 2850 MW. The system performance indices are valuable indicators of system
reliability as they can be compared directly with the past performance of the system.

4.6. Summary

In this chapter, the basic BES data collected and published by CEA over the period
1993 to 2001 are presented to show the BES performance of Canadian electric power
utilities over this period. The basic indices used in Canada are the SAIFI, SAIDI, SARI
and DPUI. A procedure that can be used to predict similar system performance indicesis
presented and applied to the RBTS and the IEEE-RTS. Using this approach, the
predicted future performance of a power system can be directly compared with its

measured past performance.
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The system performance indices change with the time due to many factors
including the aging of facilities, system growth and operating philosophy and the
weather, etc. Multiple circuit supply at a delivery point is more reliable than single
circuit supply. The benefit associated with the increased investment can be assessed in
terms of the predicted system performance indices. Delivery points served by higher
voltage transmission tend to have better service performance indices than those served at
lower voltages. The benefits associated with increased voltage levels can be assessed
using the estimated system performance indices and considered with the required
investment in the decision making process.

Five factors that can influence the system performance indices are examined in this
chapter by application to the RBTS and the IEEE-RTS. These are station transformer
configurations, station transformer failure rates and outage durations, the load
curtailment philosophy, system modifications and the system peak load. The anayses
presented show that the system performance indices can be affected by decisions made
in planning, designing and operating the system. Increased investment in transformer
stations to provide redundancy or reduced repair times and failure rates will result in
improved performance indices. The benefits, however, must be compared with the
associated costs. The load curtailment philosophy adopted by the system management
should be assessed in terms of its impact on the system performance indices, in addition
to customer costs associated service disruptions. Modifications proposed and considered
in system planning can be assessed in terms of their implications on the BES
performance using the same indices created by the electric power industry to assess past
performance. This includes the evaluation of facilities required to meet system load
growth.
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5. IDENTIFYING TRANSMISSION
DEFICIENCIESIN COMPOSITESYSTEMS

5.1. Introduction

Historically, electric power utilities have continually built more generation and
transmission facilities to satisfy the growing demands of modern society. The
investment in these facilities is recovered through the traditional cost-of-service based
rate mechanisms. In the newly deregulated industry, utility revenues are dependant on
market competition. The incentives for market participants to invest in new generation
and transmission facilities are related to the percelved market risk. An adequate
transmission system is a key eement in a well-founded competitive market. An
important requirement of market participants is an adequate transmission system that
meets customer demands and ensures that the competitive power market is heathy.
Actions such as the addition of new transmission facilities, the application of new power
delivery techniques and distributed generation, etc. can be taken to alleviate transmission
congestion and improve the transfer capacity of the transmission system. It is, therefore,
important to determine and address possible transmission deficiencies due to the
inherent uncertainty and risk associated with operating a competitive market. The
uncertainty associated with generation additions in the new competitive market depends
on many factors including the load growth and the perceived risk associated with
investment in this area. The generation uncertainty directly affects decisions regarding
the transmission system. Transmission deficiencies have traditionally been identified by
conducting power flows, short-circuit analyses, voltage collapse studies and stability
analyses. The possible deficiencies should also be identified based on composite system
reliability analysis.

In this chapter, a procedure is presented to identify transmission deficiencies in
composite generation and transmission systems. The procedure includes three segments:

base case anaysis, factor analysis, and remedial modifications and their effects. The
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analyses presented in this chapter were conducted on the RBTS and the IEEE-RTS, and
on amodified version of each of these two systems.
5.2. RBTS Analysis

The transmission deficiencies in the origina RBTS are addressed in this section.
The least reliable load buses are identified in a base case analysis and those load buses
affected by transmission deficiencies are determined using factor analysis. The effects of

possible remedial modifications are then examined.

5.2.1. RBTS Base Case Analysis

The variation in the load point and system reliability as a function of the peak load
is examined to determine the least reliable load buses in the origina RBTS. The peak
load for the RBTS is assumed to vary from 160 MW to 200 MW. The analysis is
focused on the EENS at the load buses, the system EENS and the BES performance
indices of SAIFI and SAIDI. Additional indices can be used if desired.

Figures 5.1-5.4 show the variations in the selected reliability indices as a function
of peak load. The actual numerical values are shownin TablesD.1 and D.2.
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Figure 5.1: EENS of each busin the RBTS versus peak |oad
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Figure5.2: RBTS EENS versus peak |oad
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Figure 5.3: SAIFI for the RBTS versus peak load
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Figure 5.4: SAIDI for the RBTS versus peak |oad

It can be seen in Figure 5.1, that the EENS at Bus 3 increases with peak load. The
EENS at Bus 6 is high at all loads and also increases with peak load. It is obvious that
the least reliable load buses are Bus 3 and 6. Figures 5.2-5.4 show that the system EENS,
SAIFI and SAIDI increase with peak |oad.
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5.2.2. Factor Analysisof the RBTS Base Case

The first step in strengthening a power system containing weak areas from the
viewpoint of composite system reliability, isto find out what factors cause the problems.
Speciadized actions can then be taken to cure the problems and strengthen the system.
The following analyses examine the reliability of the RBTS when the generation system
or the transmission system is assumed to be 100% reliable.

Figures 5.5-5.9 show the changes in different load point and system reliability
indices as a function of the peak load. The numerica values are shown in Tables D.3
and D.4. In these two tables, the values in the Generation Failures column are the indices
based on outages caused only by the generation system with the transmission system
100% reliable. The values in the Transmission Failures column are based on outages

caused only by the transmission system with the generation system 100% reliable.
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Figure 5.5: Contributions to the EENS at Bus 3 as afunction of the peak load (RBTS)
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Figure 5.6: Contributions to the EENS at Bus 6 as a function of the peak load (RBTS)
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Figure 5.7: Contributionsto the RBTS EENS as a function of the peak |oad
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Figure 5.8: Contributions to the SAIFI for the RBTS as a function of the peak load
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Figure 5.9: Contributions to the SAIDI for the RBTS as a function of the peak load

It can be seen from Figure 5.5 that generation system failures contribute more to
the reliability indices for Bus 3 than do transmission failures. As shown in Figure 2.1,
Bus 3 is supplied by four lines and is directly connected to generator Bus 1. The

reliability performance of this load bus decreases when the load increases and the
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generation reserve decreases as shown by the increasing EENS. It can be seen from
Figure 5.6, that for Bus 6, transmission failures dominate the reliability indices. Bus 6 is
located far away from the generation system and is connected to the system by a single
radial line.

Figures 5.7-5.9 show that the reliability indices increase with peak load for both
generation and transmission system failures. The contribution due to transmission
failures, however, is much larger than that due to generation failures. The RBTS is a
relatively small system with some designed in weaknesses, one of which is the radia
supply to Bus 6. The analysis shows that Buses 3 and 6 are the least reliable load buses
inthe original RBTS. The system in an overall sense can be considered to have adequate
generation and transmission. The focus in the following analysis is on reinforcements
that improve both the load bus and system reliability. It is assumed that generation
additions are decided by market participants and are not directed by the ISO.
Transmission adequacy is a responsibility of the ISO and therefore the focus in these
analyses is on possible transmission system reinforcements to maintain an acceptable
level of load point and system adequacy.

5.2.3. Remedial Modifications and Their Effects

Four possible transmission additions designated as Cases 1, 2, 3 and 4 are
considered. It is assumed that the repair time of a new transmission lineis 10 hrs and the
failurerateis 0.02 f/yr « km. The four cases are as follows:

1. Doubleup Line9;

2. Add aline between Bus 3 and Bus 6;
3. Add aline between Bus 4 and Bus 6;
4. Add aline between Bus 1 and Bus 3.

The data for the new transmission lines are shown in Table 5.1. The obvious
purpose of doubling line 9, joining Bus 3 and Bus 6, or joining Bus 4 and Bus 6 is to
strengthen the link between Bus 6 and the rest of system. The purpose of adding a line
between Bus 1 and Bus 3 is to strengthen the link between Bus 3 and the generation
facilities, as the reiability of Bus 3 is affected mostly by the generation system rather

than the transmission system.
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Table 5.1: Therdliability data for the new transmission linesin the RBTS

. Length Failure Repair
Case No. Line No. From To (krg; rate (f/yr) | ti mzp(hrs)
1 1 5 6 50 1 10
2 1 3 6 100 2 10
3 1 4 6 100 2 10
4 1 1 3 75 15 10

Figures 5.10-5.14 show the load point and system reliability indices as a function
of the peak load for the base case and the modified systemsin Cases 1, 2, 3 and 4. The

numerical values are givenin Tables D.5-D.12.
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Figure 5.10: EENS at Bus 3 for Cases 1, 2, 3 and 4 and the base case
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Figure5.11: EENS at Bus 6 for Cases 1, 2, 3 and 4 and the base case
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Figure 5.12: RBTS EENS versus peak load for Cases 1, 2, 3 and 4 and the base case
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Figure 5.14: SAIDI for the RBTS versus peak load for Cases 1, 2, 3 and 4 and the base

case

It can be seen from Figure 5.10 and TablesD.1, D.5, D.7, D.9, D.11 that the EENS
at Bus 3 still increases with peak load after the modifications. Figure 5.11 shows that the
EENS at Bus 6 improves considerably after the remedial actions taken in Cases 1, 2 and
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3. Therdliability of Bus 3 isimproved very sightly by the transmission addition in Case
4. The factor analysis in Section 5.2.2 shows that the low reliability at Bus 6 is caused
by the transmission system but that at Bus 3 is caused by the generation system.
Transmission reinforcements only improve the reliability of those load points supplied
by inadequate transmission facilities and do not change the reliability of those load
points supplied by inadequate generation facilities. Figures 5.12-5.14 show that the
overal system reliability is significantly improved by the remedial actionsin Cases 1, 2,
and 3 and only marginaly improved by the action in Case 4. Figures 5.10-5.14 and
Tables D.6, D.8, D.10, D.12 show that the three different remedia modifications in
Cases 1, 2 and 3 have the same effect on load bus and system reliability. The fina
conclusion should therefore be based on other considerations including reliability cost
and worth [1].

5.3. TheModified RBTS analysis

The original RBTS has adequate generation and transmission other than the supply
to Bus 6. As noted earlier, it appears that in the new market environment, generation
additions driven by market forces are not being matched by the required transmission
additions. Under these conditions, systems which previously had adequate transmission
facilities become systems with inadequate transmission facilities as the system load
grows. In order to simulate this condition in the RBTS, it is assumed that the
transmission system remains the same, but the installed generating capacity is doubled.
The same number of generators with the same size as those currently installed was
added at each generator bus. It was assumed that the new generators have the same
reliability data as the old ones. The peak load level was varied from 260 MW to 340
MW to simulate the increase in demand. The modified RBTS is designated as the
MRBTS in the following study.

5.3.1. The Modified RBTS Base Case Analysis

The variation in load point and system reliability as a function of peak load was
determined to provide base case analysis and establish the least reliable load buses in the
MRBTS.
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Figures 5.15-5.18 show the variations in the selected reliability indices as a
function of peak load. The numerical values are shown in Tables D.13 and D.14.
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Figure 5.15: EENS of each busin the MRBTS versus peak |oad
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Figure 5.17: SAIFI for the MRBTS versus peak |oad
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Figure 5.18: SAIDI for the MRBTS versus peak |oad

Figure 5.15 shows that the EENS at Bus 3 increases significantly with peak load
and the initially high EENS at Bus 6 increases dlightly. The EENS at Bus 3 increases
rapidly when the peak load exceeds 320 MW. It is obvious that the least reliable load
busesin the MRBTS are Bus 3 and 6. Figures 5.16-5.18 show how the values of system
EENS, SAIFI and SAIDI increase with peak load.

5.3.2. Factor Analysisof the Modified RBTS Base Case

Figures 5.19-5.23 show the contributions to the different load point and system
reliability indices as a function of the peak load due to generation and transmission

system failures. The numerical values are shown in Tables D.15 and D.16.
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Figure 5.19: Contributions to the EENS at Bus 3 as a function of the peak load (MRBTYS)
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Figure 5.20: Contributions to the EENS at Bus 6 as a function of the peak load (MRBTYS)
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Figure 5.21: Contributions to the MRBTS EENS as a function of the peak |oad
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Figure 5.22: Contributions to the SAIFI for the MRBTS as a function of the peak |oad
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Figure 5.23: Contributions to the SAIDI for the MRBTS as a function of the peak |oad

Figure 5.19 shows that for Bus 3 in the MRBTS, transmission system failures
contribute more to the reliability indices than do generation system failures. This is
different from that found in the original RBTS and shows that as generation and load
demand increases, transmission deficiencies can occur unless addressed. It can be seen
from Figure 5.20 that transmission failures continue to dominate the reliability indices at
Bus 6. Figures 5.21-5.23 show that the overall system rdliability indices increase with
peak load and are dominated by transmission system failures.

The analysis shows that Buses 3 and 6 are the least reliable load buses in the
MRBTS, which now can be considered to have an adequate generation system and a

weak transmission system.

5.3.3. Remedial M odifications and Their Effects

Two transmission addition actions are analyzed in this section. These are
designated as Cases 1 and 2.

1. Add aline between Bus 1 and Bus 3, and double up Line 9;
2. Add aline between Bus 3 and Bus 4, and double up Line 9.

The data for the new transmission lines are shown in Table 5.2. The purpose in
adding a line between Bus 1 and Bus 3, or between Bus 3 and Bus 4 is to strengthen the
link between Bus 3 and the rest of system, as the reliability of Bus 3 is affected mostly
by the transmission system rather than the generation system in the MRBTS. The
purpose in doubling Line 9 is to strengthen the link between Bus 6 and the rest of the
system as Bus 6 is weakly linked to the system.
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Table 5.2: Thereliability data for the new transmission linesin the MRBTS

. Length Failure Repair
Case No. Line No. From To (krg; rate (f/yr) timzp(hrs)
1 1 1 3 75 15 10
2 5 6 50 1 10
5 1 3 4 50 1 10
2 5 6 50 1 10

Figures 5.24-5.28 show the load point and system reliability indices as a function
of the peak load, incorporating the remedial modifications in Cases 1 and 2, and for the

base case. The numerical values for these indices are given in Tables D.17-D.20.
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Figure 5.24: EENS at Bus 3 based on Cases 1 and 2 and for the base case
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Figure 5.25: EENS at Bus 6 based on Cases 1 and 2 and for the base case
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Figure 5.26: MRBTS EENS versus peak |oad based on Cases 1 and 2 and for the base
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Figure 5.28: SAIDI for the MRBTS versus peak |oad based on Cases 1 and 2 and for the
base case

Figures 5.24-5.25 and Tables D.13, D.17, D.19 show that the EENS values at Bus

3 and Bus 6 remain a a low level as the peak load increases with the remedial
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modifications in Case 1. The reliabilities of Bus 3 and 6 are improved by adding these
new transmission lines. The factor analysis in Section 5.3.2 shows that the poor
reliability at both Bus 3 and 6 is caused by an inadequate transmission system. System
transmission reinforcements can improve the reliability at load points supplied by an
inadequate transmission system. It can be seen from Figure 5.24, however, that the
remedial modifications in Case 2 do not improve the reliability of Bus 3, although this
transmission addition action strengthens the link between Bus 3 and the rest of the
system. Not every system transmission reinforcement action will improve the reliability
at a connected load point in a system with inadequate transmission facilities. Figures
5.26-5.28 show that the overall system reiability is improved by the remedial
modifications. Figures 5.24-5.28 show that the system reliability is improved more by
the actions in Case 1 than by those in Case 2. Different modifications result in different
benefits and therefore decision-making should be based on the cost and worth, and other

relevant concerns.

5.4.1EEE-RTS Analysis

Transmission deficiency analysisis applied to the IEEE-RTS in this section,.

5.4.1. IEEE-RTS Base Case Analysis

The variations in the load point and system reliability as a function of peak load
were determined in order to perform base case analysis and establish the least reliable
load buses in the IEEE-RTS. The peak load level for the IEEE-RTS was varied from
2500 MW to 3100 MW. The specified system peak load level for the IEEE-RTS is 2850
MW and the total installed capacity is 3405 MW.

Figures 5.29-5.32 show the variations in the selected reliability indices as a
function of peak load. The numerical values are shown in Tables D.21 and D.22.

Table D.21 shows that Bus 9 in the south region and Buses 14, 15 and 19 in the
north region have the highest reliability indices of all the load buses. The following

analysisis focused on these four load buses.
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Figure 5.31: SAIFI for the IEEE-RTS versus pesk |oad
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Figure 5.32: SAIDI for the IEEE-RTS versus peak |oad

It can be seen from Figure 5.29 that the EENS at Buses 9, 14, 15 and 19 increase
with increasing peak load. The least reliable load busesin the IEEE-RTS are Buses 9, 14,
15 and 19. Figures 5.30-5.32 show how the overal system EENS, SAIFI and SAIDI
increase with peak load.

5.4.2. Factor Analysisof thel EEE-RTS Base Case

The anaysis is limited to the least reliable load buses, Buses 9, 14, 15 and 19.
Figures 5.33-5.39 show the variations in the different load point and system reliability
indices as a function of the peak load. The numerical values are shown in Tables D.23
and D.24.
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Figure 5.33: Contributions to the EENS at Bus 9 as a function of the peak |oad
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Figure 5.35: Contributions to the EENS at Bus 15 as a function of the peak |oad
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Figure 5.36: Contributions to the EENS at Bus 19 as a function of the peak load
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Figure 5.37: Contributions to the IEEE-RTS EENS as a function of the peak load
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Figure 5.39: Contributions to the SAIDI for the IEEE-RTS as afunction of the peak load

It can be seen from Figures 5.33-5.36 that for these load buses, generation system
failures are the mgjor contributions to the reliability indices. Figures 5.37-5.39 aso show
that the system reliability indices are dominated by generation system failures. The
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IEEE-RTS is a system with a comparatively strong transmission system and a weak

generation system and therefore the generation failures dominate the reliability indices.

5.4.3. Remedial Modifications and Their Effects

The base case analysis indicated that Buses 9, 14, 15 and 19 are the least reliable
load points in the system. The factor analysis, however, shows that reliability levels are
not due to transmission deficiencies and therefore the addition of new transmission lines
will not significantly improve the load bus and system reliability. This point isillustrated
in the RBTS study in Section 5.2.3, where adding a line between Bus 1 and Bus 3 does
not improve the system reliability as Bus 3 is affected by inadequate generation rather

than by insufficient transmission facilities.

5.5. MRTS Analysis

As noted many times, the original |IEEE-RTS has inadequate generation and an
adeguate transmission system. The modified RTS (MRTS) described in Section 5.3 was

used in the following analyses.

5.5.1. MRTS Base Case Analysis

The variations in the load point and system reliability as a function of peak load
were determined to establish the least reliable load buses in the MRTS. The peak load
level was assumed to vary from 4700 MW to 5500 MW. Figures 5.40-5.43 show the
variations in the selected reliability indices as a function of peak load. The numerical
values are shown in Tables D.25 and D.26.

It can be seen from Table D.25, that Buses 3, 6, 9, 10 in the south region and Buses
14, 15, 16, 19 in the north region have the highest reliability indices of all the load buses.
The following analysisis focused on these eight load buses.
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Figure 5.42: SAIFI for the MRTS versus peak |oad
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Figure 5.43: SAIDI for the MRTS versus peak |oad

Figure 5.40 shows how the EENS of Buses 3, 6, 9, 10, 14, 15, 16 and 19 increase
with increasing peak load. Figures 5.41-5.43 also show how the system EENS, SAIFI
and SAIDI increase with peak load.

5.5.2. Factor Analysisof the MRTS Base Case

The analysisis limited to the eight least reliable load buses.

Figures 5.44-5.54 show the contributions of the generation and transmission
system facilities to the load point and system reliability indices as a function of the peak
load. The numerical values are shown in Tables D.27 and D.28.
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Figure 5.44: Contributions to the EENS at Bus 3 as a function of the peak |oad
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Figure 5.46: Contributions to the EENS at Bus 9 as a function of the peak |oad
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Figure 5.47: Contributions to the EENS at Bus 10 as a function of the peak load
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Figure 5.50: Contributions to the EENS at Bus 16 as a function of the peak load
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Figure 5.52: Contributions to the MRTS EENS as a function of the peak load
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Figure 5.53: Contributions to the SAIFI for the MRTS as a function of the peak load
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Figure 5.54: Contributions to the SAIDI for the MRTS as a function of the peak |oad

Figures 5.44-5.51 show that for Bus 3, 6 and 10, transmission system failures
contribute more to the reliability indices than does the generation system.

Figures 5.52-5.54 show that the system reliability indices increase with peak |oad
due to both generation and transmission system failures. Transmission failures begin to
dominate the reliability indices in the MRTS because the increasing generation and load
demands require commensurate transmission capacity to serve the system.

The analysis shows Buses 3, 6 and 10 are the weak pointsin the MRTS, which can
be categorized as having an adequate generation system and an inadequate transmission

system.

5.5.3. Remedial M odifications and Their Effects

Two transmission addition actions were considered and are designated as Cases 1
and 2.

1. Doubleup Lines 7, 10 and 17;
2. Doubleup Lines 2, 3, 5and 9.

The data for the new transmission lines are shown in Table 5.3. Buses 3, 6 and 10
are al in the south region, which is relatively remote from the bulk of the generation.
Compared to the original IEEE-RTS, the MRTS has a weak transmission system in the
south region but not in the whole system. Case 1 strengthens the link between the south
region and the north region and this addition should deliver more power from north to
south. Case 2 strengthens the link between the least reliable load buses and the

generation facilities in the south region.
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Table 5.3: Thereliability data for the new transmission linesin the MRTS

, Length Failure Repair
CaseNo. | LineNo. From To (krg; rate (f/yr) timzp(hrs)
1 3 24 0 0.02 768.0
1 2 10 12 0 0.02 768.0
3 6 10 16 0.33 35.0
1 1 3 55 0.51 10.0
2 2 1 5 22 0.33 10.0
3 5 10 23 0.34 10.0
4 2 6 50 0.48 10.0

Figures 5.55-5.60 show the load point and system reliability indices as a function
of peak load based on the remedial modifications in Cases 1 and 2 and for the base case.
The numerical values are shown in Tables D.29-D.32.
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Figure 5.55: EENS at Bus 3 based on Cases 1 and 2 and for the base case
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Figure 5.56: EENS at Bus 6 based on Cases 1 and 2 and for the base case
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Figure 5.57: EENS at Bus 10 based on Cases 1 and 2 and for the base case
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Figure 5.60: SAIDI for the MRTS versus peak load based on Cases 1 and 2 and for the
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It can be seen from Figures 5.55-5.57 that the EENS at Buses 3, 6 and 10 remain at
areatively low level as the peak load increases. The reliabilities of Buses 3 and 6 are
improved by adding the new transmission lines. The factor analysis in Section 5.5.2
shows that the poor reliabilities of Buses 3, 6 and 10 are due to inadeguate transmission
and that transmission reinforcements can improve the reliability of these load points.
Figures 5.58-5.60 show that the overal system reliability is also improved by the
remedial modifications. Figures 5.55-5.57 show that Buses 3 and 6 benefit more from
the remedial modifications in Case 2 than from those in Case 1, while Bus 10 benefits
more from those in Case 1 than from those in Case 2. Figures 5.58-5.60 show that the
overal system reliability benefits more from the modifications in Case 1 than from those
in Case 2. Different modifications bring different benefits to different points in an
overall power system. The fina decision regarding which facilities should be
constructed should be based on their cost and worth, and on other relevant concerns.

5.6. Summary

This chapter is focused on how to identify transmission deficiencies in composite
generation and transmission systems. A procedure that can be employed to implement
thistask is applied to four test systems. The main steps in the procedure described in this
chapter can be summarized as follows:

1. Perform a base case analysis and determine the load point and system reliability
indices as a function of the peak load. The combination of the load point indices and

the system indices is then used to provide an indication of the system weak points.
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2. The individual effects on the load point and system indices of generation and
transmission facility failures is then examined. The key factors (generation or
transmission) that influence the load point and system reliability indices are then
determined.

3. The system is then modified by adding transmission lines in accordance with the
information obtained in the previous studies. A range of modifications should be
considered and the results compared with those of the base case to determine the
benefits associated with the different actions.

Four test systems with different characteristics were used in the studies described
in this chapter. They are the origina RBTS which is a relatively small system with
adeguate generation and transmission; the MRBTS with adequate generation and a weak
transmission system; the IEEE-RTS which is a comparably larger system with weak
generation and adequate transmission; the MRTS with adequate generation and a weak
transmission system. The studies shown illustrate that the procedure described above can
be used to identify transmission deficiencies in different systems and to determine the
reliability benefits associated with different remedia actions.

136



6. SUMMARY AND CONCLUSIONS

Composite system adequacy assessment involves the analysis of the combined
generation and transmission system in regard to its ability to serve the system load.
Power system reliability evaluation techniques are now highly developed and it is
expected that their application in bulk power systems will continue to increase in the
future especially in the newly deregulated power industry. The research described in this
thesis was conducted using a Monte Carlo simulation program designated as MECORE.
A magor objective of the research is to investigate the application of quantitative
reliability analysis to composite systems in both the traditionally regulated and newly
deregulated electric power industry. This research should assist a system planner to
solve reliability related problems in the changing electric power industry. The research
presented in this thesis is conducted by application to two well-known reliability test
systems.

Chapter 1 provides a brief introduction to the overal area of power system
reliability evaluation including deterministic and probabilistic criteria, the concepts of
adequacy and security and the three power system hierarchical levels. An introduction to
the electricity utility industry and its deregulation is aso briefly presented in Chapter 1.

Background information on composite system analysis and the basic adequacy
indices including predictive and performance parameters are briefly introduced in
Chapter 2. This chapter notes that both analytical and Monte Carlo simulation
techniques can be applied to composite system reliability evaluation and that a Monte
Carlo approach is used in this research work. Three Monte Carlo simulation methods
designated as the state sampling technique, the state transition sampling technique, and
the sequential technique together with their advantages, limitations and general
procedures are briefly illustrated in this chapter.

The computer program MECORE, which is a Monte Carlo based composite
generation and transmission system reliability evaluation tool designed to perform
reliability and reliability worth assessment of bulk electricity systems, is also presented
in Chapter 2. This program uses the state sampling technique. It was initially developed
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at the University of Saskatchewan and further enhanced at BC Hydro. It can be used to
perform awide range of composite system studies.

The basic indices and the IEEE proposed indices used in MECORE are presented
in Chapter 2. The basic indices can be determined for an entire system or for a single
load point. The IEEE proposed indices are applicable to an overal system. The load
point indices and the system indices complement each other and serve different
functions. Both load point and system indices can be calculated on an annualized or
annual basis. Annualized indices are calculated at the peak load conditions and
expressed on a one-year basis. Annua indices are calculated using the annual load
duration curve.

The two reliability test systems, i.e. the RBTS and the IEEE-RTS, which are used
extensively in this thesis, are introduced in this chapter. The annualized and annua
indices for the RBTS and the IEEE-RTS that are used as base case values in the
subsequent studies, together with the corresponding assumptions are presented in this
chapter. Brief analyses based upon the two system base case studies are aso illustrated
in Chapter 2.

It has been recognized that modeling large generating units in generating capacity
adequacy assessment by simple two-state models using a DAFOR can yield a
pessimistic appraisal. A series of studies are conducted in Chapter 3 to investigate the
impacts of multi-state generating unit models on the load point and system reliability of
the two composite test systems.

The studies in Chapter 3 clearly show that it isimportant to incorporate multi-state
generating unit models in composite system adequacy assessment and that the traditional
two-state generating unit model can lead to pessimistic appraisals. It is also possible to
use more comprehensive generating unit models without taking significantly more
computing time.

The selection of the designated derated capacity level in a multi-state generating
unit model is important in some circumstances and should be done carefully, as the
system and load bus indices can be significantly affected in these cases. This is
illustrated when conducting the analysis on a large system such as the IEEE-RTS, which
has arelatively weak generation system.
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The composite system analyses conducted on the RBTS and the IEEE-RTS show
that in many cases, three state representations will provide an adequate assessment and
can be used in practical system studies. The need to use more states will depend on
several factors. The most important are the size of the largest units relative to the rest of
the system capacity and the magnitude of the peak load relative to the total installed
capacity.

Performance-based Regulation (PBR) is a newly proposed regulatory approach in
the rapidly changing electric power industry. Bulk electricity system performance
indicators including predictive and past performance indices are likely to be key
elements in this regulation approach. Chapter 4 presents the past performance indices of
SAIFI-SI, SAIDI and SARI and illustrate how Canadian power systems have performed
over the last nine years using data collected and compiled by the Canadian Electricity
Association (CEA). A procedure that can be used to predict similar system performance
indices is presented in Chapter 4 and applied to the RBTS and the IEEE-RTS. The
predicted future performance of a power system can be directly compared with its
measured past performance using this approach.

The CEA data and the studies conducted in Chapter 4 shows that the system
performance indices change with the time due to many factors including the aging of
facilities, system growth and operating philosophy and the weather, etc. Multiple circuit
supply at a delivery point is more reliable than single circuit supply. The benefits
associated with the increased investment can be assessed in terms of the predicted
system performance indices. Delivery points served by higher voltage transmission tend
to have better service performance indices than those served at lower voltages. The
benefits associated with increased voltage levels can be assessed using the estimated
system performance indices and considered with the required investment in the decision
making process.

Chapter 4 aso examines five factors that can influence the system performance
indices, by application to the RBTS and the IEEE-RTS. The five factors are station
transformer configurations, station transformer failure rates and outage durations, the
load curtailment philosophy, system modifications and the system peak load. The

analyses show that the system performance indices can be affected by decisions made in
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planning, designing and operating the system. Increased investment in transmission
stations to provide redundancy or reduced repair times and failure rates will result in
improved performance indices. The benefits, however, must be compared with the
associated costs. The load curtailment philosophy adopted by the system management
should be assessed in terms of its impact on the system performance indices in addition
to the customer costs associated with service disruptions. Modifications examined and
considered in system planning can be assessed in terms of their implications on the BES
performance using the same indices created by the electric power industry to assess past
performance. The magnitude of the system peak load has a major impact on the bulk

electricity system performance indices. Thisis shown in Chapter 4.

An adequate transmission system is a key element in a well-founded competitive
market in the newly deregulated industry. It is very important to determine and address
possible transmission deficiencies due to the inherent uncertainty and risk associated
with operating in a competitive market. The uncertainty associated with generation
additions depends on many factors including the load growth and the perceived risk
associated with investment in this area. The generation uncertainty directly affects
decisions regarding the transmission system. Transmission deficiencies have
traditionally been identified by conducting power flows, short-circuit analyses, voltage
collapse studies and stability analyses. The possible deficiencies should also be
identified based on composite system reliability analysis. This requirement is illustrated
in Chapter 5.

Chapter 5 presents a procedure to identify transmission deficiencies in a composite
generation and transmission system. The procedure includes three segments. base case
analysis, factor analysis, and remedia modifications and their effects. The main stepsin
the procedure can be summarized as follows:

1. Perform a base case analysis and determine the load point and system reliability
indices as a function of the peak load. The combination of the load point indices and
the system indices is then used to provide an indication of the system weak points.

2. The individual effects on the load point and system indices of generation and

transmission facility failures is then examined. The key factors (generation or
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transmission) that influence the load point and system reliability indices are then
determined.

3. The system is then modified by adding transmission lines in accordance with the
information obtained in the previous studies. A range of modifications should be
considered and the results compared with those of the base case to determine the
benefits associated with the different actions.

Four test systems with different characteristics are used in the studies described in
Chapter 5. They are the original RBTS, which is arelatively small system with adequate
generation and transmission; the MRBTS with adequate generation and a weak
transmission system; the IEEE-RTS, which is a comparably larger system with weak
generation and adequate transmission; and the MRTS with adequate generation and a
weak transmission system. The studies shown illustrate that the proposed procedure can
be used to identify transmission deficiencies in different systems and to determine the
reliability benefits associated with different remedia actions.

The research work illustrated in this thesis is focused on the application of
probabilistic techniques in composite system adequacy assessment in the newly
deregulated electric power industry. The research work clearly illustrates the utilization
of quantitative composite system reliability evaluation in planning and operating
decisions. The three areas examined are important considerations in providing reliable
electric power supply in the deregulated electric power industry. They are also equally
important in a conventional vertically integrated utility. The conclusions and the
techniques presented should prove valuable to those responsible for power system

planning.
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APPENDIX A.BASICDATAFORTHE RBTS
AND THE IEEE-RTS

and the IEEE-RTS respectively.

TableA.1: Busdatafor the RBTS

Tables A.1-A.3 and A.4-A.6 present the bus, line and generator data for the RBTS

ﬁltj)s Actli_\;)eizaoI (%‘z&tive Py Qax Qpin Vo Vmax Virin
1 0.00 0.0 1.0 0.50 -0.40 1.05 1.05 0.97
2 0.20 0.0 1.2 0.75 -0.40 1.05 1.05 0.97
3 0.85 0.0 0.0 0.00 0.00 1.00 1.05 0.97
4 0.40 0.0 0.0 0.00 0.00 1.00 1.05 0.97
5 0.20 0.0 0.0 0.00 0.00 1.00 1.05 0.97
6 0.20 0.0 0.0 0.00 0.00 1.00 1.05 0.97
TableA.2: Linedatafor the RBTS
. Bus Current | Failure | Repair Eailure
Line L3 R X B/2 Tap | Rating Rate Time Prob
(p.u.) (occlyr) (hrs) '
16 | 1]3]00342| 0.18 | 0.0106 | 1.0 0.85 1.50 10.0 | 0.00171
27 |2|4]0.1140| 0.60 | 0.0352 | 1.0 0.71 5.00 10.0 | 0.00568
3 |1[/2]0.0912| 048 | 0.0282 | 1.0 0.71 4.00 10.0 | 0.00455
4 [3]4]0.0228| 0.12 | 0.0071 | 1.0 0.71 1.00 10.0 | 0.00114
5 |3[5[/0.0228 | 0.12 | 0.0071 | 1.0 0.71 1.00 10.0 | 0.00114
8 |4|5(0.0228| 0.12 | 0.0071 | 1.0 0.71 1.00 10.0 | 0.00114
9 |5(6|0.0228 | 0.12 | 0.0071 | 1.0 0.71 1.00 10.0 | 0.00114
TableA.3: Generator datafor the RBTS
Unit | Bus Rating Failure Rate | Repair Time Failure
No. | No. (MW) (occlyr) (hrs) Prob.
1 1 40.0 6.0 45.0 0.03
2 1 40.0 6.0 45.0 0.03
3 1 10.0 4.0 45.0 0.02
4 1 20.0 5.0 45.0 0.025
5 2 5.0 2.0 45.0 0.01
6 2 5.0 2.0 45.0 0.01
7 2 40.0 3.0 60.0 0.02
8 2 20.0 2.4 55.0 0.015
9 2 20.0 2.4 55.0 0.015
10 | 2 20.0 2.4 55.0 0.015
11 2 20.0 2.4 55.0 0.015
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Table A.4: Bus datafor the IEEE-RTS

Bus

Load (p.u.)

No. | Active | Reactive Py Qe Qi Vo Vimax Vimin
1 1.08 0.22 1.92 1.20 -0.75 1.00 1.05 0.95
2 0.97 0.20 1.92 1.20 -0.75 1.00 1.05 0.95
3 1.80 0.37 0.00 0.00 0.00 1.00 1.05 0.95
4 0.74 0.15 0.00 0.00 0.00 1.00 1.05 0.95
5 0.71 0.14 0.00 0.00 0.00 1.00 1.05 0.95
6 1.36 0.28 0.00 0.00 0.00 1.00 1.05 0.95
7 1.25 0.25 3.00 2.70 0.00 1.00 1.05 0.95
8 1.71 0.35 0.00 0.00 0.00 1.00 1.05 0.95
9 1.75 0.36 0.00 0.00 0.00 1.00 1.05 0.95
10 1.95 0.40 0.00 0.00 0.00 1.00 1.05 0.95
11 0.00 0.00 0.00 0.00 0.00 1.00 1.05 0.95
12 0.00 0.00 0.00 0.00 0.00 1.00 1.05 0.95
13 2.65 0.54 5.91 3.60 0.00 1.00 1.05 0.95
14 1.94 0.39 0.00 3.00 -0.75 1.00 1.05 0.95
15 3.17 0.64 2.15 1.65 -0.75 1.00 1.05 0.95
16 1.00 0.20 1.55 1.20 -0.75 1.00 1.05 0.95
17 0.00 0.00 0.00 0.00 0.00 1.00 1.05 0.95
18 3.33 0.68 4.00 3.00 -0.75 1.00 1.05 0.95
19 1.81 0.37 0.00 0.00 0.00 1.00 1.05 0.95

20 1.28 0.26 0.00 0.00 0.00 1.00 1.05 0.95
21 0.00 0.00 4.00 3.00 -0.75 1.00 1.05 0.95
22 0.00 0.00 3.00 1.45 -0.90 1.00 1.05 0.95
23 0.00 0.00 6.60 4,50 -0.75 1.00 1.05 0.95
24 0.00 0.00 0.00 0.00 0.00 1.00 1.05 0.95
Table A.5: Line datafor the IEEE-RTS

, Current | Failure .

Sne Bus R X | B2 | Tap | Raing | Rate Ti?n?ep?lr:rs)
o (p.u.) | (occlyr)

1 1 | 2 |[0.0260 | 0.0139 | 0.2306 | 1.00 1.93 0.240 16.0

2 1 | 3 [0.0546 | 0.2112 | 0.0286 | 1.00 2.08 0.510 10.0

3 1 | 5 [0.0218 | 0.0845 | 0.0115 | 1.00 2.08 0.330 10.0

4 2 | 4 |0.0328 | 0.1267 | 0.0172 | 1.00 2.08 0.390 10.0

5 2 | 6 |0.0497 | 0.1920 | 0.0260 | 1.00 2.08 0.390 10.0

6 3 | 9 |0.0308|0.1190 | 0.0161 | 1.00 2.08 0.480 10.0

7 3 | 24 | 0.0023 | 0.0839 | 0.0000 | 1.00 5.10 0.020 768.0

8 4 | 9 |0.0268 | 0.1037 | 0.0141 | 1.00 2.08 0.360 10.0

9 5 | 10 | 0.0228 | 0.0883 | 0.0120 | 1.00 2.08 0.340 10.0

10 | 6 | 10 | 0.0139 | 0.0605 | 1.2295 | 1.00 1.93 0.330 35.0

11 | 7 | 8 | 0.0159 | 0.0614 | 0.0166 | 1.00 2.08 0.300 10.0
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Table A.5: (Continued)

: Current | Failure :
e Bus R X | B2 | Tap | Raing | Rate Tif{neep?'hrrs)

o pd (p.u.) | (occlyr)
12 | 8 | 9 | 0.0427 | 0.1651 | 0.0224 | 1.00 2.08 0.440 10.0
13 | 8 | 10 | 0.0427 | 0.1651 | 0.0224 | 1.00 2.08 0.440 10.0
14 | 9 | 11 | 0.0023 | 0.0839 | 0.0000 | 1.00 6.00 0.020 768.0
15 | 9 | 12 | 0.0023 | 0.0839 | 0.0000 | 1.00 6.00 0.020 768.0
16 | 10 | 11 | 0.0023 | 0.0839 | 0.0000 | 1.00 6.00 0.020 768.0
17 | 10 | 12 | 0.0023 | 0.0839 | 0.0000 | 1.00 6.00 0.020 768.0
18 | 11 | 13 | 0.0061 | 0.0476 | 0.0500 | 1.00 6.00 0.020 768.0
19 | 11 | 14 | 0.0054 | 0.0418 | 0.0440 | 1.00 6.00 0.390 11.0
20 | 12 | 13 | 0.0061 | 0.0476 | 0.0500 | 1.00 6.00 0.400 11.0
21 | 12 | 23 | 0.0124 | 0.0966 | 0.1015 | 1.00 6.00 0.520 11.0
22 | 13 | 23 | 0.0111 | 0.0865 | 0.0909 | 1.00 6.00 0.490 11.0
23 | 14 | 16 | 0.0050 | 0.0389 | 0.0409 | 1.00 6.00 0.380 11.0
24 | 15 | 16 | 0.0022 | 0.0173 | 0.0364 | 1.00 6.00 0.330 11.0
25 | 15| 21 | 0.0063 | 0.0490 | 0.0515 | 1.00 6.00 0.410 11.0
26 | 15 | 21 | 0.0063 | 0.0490 | 0.0515 | 1.00 6.00 0.410 11.0
27 | 15 | 24 | 0.0067 | 0.0519 | 0.0546 | 1.00 6.00 0.410 11.0
28 | 16 | 17 | 0.0033 | 0.0259 | 0.0273 | 1.00 6.00 0.350 11.0
29 | 16 | 19 | 0.0030 | 0.0231 | 0.0243 | 1.00 6.00 0.340 11.0
30 | 17 | 18 | 0.0018 | 0.0144 | 0.0152 | 1.00 6.00 0.320 11.0
31 | 17 | 22 | 0.0135 | 0.1053 | 0.1106 | 1.00 6.00 0.540 11.0
32 | 18 | 21 | 0.0033 | 0.0259 | 0.0273 | 1.00 6.00 0.350 11.0
33 | 18 | 21 | 0.0033 | 0.0259 | 0.0273 | 1.00 6.00 0.350 11.0
34 | 19 | 20 | 0.0051 | 0.0396 | 0.0417 | 1.00 6.00 0.380 11.0
35 |19 | 20 | 0.0051 | 0.0396 | 0.0417 | 1.00 6.00 0.380 11.0
36 | 20 | 23 | 0.0028 | 0.0216 | 0.0228 | 1.00 6.00 0.340 11.0
37 | 20 | 23 | 0.0028 | 0.0216 | 0.0228 | 1.00 6.00 0.340 11.0
38 | 21 | 22 | 0.0087 | 0.0678 | 0.0712 | 1.00 6.00 0.450 11.0

Table A.6: Generator datafor the IEEE-RTS
Unit | Bus Rating Failure Rate | Repair Time Failure

No. | No. (MW) (occlyr) (hrs) Prob.

1 | 22 50 4.42 20 0.01

2 | 22 50 4.42 20 0.01

3 | 22 50 4.42 20 0.01

4 | 22 50 4.42 20 0.01

5 | 22 50 4.42 20 0.01

6 | 22 50 4.42 20 0.01

7 15 12 2.98 60 0.02

8 15 12 2.98 60 0.02

9 15 12 2.98 60 0.02

10 | 15 12 2.98 60 0.02
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Table A.6: (Continued)

Unit | Bus Rating Failure Rate | Repair Time Failure
No. | No. (MW) (occlyr) (hrs) Prob.
11 | 15 12 2.98 60 0.02
12 | 15 155 9.13 40 0.04
13 | 7 100 7.30 50 0.04
14 | 7 100 7.30 50 0.04
15 | 7 100 7.30 50 0.04
16 | 13 197 9.22 50 0.05
17 | 13 197 9.22 50 0.05
18 | 13 197 9.22 50 0.05
19 1 20 19.47 50 0.01
20 1 20 19.47 50 0.01
21 1 76 4.47 40 0.02
22 1 76 4.47 40 0.02
23 | 2 20 9.13 50 0.01
24 | 2 20 9.13 50 0.01
25 | 2 76 4.47 40 0.02
26 | 2 76 4.47 40 0.02
27 | 23 155 9.13 40 0.04
28 | 23 155 9.13 40 0.04
29 | 23 350 7.62 100 0.08
30 | 18 400 7.96 150 0.12
31 | 21 400 7.96 150 0.12
32 | 16 155 9.13 40 0.04

Tables A.7-A.9 give the per-unit load model for both the RBTS and IEEE-RTS.

Table A.7: The weekly peak load as a percent of annual peak

Pedk Pesk Peok Peok
Week | ogg | Wesk o | WK e | WESK o
1 [ 82 | 14 | 0 | 27 | 5 | 40 | 724
2 1 900 | 15 | 721 | 28 | 8.6 | 41 | 743
3 | 878 | 16 | 800 | 20 | 801 | 42 | 744
4 | 84 | 17 | 754 | 30 | 880 | 43 | 800
5 | 880 | 18 | 87 | 3L | 722 | 44 | 881
6 | 841 | 19 | 80 | 32 | 776 | 45 | 885
7 1 832 | 20 | 880 | 33 | 800 | 46 | 909
8 | 806 | 21 | 86 | 34 | 729 | 47 | 940
o | 740 | 22 | 8L1 | 3 | 726 | 48 | 890
0 | 737 | 238 | 900 | 36 | 705 | 49 | 92
11 | 715 | 24 | 87 | 37 | 780 | 50 | 970
12 | 727 | 2 | 86 | 38 | 695 | 5L | 1000
13 | 704 | 26 | 81 | 39 | 724 | 52 | %2
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TableA.8: Daily peak load as a percentage of weekly load

Day Peak Load

Monday 93

Tuesday 100

Wednesday 98

Thursday 96

Friday 94

Saturday 77

Sunday 75

Table A.9: Hourly peak load as a percentage of daily peak
Winter Weeks Summer Weeks Spring/Fall Weeks
Hour 1-8& 44-52 18-30 9-17& 31-43
Wkdy Wknd Wkdy Wknd Wkdy Wknd

12-1am 67 78 64 74 63 75
1-2 63 72 60 70 62 73
2-3 60 68 58 66 60 69
3-4 59 66 56 65 58 66
4-5 59 64 56 64 59 65
5-6 60 65 58 62 65 65
6-7 74 66 64 62 72 68
7-8 86 70 76 66 85 74
8-9 95 80 87 81 95 83
9-10 96 88 95 86 99 89
10-11 96 90 99 91 100 92
11-noon 95 91 100 93 99 94
Noon-1pm 95 90 99 93 93 91
1-2 95 88 100 92 92 90
2-3 93 87 100 91 90 90
3-4 94 87 97 91 88 86
4-5 99 91 96 92 90 85
5-6 100 100 96 94 92 88
6-7 100 99 93 95 96 92
7-8 96 97 92 95 98 100
8-9 91 94 92 100 96 97
9-10 83 92 93 93 90 95
10-11 73 87 87 88 80 90
11-12 63 81 72 80 70 85

Note: Wkdy-Weekday, Wknd-Weekend.
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APPENDIX B. THE EFFECT OF MULTI-STATE
GENERATING UNIT MODELSON THE LOAD
POINT AND SYSTEM RELIABILITY

Tables B.1-B.8 show the set of annual system indices and the load bus indices
using two-state, three-state and four-state modelsin the RBTS.

Table B.1: RBTS annual system indices for the seven different three-state models

Indices Model No.

1 2 3 4 5 6 7
ENLC
Ly | 126861 | 126749 | 126797 | 126850 | 126992 | 127218 | 127177
ADLC
(hrs/dist | 9.44937 | 0.43387 | 9.43642 | 9.43077 | 9.44738 | 9.45467 | 9.44582
)
EDLC
(ralyr) | LLOB756 | 1195735 | 11.96507 | 11.97519 | 11.99740 | 12.02808 | 12.01267
PLC | 000137 | 0.00136 | 0.00137 | 0.00137 | 0.00137 | 0.00137 | 0.00137
EDNS
(W) | 001720 | 001720 | 0.01721 | 001721 | 001721 | 0.01726 | 0.0L727
EENS
(MWH | 150.6461 | 150.6861 | 150.7433 | 150.7420 | 150.8024 | 151.1708 | 151.2674
yr)
(Egj) 665.8558 | 666.0325 | 666.2855 | 666.2797 | 666.5466 | 668.1751 | 668.6017
BPII
MW/ 4 08719 | 0.08723 | 0.08726 | 0.08727 | 0.08730 | 0.0874
M o . . . . 08745 | 0.08750
yr)
BECI
(MWH
W | 081430 | 0.81452 | 081483 | 081482 | 0.81515 | 0.81714 | 081766
yr)
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Table B.1: (Continued)

. Model No.
Indices
1 4 5 6 7
BPACI
(MWI/di | 12.71524 | 12.73234 | 12.73145 | 12.72668 | 12.71764 | 12.71711 | 12.72826
st.)
MBECI
(MW/ | 0.00009 | 0.00009 | 0.00009 | 0.00009 | 0.00009 | 0.00009 | 0.00009
MW)
Sl (sys
ming/yr | 48.85819 | 48.87116 | 48.88972 | 48.88929 | 48.90887 | 49.02837 | 49.05967
)

Table B.2: RBTS annual load bus indices for the seven different three-state models

_ BUS Mode! No.
Indices No
: 1 2 3 4 5 6 7
2 0 0 0 0 0 0 0
3 | 0.00017 | 0.00017 | 0.00017 | 0.00017 | 0.00017 | 0.00018 | 0.00018
PLC 4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0
6 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012
2 0 0 0 0 0 0 0
ENLC 3 | 0.0962 | 0.0948 | 0.09523 | 0.0958 | 0.09694 | 0.09896 | 0.09835
(1iyr) 4 | 0.00108 | 0.00108 | 0.0011 | 0.00109 | 0.00109 | 0.00109 | 0.00109
5 | 0.00179 | 0.00179 | 0.00183 | 0.00183 | 0.0018 | 0.00182 | 0.00182
6 |1.17669 | 1.17702 | 1.17707 | 1.17713 | 1.17731 | 1.1777 | 1.1779
2 0 0 0 0 0 0 0
ELC 3 1.089 1.093 1.096 1.098 1.101 1.125 1.132
(MWIyr) 4 0.008 0.008 0.008 0.008 0.008 0.008 0.008
5 0.012 0.012 0.012 0.012 0.012 0.012 0.012
6 | 15.022 | 15.026 | 15.027 | 15.027 | 15.029 | 15.033 | 15.036
2 0 0 0 0 0 0 0
3 | 0.00186 | 0.00187 | 0.00187 | 0.00187 | 0.00188 | 0.00192 | 0.00193
EDNS
(MW) 4 0 0 0 0 0 0 0
5 | 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001
6 | 0.01532 | 0.01532 | 0.01532 | 0.01532 | 0.01532 | 0.01532 | 0.01532
2 0 0 0 0 0 0 0
EENS 3 | 16328 | 16.367 | 16.416 | 16.416 | 16.479 | 16.837 | 16.934
(MWhly | 4 0.038 0.038 0.038 0.038 0.038 0.038 0.038
r 5 0.071 0.071 0.074 0.073 0.072 0.074 0.074
6 | 13421 | 134.21 | 134.216 | 134.215 | 134.213 | 134.222 | 134.222
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Table B.3: RBTS annual system indices for the seven different four-state models

. Modd No.
Indices
1 2 3 4 5 6 7

ENLC

(1y7) 1.26750 | 1.26797 | 1.26832 | 1.26827 | 1.26842 | 1.26758 | 1.26791
ADLC

(hrg/dist | 9.44168 | 9.44545 | 9.44480 | 9.43999 | 9.44181 | 9.43256 | 9.43580
)

EDLC

(hrsyr) 11.96731 | 11.97652 | 11.97899 | 11.97243 | 11.97620 | 11.95654 | 11.96373
PLC 0.00137 | 0.00137 | 0.00137 | 0.00137 | 0.00137 | 0.00136 | 0.00137
EDNS

(MW) 0.01718 | 0.01718 | 0.01719 | 0.01719 | 0.01719 | 0.01719 | 0.01720
EENS

(MWHh/ | 150.5162 | 150.4928 | 150.5617 | 150.5713 | 150.5436 | 150.6100 | 150.6820
yr)

EDC

(kS/yr) 665.2815 | 665.1780 | 665.4825 | 665.5251 | 665.4028 | 665.6964 | 666.0143
BPII

MW/

MW- 0.08716 | 0.08715 | 0.08718 | 0.08720 | 0.08719 | 0.08722 | 0.08724
yr)

BECI

(MWH/

MW- 0.81360 | 0.81347 | 0.81385 | 0.81390 | 0.81375 | 0.81411 | 0.81450
yr)

BPACI
(MW/di | 12.72109 | 12.71542 | 12.71690 | 12.71992 | 12.71681 | 12.72923 | 12.72964
st.)

MBECI

(MW/ | 0.00009 | 0.00009 | 0.00009 | 0.00009 | 0.00009 | 0.00009 | 0.00009
MW)

Sl (sys

ming/yr | 48.81605 | 48.80845 | 48.83080 | 48.83392 | 48.82495 | 48.84649 | 48.86982

)
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Table B.4: RBTS annual l1oad bus indices for the seven different four-state models

_ BUS Mode! No.
Indices No
: 1 2 3 4 5 6 7
2 0 0 0 0 0 0 0
3 | 0.00017 | 0.00017 | 0.00017 | 0.00017 | 0.00017 | 0.00017 | 0.00017
PLC 4 0 0 0 0 0 0 0
5 0 0 0 0 0 0 0
6 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012
2 0 0 0 0 0 0 0
ENLC 3 | 0.09509 | 0.09556 | 0.09586 | 0.09557 | 0.09573 | 0.09484 | 0.09512
(1iyr) 4 | 0.00109 | 0.00109 | 0.00109 | 0.00109 | 0.00108 | 0.00108 | 0.00108
5 | 0.0018 | 0.00179 | 0.0018 | 0.0018 | 0.0018 | 0.0018 | 0.00181
6 |1.17669 | 1.17666 | 1.17678 | 1.17699 | 1.17695 | 1.17703 | 1.1771
2 0 0 0 0 0 0 0
ELC 3 1.082 1.081 1.086 1.087 1.085 1.089 1.093
(MWIyr) 4 0.008 0.008 0.008 0.008 0.008 0.008 0.008
5 0.012 0.012 0.012 0.012 0.012 0.012 0.012
6 | 15.022 | 15.022 | 15.023 | 15.026 | 15.026 | 15.026 | 15.027
2 0 0 0 0 0 0 0
3 | 0.00185 | 0.00185 | 0.00185 | 0.00186 | 0.00185 | 0.00186 | 0.00187
EDNS
(MW) 4 0 0 0 0 0 0 0
5 | 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001
6 | 0.01532 | 0.01532 | 0.01532 | 0.01532 | 0.01532 | 0.01532 | 0.01532
2 0 0 0 0 0 0 0
EENS 3 | 16197 | 16174 | 16.24 | 16.251 | 16.224 | 16.289 | 16.361
(MWhly | 4 0.038 0.038 0.038 0.038 0.038 0.038 0.038
r 5 0.072 0.072 0.072 0.072 0.072 0.072 0.072
6 | 13421 | 134.209 | 134.212 | 134.211 | 134.21 | 134.211 | 134.212

Table B.5: RBTS annual system indices for the two-state, three-state and four-state
generating unit models at different peak load levels

Indice
S

Modél
type

Pesk Load (MW)

160

170

180

190

200

ENLC
(Lyr)

2-state

1.18714

1.2102

1.25954

1.3947

1.42452

3-state

1.18491

1.2066

1.25261

1.37877

1.41067

4-state

1.1846

1.20591

1.25099

1.37688

1.41437

ADLC
(hrs/di

2-state

8.94685

9.09274

9.40944

10.2181

10.1848

3-state

8.95548

9.09375

9.39006

10.1492

10.1429

4-state

8.95594

9.09002

9.38154

10.145

10.1916
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Table B.5: (Continued)

Indice
S

Modél
type

Pesk Load (MW)

160

170

180

190

200

EDLC
(hrslyr
)

2-state

10.6212

11.004

11.8516

14.2511

14.5085

3-state

10.6114

10.9725

11.7621

13.9934

14.3083

4-state

10.6093

10.9618

11.7363

13.9685

14.4147

PLC

2-state

0.00121

0.00126

0.00135

0.00163

0.00166

3-state

0.00121

0.00125

0.00134

0.0016

0.00163

4-state

0.00121

0.00125

0.00134

0.00159

0.00165

EDNS
(MW)

2-state

0.01333

0.01457

0.01603

0.01913

0.0235

3-state

0.01332

0.01454

0.01595

0.0189

0.02309

4-state

0.01331

0.01453

0.01595

0.01889

0.02307

EENS
(MWh

Iyr)

2-state

116.751

127.625

140.455

167.543

205.893

3-state

116.648

127.328

139.742

165.573

202.271

4-state

116.632

127.289

139.686

165.471

202.091

EDC
(k$/yr)

2-state

516.04

564.1

620.809

740.541

910.046

3-state

515.583

562.79

617.657

731.833

894.038

4-state

515.511

562.617

617.413

731.382

893.242

BPII

(MW/

MW-
yr)

2-state

0.07069

0.07669

0.08292

0.09399

0.10817

3-state

0.07056

0.07648

0.08256

0.09322

0.10686

4-state

0.07055

0.07646

0.08253

0.09316

0.10676

BECI
(MWh
IMW-

yr)

2-state

0.63109

0.68986

0.75921

0.90564

1.11293

3-state

0.63053

0.68826

0.75536

0.89499

1.09336

4-state

0.63044

0.68805

0.75506

0.89444

1.09238

BPAC

(MW/
dist.)

2-state

11.0166

11.7235

12.179

12.467

14.0475

3-state

11.0168

11.7262

12.1933

12.5085

14.0141

4-state

11.0176

11.7293

12.2041

125177

13.9642

MBEC

(MW/
MW)

2-state

0.00007

0.00008

0.00009

0.0001

0.00013

3-state

0.00007

0.00008

0.00009

0.0001

0.00012

4-state

0.00007

0.00008

0.00009

0.0001

0.00012

Sl (sys
mingly

y

2-state

37.8652

41.3917

45.5528

54.3384

66.776

3-state

37.8317

41.2956

45.3216

53.6993

65.6014

4-state

37.8264

41.2829

45.3036

53.6662

65.543
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Table B.6: RBTS annual load bus indices for the two-state generating unit models at

different peak load levels

Bus Indices Peak Load (MW)
No. 160 170 180 190 200
PLC - - - 0 0
ENLC(1/yr) - - - 0.00002 | 0.00002
2 ELC(MW/yr) - - - 0 0
EDNS (MW) - - - 0 0
EENS(MWh/yr) - - - 0 0.001
PLC 0.00002 | 0.00006 | 0.00016 | 0.00043 | 0.00046
ENLC(L/yr) | 0.01281 | 0.03586 | 0.08521 | 0.2204 | 0.25031
3 ELC(MW/yr) 0.148 0.347 0.734 1.853 3.686
EDNS (MW) | 0.00016 | 0.00048 | 0.00117 | 0.00331 | 0.00688
EENS(MWh/yr) | 1.441 4,212 | 10.237 | 29.024 | 60.243
PLC 0 0 0 0 0
ENLC(L1/yr) | 0.00018 | 0.00039 | 0.00071 | 0.00122 | 0.00179
4 ELC(MW/yr) 0.001 0.003 0.005 0.011 0.017
EDNS (MW) 0 0 0 0.00001 | 0.00001
EENS(MWh/yr) | 0.004 | 0.011 0.024 | 0.054 0.101
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00059 | 0.00109 | 0.00161 | 0.0027 | 0.00448
5 ELC(MW/yr) 0.003 0.006 0.01 0.017 0.026
EDNS (MW) 0 0 0.00001 | 0.00001 | 0.00003
EENS(MWh/yr) | 0.012 0.029 0.055 0.118 0.22
PLC 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.00121
ENLC(Lyr) |1.17542|1.17616 | 1.17722 | 1.17929 | 1.18267
6 ELC(MW/yr) | 12.926 | 13.832 | 1459 | 15507 | 16.281
EDNS (MW) | 0.01316 | 0.01408 | 0.01486 | 0.01579 | 0.01659
EENS(MWh/yr) | 115.295 | 123.372 | 130.139 | 138.347 | 145.328

Table B.7: RBTS annual load bus indices for the three-state generating unit models at

different peak load levels

Bus Indices Peak Load (MW)
No. 160 170 180 190 200
PLC - - - 0 0
ENLC(1/yr) - - - 0.00002 | 0.00002
2 ELC(MW/yr) - - - 0 0
EDNS (MW) - - - 0 0
EENS(MWh/yr) - - - 0 0.001
PLC 0.00002 | 0.00006 | 0.00015 | 0.0004 | 0.00044
ENLC(1/yr) 0.0121 | 0.03379 | 0.0798 | 0.20599 | 0.23798
3 | ELC(MW/yr) | 0141 | 0326 | 0687 | 1.734 | 347
EDNS (MW) | 0.00015 | 0.00045 | 0.00109 | 0.00309 | 0.00647
EENS(MWh/yr) | 1.337 | 3.917 | 9.531 | 27.084 | 56.685
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Table B.7: (Continued)

Bus Indices Peak Load (MW)
No. 160 170 180 190 200
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00018 | 0.00039 | 0.00071 | 0.00122 | 0.00179
4 ELC(MW/yr) 0.001 | 0.003 | 0.005 | 0.011 0.017
EDNS (MW) 0 0 0 0.00001 | 0.00001
EENS(MWh/yr) | 0.004 | 0.011 0.024 | 0.054 0.099
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00059 | 0.00109 | 0.00159 | 0.00261 | 0.0042
5 ELC(MW/yr) 0.003 | 0.006 0.01 0.017 0.025
EDNS (MW) 0 0 0.00001 | 0.00001 | 0.00002
EENS(MWh/yr) | 0.012 | 0.029 | 0.054 | 0.112 0.205
PLC 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012
ENLC(L/yr) |21.17389 | 1.17461 | 1.17559 | 1.17746 | 1.1806
6 ELC(MW/yr) 12909 | 13.814 | 14571 | 15485 | 16.256
EDNS (MW) | 0.01316 | 0.01408 | 0.01486 | 0.01579 | 0.01658
EENS(MWh/yr) | 115.295 | 123.371 | 130.132 | 138.323 | 145.28
Table B.8: RBTS annual load bus indices for the four-state generating units at different
peak |oad levels
Bus Indices Peak Load (MW)
No. 160 170 180 190 200
PLC - - - 0 0
ENLC(1/yr) - - - 0.00002 | 0.00002
2 ELC(MW/yr) - - - 0 0
EDNS (MW) - - - 0 0
EENS(MWh/yr) - - - 0 0.001
PLC 0.00002 | 0.00006 | 0.00014 | 0.0004 | 0.00045
ENLC(L/yr) | 0.01189 | 0.0332 | 0.07828 | 0.2042 | 0.24178
3 ELC(MW/yr) 0.139 | 0.323 | 0.683 1725 | 3454
EDNS (MW) | 0.00015 | 0.00044 | 0.00108 | 0.00308 | 0.00645
EENS(MWh/yr) | 1.321 | 3.879 | 9.479 | 26.986 | 56.515
PLC 0 0 0 0 0
ENLC(1/yr) | 0.00018 | 0.00039 | 0.00071 | 0.00121 | 0.00176
4 ELC(MW/yr) 0.001 | 0.003 | 0.005 | 0.011 0.017
EDNS (MW) 0 0 0 0.00001 | 0.00001
EENS(MWh/yr) | 0.004 | 0.011 0.024 | 0.054 | 0.098
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00059 | 0.00108 | 0.00158 | 0.00259 | 0.00415
5 ELC(MW/yr) 0.003 | 0.006 0.01 0.016 | 0.025
EDNS (MW) 0 0 0.00001 | 0.00001 | 0.00002
EENS(MWh/yr) | 0.012 | 0.028 | 0.053 0.11 0.2
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Table B.8: (Continued)

Bus Indices Peak Load (MW)
No. 160 170 180 190 200
PLC 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.0012
ENLC(1/yr) 11738 | 1.17451 | 1.1755 | 1.1774 | 1.18056
ELC(MW/yr) | 12.908 | 13.813 | 14.57 | 15484 | 16.255
EDNS (MW) | 0.01316 | 0.01408 | 0.01485 | 0.01579 | 0.01658
EENS(MWh/yr) | 115.294 | 123.37 | 130.13 | 138.321 | 145.276

Tables B.9-B.16 show the set of annua system indices and the load bus indices

using two-state, three-state and four-state modelsin the IEEE-RTS.

Table B.9: IEEE-RTS annual system indices for the seven different three-state models

Indices Model No.
1 2 3 4 5 6 7

ENLC

Wy 1.28736 | 1.29889 | 1.30912 | 1.33277 | 1.34585 | 1.38342 | 1.42176
ADLC

(hre/dist | 11.56001 | 11.54504 | 11.56533 | 11.57540 | 11.55111 | 11.56228 | 11.60002
)

EDLC

(hrsiyn) 14.88261 | 14.99637 | 15.14108 | 15.42802 | 15.54678 | 15.99624 | 16.49317
PLC | 0.00170 | 0.00171 | 0.00173 | 0.00176 | 0.00177 | 0.00183 | 0.00188
EDNS

MW) 0.22598 | 0.22898 | 0.23047 | 0.23523 | 0.23773 | 0.24657 | 0.25495
EENS

(MWh/ | 1979.599 | 2005.857 | 2018.886 | 2060.641 | 2082.539 | 2159.979 | 2233.333
yr)

EDC

(KSIy) 8353.908 | 8464.718 | 8519.697 | 8695.906 | 8788.313 | 9115.110 | 9424.665
BPII

(MW/

My, | 006192 | 0.06283 | 0.06323 | 0.06452 | 0.06517 | 0.06744 | 0.06956
yr)

BECI

(MWh/

My, | 069460 | 0.70381 | 0.70838 | 0.72303 | 0.73072 | 0.75789 | 0.78363
yr)
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Table B.9: (Continued)

. Model No.
Indices
1 2 3 4 5 6 7
BPACI
(MWI/di | 137.0756 | 137.8522 | 137.6628 | 137.9753 | 138.0087 | 138.9281 | 139.4280
st.)
MBECI
(MW/ | 0.00008 | 0.00008 | 0.00008 | 0.00008 | 0.00008 | 0.00009 | 0.00009
MW)
Sl (sys
minglyr | 41.67577 | 42.22857 | 42.50285 | 43.38192 | 43.84291 | 45.47323 | 47.01752
)

Table B.10: IEEE-RTS Annual load bus indices for the seven different three-state
modd's

Indices

Bus

Moddl No.

No.

4

PLC

2
3
6
7
8
9
10
13
14
15
16
18
19
20

0.00094

0.00016
0.00054
0.00007
0.00003
0.0017
0.00005

eoNoNoNoNol il

0
0

OO OOOoOlN

0.00094

0
0

0.00017
0.00055
0.00008
0.00003
0.00171
0.00005

QOO OOl W

0
0

0.00095

0.00017
0.00055
0.00008
0.00003
0.00173
0.00005

oNoNoNoNe

0
0

0.00097

0.00017
0.00056
0.00008
0.00003
0.00176
0.00005

eoNoNoNoNel e

0.00098

0

0
0.00018
0.00057
0.00008
0.00003
0.00177
0.00005

eoNoNoNeNel e

0.00102

0

0
0.00018
0.00059
0.00008
0.00003
0.00183
0.00005

oNoNoNoeNol BN

0.00105

0

0
0.00019
0.00061
0.00009
0.00003
0.00188
0.00005
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Table B.10: (Continued)

Indices

Modd No.

1

2

3

4

5

6

7

ENLC
(Lyr)

0.00108
0.00046
0.00075
0.00041
0.00004
0.72867
0.00355
0.00007
0.13826
0.42356
0.06348
0.023
1.28617
0.04097

0.00126
0.00063
0.00075
0.00041
0.00004
0.73467
0.00403
0.00011
0.14125
0.43137
0.06527
0.02377
1.2977
0.04296

0.00128
0.00065
0.00075
0.00041
0.00004
0.73967
0.00413
0.00011
0.14192
0.43426
0.06572
0.02409
1.30793
0.04334

0.0013
0.00066
0.00075
0.00041
0.00004
0.75137
0.00425
0.00011
0.14714
0.44337
0.06777
0.02493
1.33158
0.04523

0.00129
0.00066
0.00075
0.00041
0.00004
0.76064
0.00421
0.00011
0.14793
0.44764
0.06795
0.02487
1.34466
0.04498

0.00135
0.0007
0.00075
0.00041
0.00004
0.78647
0.00445
0.00012
0.15287
0.46301
0.07083
0.02605
1.38223
0.04699

0.00138
0.00072
0.00075
0.00041
0.00004
0.81058
0.00464
0.00012
0.15937
0.47974
0.07302
0.02685
1.42057
0.04896

ELC
(MW/yr)

0.033
0.021
0.052
0.004
0.001
44.457
0.195
0.004
8.369
36.418
2.391
1.715
80.979
1.826

0.04
0.026
0.052
0.004
0.001

45.052
0.222
0.005
8.563

37.057
2473
1.822
81.84
1.898

0.041
0.027
0.052
0.004
0.001
45.365
0.228
0.005
8.636
37.299
2.495
1.851
82.289
1.923

0.042
0.027
0.052
0.004
0.001
46.27
0.234
0.005
8.914
38.248
2.578
1.909
83.616
1.99

0.042
0.027
0.052
0.004
0.001
46.82
0.233
0.005
8.969
38.637
2.589
1.907
84.458
1.995

0.044
0.028
0.052
0.004
0.001
48.455
0.247
0.006
9.324
40.026
2.684
1.998
87.239
2.088

0.046
0.029
0.052
0.004
0.001
49.944
0.256
0.006
9.669
41.427
2.79
2071
89.775
2.164

EDNS
(MW)

0.00003
0.00002
0.00003

0

0
0.05697

0.0002

0
0.00983
0.04489
0.00275
0.00187
0.10734
0.00204

0.00004
0.00002
0.00003
0
0
0.05774
0.00022
0
0.01003
0.04562
0.00283
0.00195
0.1084
0.0021

0.00004
0.00002
0.00003

0

0
0.05817
0.00022

0
0.01011
0.04592
0.00285
0.00198
0.10898
0.00213

0.00004
0.00002
0.00003

0

0
0.05938
0.00023

0
0.01044
0.04714
0.00295
0.00204
0.11075

0.0022

0.00004
0.00002
0.00003

0

0
0.06012
0.00023

0
0.01051
0.04764
0.00296
0.00204
0.11192
0.00221

0.00004
0.00003
0.00003

0

0
0.06235
0.00024

0
0.01096
0.04948
0.00308
0.00214
0.11589
0.00232

0.00004
0.00003
0.00003

0

0
0.06442
0.00025

0

0.0114

0.05137
0.00322
0.00223
0.11954
0.00241
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Table B.10: (Continued)

_ BUS Mode! No.
Indices No
: 1 2 3 4 5 6 7
2 0.275 0.317 0.327 0.333 0.333 0.357 0.369
3 0.176 0.201 0.206 0.209 0.209 0.222 0.227
6 0.293 0.293 0.293 0.293 0.293 0.293 0.293
7 0.021 0.021 0.021 0.021 0.021 0.021 0.021
8 0.004 0.004 0.004 0.004 0.004 0.004 0.004
EENS 9 |499.083 | 505.772 | 509.557 | 520.189 | 526.654 | 546.221 | 564.32
(MWhly 10 | 1741 1.896 1.948 2.002 1.998 2.138 2.217
0 13 | 0.033 0.04 0.04 0.04 0.04 0.042 0.042
14 | 86.072 | 87.842 | 88.575 | 91.496 | 92.092 | 95.981 | 99.86
15 | 393.26 | 399.644 | 402.284 | 412.905 | 417.334 | 433.418 | 450.008
16 | 24101 | 24.789 | 24985 | 25.841 | 25964 | 27.022 | 28.173
18 | 16.347 | 17.052 | 17.313 | 17.857 | 17.848 | 18.776 | 19.513
19 | 940.325 | 949.576 | 954.691 | 970.144 | 980.387 | 1015.18 | 1047.19
20 | 17.874 | 18.416 | 18.647 | 19.312 | 19.365 | 20.308 | 21.105

Table B.11: IEEE-RTS annual system indices for the seven different four-state models

. Moddl No.
Indices
1 3 4 5 6 7

ENLC

(1y7) 1.26260 | 1.26740 | 1.27337 | 1.28366 | 1.28811 | 1.29251 | 1.30734
ADLC
(hrg/dist | 11.56223 | 11.56840 | 11.54449 | 11.55139 | 11.56518 | 11.58613 | 11.58346
)
EDLC
(hrsiyr) 14.59910 | 14.66249 | 14.70107 | 14.82872 | 14.89793 | 14.97591 | 15.14427
PLC 0.00167 | 0.00167 | 0.00168 | 0.00169 | 0.00170 | 0.00171 | 0.00173
EDNS
(MW) 0.22002 | 0.22062 | 0.22286 | 0.22477 | 0.22582 | 0.22658 | 0.22979
EENS
(MWHh/ | 1927.343 | 1932.600 | 1952.276 | 1969.001 | 1978.204 | 1984.828 | 2012.955
yr)

EDC
(kSlyr) 8133.385 | 8155.570 | 8238.604 | 8309.183 | 8348.022 | 8375.974 | 8494.671
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Table B.11: (Continued)

. Model No.
Indices
1 2 3 4 5 6 7
BPII
(MW/ | 0.06027 | 0.06045 | 0.06117 | 0.06167 | 0.06192 | 0.06212 | 0.06300
MWyr)
BECI
(MWH 0.67626 | 0.67811 | 0.68501 | 0.69088 | 0.69411 | 0.69643 | 0.70630
MW- . . . . . . .
yr)
BPACI
(MWI/di | 136.0450 | 135.9270 | 136.9179 | 136.9144 | 136.9952 | 136.9814 | 137.3453
st.)
MBECI
(MW/ | 0.00008 | 0.00008 | 0.00008 | 0.00008 | 0.00008 | 0.00008 | 0.00008
MW)
Sl (sys
minsg/yr | 40.57563 | 40.68631 | 41.10054 | 41.45264 | 41.64641 | 41.78584 | 42.37801
)

Table B.12: IEEE-RTS Annual load bus indices for the seven different four-state models

Indices

Bus

Modd No.

No.

4

PLC

2
3
6
7
8
9
10
13
14
15
16
18
19
20

0.00091

0.00016
0.00052
0.00007
0.00002
0.00167
0.00004

eNoNoNoNol il

0
0

OO OOOoOlN

0.00092

0
0

0.00016
0.00052
0.00007
0.00002
0.00167
0.00004

QO O0OOOl W

0
0

0.00092

0.00016
0.00053
0.00007
0.00002
0.00168
0.00004

oNoNoNoNe

0
0

0.00093

0.00016
0.00053
0.00007
0.00003
0.00169
0.00005

oNoNoNoNel e

0.00094

0

0
0.00016
0.00053
0.00007
0.00003

0.0017

0.00005

eoNoNoNeNel e

0.00094

0

0
0.00016
0.00054
0.00007
0.00003
0.00171
0.00005

oNoNoNeNol BN

0.00095

0

0
0.00017
0.00055
0.00007
0.00003
0.00173

0.00005
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Table B.12: (Continued)

Indices

Modd No.

1

2

3

4

5

6

7

ENLC
(Lyr)

0.00085
0.00046
0.00075
0.00041
0.00004
0.70934
0.00331
0.00008
0.13384
0.41273
0.06048
0.02148
1.26141
0.03937

0.00085
0.00046
0.00075
0.00041
0.00004
0.71373
0.0033
0.00008
0.13354
0.41284
0.06047
0.02167
1.26621
0.03944

0.00101
0.00063
0.00075
0.00041
0.00004
0.71857
0.00375
0.00012
0.13573
0.41841
0.06233
0.02255
1.27218
0.04086

0.00101
0.00063
0.00075
0.00041
0.00004
0.72435
0.00376
0.00012
0.13707
0.42205
0.06327
0.0228
1.28247
0.04134

0.00101
0.00063
0.00075
0.00041
0.00004
0.72846
0.00375
0.00012
0.13788
0.42292
0.06349
0.02292
1.28692
0.04145

0.00103
0.00066
0.00075
0.00041
0.00004
0.72999
0.00385
0.00013
0.13862
0.42462
0.06345
0.02306
1.29132
0.04188

0.00104
0.00066
0.00075
0.00041
0.00004
0.73989
0.00389
0.00013
0.14145
0.43191
0.06485
0.02351
1.30615
0.04265

ELC
(MW/yr)

0.029
0.019
0.052
0.004
0
43.428
0.188
0.003
8.002
35.269
2.293
1.623
79.142
1.718

0.029
0.019
0.052
0.004
0
43.571
0.19
0.003
8.024
35.353
2.297
1.636
79.362
1.732

0.036
0.023
0.052
0.004
0
44.022
0.216
0.005
8.197
35.852
2.365
1.737
80.039
1.797

0.036
0.023
0.052
0.004
0
44.397
0.216
0.005
8.296
36.219
2.388
1.747
80.554
1.813

0.036
0.023
0.052
0.004
0
44.58
0.216
0.005
8.329
36.371
2.397
1.75
80.883
1.818

0.037
0.024
0.052
0.004
0
44.693
0.222
0.005
8.362
36.49
2412
1.775
81.141
1.833

0.038
0.024
0.052
0.004
0
45.363
0.224
0.005
8.525
37.111
2457
1.802
82.08
1.872

EDNS
(MW)

0.00003
0.00002
0.00003

0

0
0.05568
0.00019

0

0.0094

0.04349
0.00263
0.00176
0.10486
0.00192

0.00003
0.00002
0.00003

0

0
0.05585
0.00019

0
0.00942
0.04359
0.00264
0.00177
0.10515
0.00193

0.00003
0.00002
0.00003

0

0
0.05637
0.00021

0
0.00958

0.0441
0.00269
0.00184
0.106

0.00198

0.00003
0.00002
0.00003

0

0
0.05687
0.00021

0
0.0097
0.04458
0.00272
0.00186
0.10673

0.002

0.00003
0.00002
0.00003

0

0
0.05714
0.00021

0
0.00975
0.04479
0.00274
0.00186
0.10723
0.00201

0.00003
0.00002
0.00003

0

0

0.0573

0.00021

0
0.00979
0.04494
0.00275
0.00189
0.10757
0.00203

0.00003
0.00002
0.00003

0

0
0.05817
0.00022

0
0.00997
0.04571
0.00281
0.00191
0.10884
0.00206
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Table B.12: (Continued)

_ BUS Mode! No.
Indices No
: 1 2 3 4 5 6 7
2 0.241 0.242 0.281 0.281 0.281 0.291 0.293
3 0.153 0.155 0.179 0.179 0.179 0.185 0.186
6 0.293 0.293 0.293 0.293 0.293 0.293 0.293
7 0.021 0.021 0.021 0.021 0.021 0.021 0.021
8 0.003 0.003 0.003 0.003 0.003 0.003 0.003
EENS 9 | 487.715 | 489.224 | 493.771 | 498.183 | 500.559 | 501.97 | 509.603
(MWhly 10 | 1.664 1.681 1.826 1.826 1.827 1.879 1.897
0 13 | 0.027 0.027 0.033 0.033 0.033 0.033 0.033
14 | 82327 | 82486 | 83.899 | 85.001 | 8538 | 85731 | 87.353
15 | 380.989 | 381.84 | 386.337 | 390.503 | 392.353 | 393.703 | 400.454
16 | 23.078 231 23.604 | 23869 | 2398 | 24.133 | 24.58
18 | 15432 | 15517 | 16.147 | 16.271 | 16.317 | 1654 | 16.763
19 | 918,595 | 921.112 | 928.52 | 934.991 | 939.378 | 942.297 | 953.398
20 | 16.813 | 16.901 | 17.368 | 17.552 | 17.608 | 17.755 | 18.085

Table B.13: IEEE-RTS annual system indices for the two-state, three-state and four-state
generating unit models at different peak load levels

Indice
S

Modél
type

Pesk Load (MW)

2500

2600

2800

2900

3100

ENLC
(Lyr)

2-state

0.18516

0.31649

1.14723

2.08334

5.5672

3-state

0.15336

0.26605

0.9861

1.83308

5.06505

4-state

0.14413

0.25343

0.94337

1.78267

4.96514

ADLC
(hrs/di

2-state

10.3801

10.5684

11.7182

11.9745

12.5899

3-state

10.346

10.5625

11.6356

11.9396

12.6458

4-state

10.3255

10.5737

11.6086

11.954

12.6404

EDLC
(hrslyr

2-state

1.92196

3.34482

13.4439

24.9483

70.096

3-state

1.58668

2.81017

11.4743

21.8874

64.0552

4-state

1.4882

2.67968

10.9516

21.3112

62.7636

PLC

2-state

0.00022

0.00038

0.00153

0.00285

0.008

3-state

0.00018

0.00032

0.00131

0.0025

0.00731

4-state

0.00017

0.00031

0.00125

0.00243

0.00716

EDNS
(MW)

2-state

0.02314

0.04507

0.18935

0.39657

1.2842

3-state

0.01891

0.03734

0.16053

0.34143

1.14039

4-state

0.01746

0.03485

0.15266

0.32743

1.1066
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Table B.13: (Continued)

Indice
S

Modél

Pesk Load (MW)

type

2500

2600

2800

2900

3100

EENS
(MWh

1yr)

2-state

202.689

394.792

1658.73

3473.91

11249.6

3-state

165.621

327.138

1406.26

2990.9

9989.85

4-state

152.926

305.322

1337.32

2868.27

9693.86

EDC
(k3iyr)

2-state

855.349

1666.02

6999.85

14659.9

47473.3

3-state

698.922

1380.52

5934.44

12621.6

42157.1

4-state

645.348

1288.46

5643.49

12104.1

40908.1

BPII

(MW/

MW-
yr)

2-state

0.00709

0.01345

0.05275

0.10661

0.32502

3-state

0.00579

0.01114

0.04482

0.09194

0.2885

4-state

0.00535

0.01041

0.04266

0.08824

0.2799

BECI
(MWh
IMW-

yr)

2-state

0.07112

0.13852

0.58201

1.21892

3.94722

3-state

0.05811

0.11479

0.49343

1.04944

3.50521

4-state

0.05366

0.10713

0.46924

1.00641

3.40135

BPAC
|
(MW/
dist.)

2-state

109.058

121.077

131.041

145.836

166.386

3-state

107.569

119.357

129.538

142.95

162.335

4-state

105.862

117.123

128.865

141.07

160.664

MBEC
|
(MW/
MW)

2-state

0.00001

0.00002

0.00007

0.00014

0.00045

3-state

0.00001

0.00001

0.00006

0.00012

0.0004

4-state

0.00001

0.00001

0.00005

0.00011

0.00039

Sl (sys
mingly

y

2-state

4.26714

8.31142

34.9207

73.135

236.833

3-state

3.48677

6.88712

29.6056

62.9663

210.313

4-state

3.2195

6.42782

28.1541

60.3846

204.081

Table B.14: IEEE-RTS annual load bus indices for the two-state generating unit models
at different peak load levels

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC 0 0 0 0 0.00001
ENLC(L1/yr) | 0.00001| 0.00003 | 0.00092 | 0.00239 | 0.01403
2 ELC(MW/yr) 0 0.001 0.025 0.082 0.517
EDNS (MW) 0 0 0.00002 | 0.00008 | 0.00054
EENS(MWh/yr) | 0.001 0.006 0.198 0.695 4.728
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Table B.14: (Continued)

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC - 0 0 0 0.00001
ENLC(Lyr) - 0.00001 | 0.00026 | 0.00128 | 0.00765
3 ELC(MW/yr) - 0 0.013 0.058 0.419
EDNS (MW) - 0 0.00001 | 0.00005 | 0.00042
EENS(MWh/yr) - 0.002 0.098 0.466 3.642
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00094 | 0.00094 | 0.00075| 0.00075 | 0.0006
6 ELC(MW/yr) 0.061 0.063 0.051 0.053 0.044
EDNS (MW) | 0.00004 | 0.00004 | 0.00003 | 0.00003 | 0.00003
EENS(MWhlyr) | 0.341 0.352 0.287 0.299 0.245
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00004 | 0.00016 | 0.00041 | 0.00068 | 0.00097
7 ELC(MW/yr) 0 0.001 0.003 0.005 0.011
EDNS (MW) 0 0 0 0 0.00001
EENS(MWh/yr) | 0.001 0.004 0.016 0.028 0.061
PLC - - 0 0 0
ENLC(Lyr) - - 0.00004 | 0.00005 | 0.0004
8 ELC(MW/yr) - - 0 0.001 0.011
EDNS (MW) - - 0 0 0.00001
EENS(MWhlyr) - - 0.001 0.004 0.077
PLC 0.00011 | 0.00022 | 0.0008 | 0.00169 | 0.00504
ENLC(L/yr) | 0.09695| 0.18262 | 0.63685 | 1.26297 | 3.53376
9 ELC(MW/yr) 5.251 0.883 | 38.266 | 76.573 | 232.816
EDNS (MW) | 0.00604 | 0.01168 | 0.04851 | 0.10079 | 0.32555
EENS(MWhlyr) | 52.867 | 102.276 | 424.933 | 882.938 | 2851.79
PLC 0 0 0 0.00001 | 0.00004
ENLC(L/yr) | 0.00012 | 0.00026 | 0.00359 | 0.00874 | 0.03753
10 | ELC(MWlyr) 0.003 0.013 0.158 0.492 2.349
EDNS (MW) 0 0.00001 | 0.00015 | 0.00049 | 0.00254
EENS(MWh/yr) | 0.018 0.095 1.341 4.313 22.285
PLC - - 0 0 0
ENLC(1/yr) - - 0.00003 | 0.00022 | 0.00215
13 | ELC(MWlyr) - - 0.001 0.011 0.12
EDNS (MW) - - 0 0.00001 | 0.00011
EENS(MWh/yr) - - 0.009 0.08 0.99
PLC 0.00002 | 0.00003 | 0.00014 | 0.00029 | 0.00096
ENLC(L1/yr) |0.01481| 0.02957 | 0.12051 | 0.24249 | 0.74876
14 | ELC(MWlyr) 0.744 1.647 7.363 15.739 | 52.617
EDNS (MW) | 0.00077 | 0.00177 | 0.0085 | 0.0188 | 0.06697
EENS(MWh/yr) | 6.773 | 15472 | 74.418 | 164.652 | 586.638
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Table B.14: (Continued)

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC 0.00006 | 0.00011 | 0.00044 | 0.00093 | 0.00285
ENLC(L/yr) |0.05331| 0.09683 | 0.36335 | 0.72366 | 2.08509
15 | ELC(MW/yr) | 3899 | 7.738 | 31.114 | 64.577 | 204.955
EDNS (MW) | 0.00427 | 0.00878 | 0.03757 | 0.08121 | 0.27458
EENS(MWh/yr) | 37.365 | 76.886 |329.154 | 711.414 | 2405.289
PLC 0.00001 | 0.00001 | 0.00007 | 0.00014 | 0.00047
ENLC(L/yr) | 0.00569 | 0.01232 | 0.05812 | 0.12035 | 0.38217
16 | ELC(MWl/yr) 0.19 0.407 2.085 4.502 15.546
EDNS (MW) | 0.00019 | 0.00043 | 0.0023 | 0.00522 | 0.01903
EENS(MWhlyr) | 1.635 3733 | 20177 | 45.711 | 166.734
PLC 0 0 0.00002 | 0.00005 | 0.0002
ENLC(L/yr) |0.00128 | 0.00406 | 0.02127 | 0.04557 | 0.16648
18 | ELC(MW/yr) | 0.074 0.21 1528 | 3716 | 14.253
EDNS (MW) | 0.00007 | 0.0002 | 0.00158 | 0.00402 | 0.01641
EENS(MWh/yr) | 0.591 1.772 13.811 | 35.25 143.711
PLC 0.00022 | 0.00038 | 0.00153 | 0.00285 | 0.008
ENLC(L/yr) |0.18418| 0.31539 | 1.146 | 2.08174 | 5.56525
19 | ELC(MWl/yr) 9.861 18.063 | 68.098 | 134.26 | 389.501
EDNS (MW) | 0.01166 | 0.02188 | 0.08888 | 0.1816 | 0.56215
EENS(MWhlyr) | 102.142 | 191.636 | 778.597 | 1590.83 | 4924.455
PLC 0 0.00001 | 0.00004 | 0.00009 | 0.00031
ENLC(L/yr) | 0.00318 | 0.00739 | 0.03828 | 0.0815 | 0.25813
20 | ELC(MWI/yr) 0.111 0.295 1.628 3.755 13.16
EDNS (MW) | 0.00011 | 0.00029 | 0.00179 | 0.00425 | 0.01587
EENS(MWh/yr) | 0.955 2.561 15.683 | 37.25 139.001

Table B.15: IEEE-RTS annual load bus indices for the three-state generating unit models
at different peak load levels

Bus Indices Peak Load (MW)

No. 2500 2600 2800 2900 3100
PLC 0 0 0 0 0.00001
ENLC(L/yr) | 0.00001 | 0.00005 | 0.00071 | 0.00198 | 0.01105

2 ELC(MW/yr) 0 0.002 0.021 0.071 0.41
EDNS (MW) 0 0 0.00002 | 0.00007 | 0.00043

EENS(MWh/yr) | 0.002 | 0.014 0.166 0.597 3.778
PLC 0 0 0 0 0.00001
ENLC(Lyr) 0 0.00004 | 0.00028 | 0.00122 | 0.00624

3 ELC(MW/yr) 0 0.001 0.014 0.05 0.334
EDNS (MW) 0 0 0.00001 | 0.00005 | 0.00033

EENS(MWh/yr) | 0.001 | 0.005 0.108 0.395 2.896
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Table B.15: (Continued)

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00094 | 0.00094 | 0.00075 | 0.0006 | 0.00061
6 ELC(MW/yr) 0.061 | 0.063 0.051 0.041 0.044
EDNS (MW) | 0.00004 | 0.00004 | 0.00003 | 0.00003 | 0.00003
EENS(MWh/yr) | 0.341 | 0.352 0.287 0.228 0.247
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00004 | 0.00016 | 0.00041 | 0.00069 | 0.00099
7 ELC(MW/yr) 0 0.001 0.003 0.005 0.012
EDNS (MW) 0 0 0 0 0.00001
EENS(MWh/yr) | 0.001 | 0.004 0.016 0.028 0.067
PLC - - 0 0 0
ENLC(Lyr) - - 0.00004 | 0.00005 | 0.00043
8 ELC(MW/yr) - - 0 0.001 0.012
EDNS (MW) - - 0 0 0.00001
EENS(MWhlyr) - - 0.001 0.007 0.088
PLC 0.00009 | 0.00018 | 0.00069 | 0.00145 | 0.00448
ENLC(Lyr) 0.0797 | 0.15188 | 0.54832 | 1.09138 | 3.15564
9 ELC(MW/yr) 4292 | 8163 | 32.533 66.06 206.79
EDNS (MW) | 0.00494 | 0.00962 | 0.04105 | 0.08659 | 0.28866
EENS(MWhlyr) | 43.277 | 84.256 | 359.576 | 758.509 | 2528.65
PLC 0 0 0 0.00001 | 0.00003
ENLC(Lyr) 0.0001 | 0.00028 | 0.00298 | 0.00709 | 0.03024
10 | ELC(MWlyr) 0.004 | 0.014 0.133 0.39 1.878
EDNS (MW) 0 0.00001 | 0.00013 | 0.00039 | 0.00204
EENS(MWh/yr) | 0.029 | 0.103 1.114 3.418 17.895
PLC - 0 0 0 0
ENLC(1/yr) - 0 0.00005 | 0.00027 | 0.0018
13 | ELC(MWlyr) - 0 0.003 0.013 0.106
EDNS (MW) - 0 0 0.00001 | 0.0001
EENS(MWh/yr) - 0.001 0.021 0.099 0.863
PLC 0.00001 | 0.00003 | 0.00011 | 0.00025 | 0.00082
ENLC(L/yr) | 0.01136 | 0.02379 | 0.09926 | 0.20395 | 0.64548
14 | ELC(MWlyr) 0.588 1.299 6.042 13.096 | 44.957
EDNS (MW) | 0.00061 | 0.0014 | 0.00698 | 0.01559 | 0.05701
EENS(MWh/yr) | 5375 | 12.269 | 61.143 | 136.605 | 499.423
PLC 0.00005 | 0.00009 | 0.00037 | 0.00079 | 0.00251
ENLC(Ll/yr) |0.04302 | 0.07977 | 0.30774 | 0.62019 | 1.83651
15 | ELC(MWlyr) 3.107 6.286 | 26.088 | 54.911 | 178.836
EDNS (MW) | 0.00342 | 0.00715 | 0.03145 | 0.06885 | 0.23892
EENS(MWhlyr) | 29.941 | 62.631 | 275.49 | 603.149 | 2092.944
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Table B.15: (Continued)

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC 0 0.00001 | 0.00005 | 0.00011 | 0.00039

ENLC(L/yr) | 0.0045 | 0.00961 | 0.04713 | 0.09892 | 0.32275
16 | ELC(MW/yr) | 0145 | 0324 | 167 3716 | 13131
EDNS(MW) | 0.00014 | 0.00034 | 0.00185 | 0.00432 | 0.01606
EENS(MWhiyr) | 1.248 | 2982 | 16241 | 37.815 | 140.709

PLC 0 0 | 0.00002 | 0.00004 | 0.00016
ENLC(L/yr) | 0.00118 | 0.00321 | 0.01682 | 0.03638 | 0.1378
18 [ ELC(MW/yr) | 0.064 | 0.174 12 2962 | 11.697

EDNS (MW) | 0.00006 | 0.00017 | 0.00124 | 0.00323 | 0.01348
EENS(MWh/yr) | 0504 | 1.455 | 10.895 | 28.259 | 118.052

PLC 0.00018 | 0.00032 | 0.00131 | 0.0025 | 0.00731
ENLC(L/yr) |0.15238 | 0.26495 | 0.98491 | 1.83176 | 5.06336
19 [ ELC(MW/yr) | 8141 | 15199 | 58.672 | 117.679 | 353.001
EDNS (MW) | 0.0096 | 0.01839 | 0.07632 | 0.15886 | 0.51007
EENS(MWh/yr) | 84.109 | 161.065 | 668.545 | 1391.609 | 4468.184

PLC 0 | 0.00001| 0.00003 | 0.00008 | 0.00026
ENLC(L/yr) |0.00259| 0.006 | 0.03055 | 0.06705 | 0.21839
20 | ELC(MW/yr) | 0093 | 0231 | 1307 | 3045 | 11.03
EDNS (MW) | 0.00009 | 0.00023 | 0.00144 | 0.00345 | 0.01326
EENS(MWh/yr) | 0.795 | 2.004 | 12.649 | 30205 | 116.129

Table B.16: IEEE-RTS annual load bus indices for the four-state generating unit models
at different peak load levels

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC 0 0 0 0 0.00001
ENLC(L/yr) | 0.00001 | 0.00004 | 0.0007 | 0.00196 | 0.01011
2 ELC(MW/yr) 0 0.001 0.021 0.064 0.375
EDNS (MW) 0 0 0.00002 | 0.00006 | 0.00039
EENS(MWh/yr) | 0.002 | 0.007 0.162 0.529 3.431
PLC 0 0 0 0 0.00001
ENLC(Lyr) 0 0.00001 | 0.00027 | 0.00091 | 0.00568
3 ELC(MW/yr) 0 0 0.011 0.046 0.304
EDNS (MW) 0 0 0.00001 | 0.00004 | 0.0003
EENS(MWhlyr) 0 0.003 0.082 0.354 2.615
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00094 | 0.00094 | 0.00075 | 0.00075 | 0.00061
6 ELC(MW/yr) 0.061 | 0.063 0.051 0.053 0.044
EDNS (MW) | 0.00004 | 0.00004 | 0.00003 | 0.00003 | 0.00003
EENS(MWh/yr) | 0.341 | 0.352 0.287 0.299 0.246
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Table B.16: (Continued)

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00004 | 0.00016 | 0.00041 | 0.00068 | 0.00097
7 ELC(MW/yr) 0 0.001 0.003 0.005 0.011
EDNS (MW) 0 0 0 0 0.00001
EENS(MWh/yr) | 0.001 | 0.004 0.016 0.028 0.062
PLC - - 0 0 0
ENLC(Lyr) - - 0.00004 | 0.00005 | 0.00035
8 ELC(MW/yr) - - 0 0.001 0.01
EDNS (MW) - - 0 0 0.00001
EENS(MWhlyr) - - 0.001 0.006 0.073
PLC 0.00008 | 0.00017 | 0.00066 | 0.0014 | 0.00435
ENLC(L/yr) |0.07382]0.14191 | 0.52464 | 1.0502 | 3.06186
9 ELC(MW/yr) 3.975 7.59 30.987 63.516 | 201.086
EDNS (MW) | 0.00457 | 0.00894 | 0.03906 | 0.08319 | 0.28078
EENS(MWhlyr) | 40.011 | 78.285 | 342.207 | 728.761 | 2459.589
PLC 0 0 0 0.00001 | 0.00003
ENLC(Lyr) 0.0001 | 0.00026 | 0.00281 | 0.00655 | 0.02722
10 | ELC(MW/yr) | 0.003 | 0011 | 0.119 0.355 1.725
EDNS (MW) 0 0.00001 | 0.00011 | 0.00035 | 0.00187
EENS(MWh/yr) | 0.021 | 0.076 0.986 3.084 16.362
PLC - - 0 0 0
ENLC(Lyr) - - 0.00004 | 0.00017 | 0.0017
13 | ELC(MWlyr) - - 0.002 0.01 0.094
EDNS (MW) - - 0 0.00001 | 0.00009
EENS(MWhlyr) - - 0.012 0.069 0.748
PLC 0.00001 | 0.00002 | 0.00011 | 0.00023 | 0.00079
ENLC(L/yr) |0.01035| 0.0217 | 0.09213 | 0.1926 | 0.6187
14 | ELC(MWlyr) 0.531 1.194 5.616 12.292 | 42.915
EDNS (MW) | 0.00055 | 0.00128 | 0.00647 | 0.01461 | 0.05431
EENS(MWhlyr) | 4.832 | 11.222 | 56.652 | 128.001 | 475.778
PLC 0.00004 | 0.00008 | 0.00035 | 0.00076 | 0.00244
ENLC(L/yr) |0.03913| 0.07391 | 0.29071 | 0.59412 | 1.78434
15 | ELC(MWlyr) 2.841 5.79 24.6 52.292 | 172.707
EDNS (MW) | 0.00312 | 0.00657 | 0.02961 | 0.06546 | 0.23057
EENS(MWhlyr) | 27.289 | 57.584 | 259.373 | 573.424 | 2019.835
PLC 0 0.00001 | 0.00005 | 0.00011 | 0.00037
ENLC(L/yr) | 0.00408 | 0.00876 | 0.04306 | 0.09156 | 0.30591
16 | ELC(MWlyr) 0135 | 0.29%4 1.52 3.46 12.458
EDNS (MW) | 0.00013 | 0.00031 | 0.00168 | 0.004 | 0.01522
EENS(MWh/yr) | 1.143 | 2698 | 14.752 | 35.079 | 133.311
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Table B.16: (Continued)

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC 0 0 0.00002 | 0.00004 | 0.00015
ENLC(Lyr) 0.0009 | 0.003 | 0.01543 | 0.03307 | 0.12775
18 | ELC(MWl/yr) 0.057 | 0.159 1.095 2.705 10.849
EDNS (MW) | 0.00005 | 0.00015 | 0.00113 | 0.00293 | 0.01248
EENS(MWh/yr) | 0439 | 1.31 9.872 | 25707 | 109.316
PLC 0.00017 | 0.00031 | 0.00125 | 0.00243 | 0.00716
ENLC(L/yr) |0.14315]0.25233 | 0.94218 | 1.7812 | 4.96349
19 | ELC(MW/yr) 757 | 14369 | 56.341 | 113.874 | 344.741
EDNS (MW) | 0.00892 | 0.01735 | 0.07321 | 0.15355 | 0.49809
EENS(MWhlyr) | 78.139 | 151.974 | 641.318 | 1345.137 | 4363.295
PLC 0 0.00001 | 0.00003 | 0.00007 | 0.00025
ENLC(L/yr) | 0.00249 | 0.00536 | 0.02769 | 0.06255 | 0.20673
20 | ELC(MWI/yr) 0.084 0.21 1.201 2.811 10.396
EDNS (MW) | 0.00008 | 0.00021 | 0.00132 | 0.00318 | 0.01246
EENS(MWh/yr) | 0.708 1.809 11585 | 27.822 | 109.174
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APPENDIX C.BASIC CEADATAANALYSIS
AND SYSTEM PERFORMANCE INDICESFOR
THETWOTEST SYSTEMS

Table C.1-C.12 give the CEA performance indices SAIFI-SI, SAIDI and SARI for
the period 1993-2001. Figures C.1-C.12 show the comparison of these indices excluding

and including the 1998 ice storm over the repeating period.

Table C.1: SAIFI-SI by Voltage Class for single circuits during the period 1993-2001

Voltage
Class

SAIFI (Sustained Interruptions)

1993-1997

1994-1998

1995-1999

1996- 2000

1997- 2001

Ex In

Ex In

Ex In

Ex In

Ex In

1.996 | 1.996

2.09% | 212

2.14 | 2.159

202 | 204

1.86 | 1.876

1.658 | 1.658

1.709 | 1.807

1.66 | 1.748

1.54 | 1.62

14 | 1478

0.9 0.9

0.709 | 0.735

0.74 | 0.762

0.75 | 0.76

0.82 | 0.842

AIWIN|F

N/A | N/A

0.182 | 0.818

0.27 | 0.591

0.27 | 0.47

0.3 | 0457

Table C.2: SAIFI-SI by Voltage Class for multiple circuits during the period 1993-2001

Voltage

SAIFI (Sustained Interruptions)

Class 1993-1997 1994-1998 1995-1999 | 1996- 2000 | 1997- 2001

Ex In Ex In Ex In Ex In Ex In
1 0.455 | 0.455 | 0.424 | 0.455 | 0.533 | 0.554 | 0.53 | 0.56 | 0.53 | 0.558
2 0.317|0.317|0.3280.388 | 0.321| 0.37 | 0.3 | 0.35 | 0.31 | 0.356
3 0314|0314 | 0.33 {0.339| 0.29 | 0.299| 0.29 | 0.3 | 0.31 | 0.318
4 N/A | NJA | 036 | 124 | 026 | 0.7 | 031 | 06 | 0.28| 0.5

Table C.3: SAIFI-SI by Voltage Class for both single circuits and multiple circuits
during the period 1993-2001

Voltage
Class

SAIFI (Sustained Interruptions)

1993-1997

1994-1998

1995-1999

1996- 2000

1997- 2001

Ex In

Ex In

Ex In

Ex In

Ex In

1.629 | 1.629

1.693 | 1.719

1.76 | 1.785

168 | 1.7

1.58 | 1.598

1.035 | 1.035

1.087 | 1.169

1.06 | 1.138

0.99 | 1.06

0.92 | 0.984

0.397 | 0.397

0.39 | 0.397

0.36 | 0.371

0.37 | 0.38

0.4 | 0.407

AIWIN|F

N/A | N/A

0.306 | 1.111

0.26 | 0.667

0.29 | 0.56

0.29 | 0.486
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Table C.4: SAIFI-SI by Supply Type for all voltage classes during the period 1993-2001

SAIFI (Sustained Interruptions)
Supply Type | 1993-1997 | 1994-1998 | 1995-1999 12%%% 1997- 2001
Ex In Ex In Ex In Ex In Ex In
g’:fg'ﬁ 1.763 | 1.763 | 1.816 | 1.881 | 1.81 | 1.871| 1.71 | 1.76 | 1.57 | 1.62
Multi Circuit | 0.336 | 0.336 | 0.343 | 0.386 | 0.34 | 0.379 | 0.34 | 0.38 | 0.34 | 0.378
All 1085 | 1.085 | 1.132 | 1.186 | 1.15 | 1.199 | 1.11 | 1.15 | 1.05 | 1.087

Note: Ex-the results excluding 1998 ice storm, In-the results including 1998 ice storm.

SAIFI (occlyear)

93-97 94-98 95-99 96-00 97-01
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—x—Voltage Class 4
m--- Voltage Class 1
o -- Voltage Class 2
---A--- Voltage Class 3
x- - - Voltage Class 4

Figure C.1: SAIFI-SI by Voltage Class for single circuits during the period 1993-2001
(including Ice Storm 98 data)
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—e—Voltage Class 2
—a—Voltage Class 3
—x—Voltage Class 4
m--- Voltage Class 1
o--- Voltage Class 2
---A--- Voltage Class 3
x- - - Voltage Class 4

Figure C.2: SAIFI-SI by Voltage Class for multiple circuits during the period

1993-2001(including Ice Storm 98 data)
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Figure C.3: SAIFI-SI by Voltage Class for both single circuits and multiple circuits
during the period 1993-2001 (including Ice Storm 98 data)
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Figure C.4: SAIFI-SI by Supply Typefor all voltage classes during the period

1993-2001 (including Ice Storm 98 data)

Note: The dashed linesinclude |ce Storm 98 data.
The solid lines exclude | ce Storm 98 data.

Table C.5: SAIDI of BES Interruptions by Voltage Class for single circuits during the
period 1993-2001

SAIDI (BES Interruptions)

Vcc:)|I ;asge 1993-1997 1994-1998 1995-1999 1996- 2000 1997- 2001
Ex In Ex In Ex In Ex In Ex In

1 152 | 152 |151.7 | 204.7 | 150.1 | 194.1 | 1349 | 173.8 | 137.2 | 172.4
2 03.79 | 93.79 | 98.46 | 225.9 | 100.8 | 232.7 | 112.7 | 216.1 | 119 | 214.7
3 42.88 | 42.88 | 43.87 | 210.8 | 57.85 | 202.4 | 4994 | 190 |51.69| 181
4 N/A | N/A | 518 | 1107 | 5.18 | 564.5| 14.32 | 370.8| 12 | 2755
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Table C.6: SAIDI of BES Interruptions by Voltage Class for multiple circuits during the

period 1993-2001

Voltage
Class

SAIDI (BES Interruptions)

1993-1997

1994-1998

1995-1999

1996- 2000

1997- 2001

Ex In

Ex In

Ex In

Ex In

Ex In

31.31 | 31.31

2715|3181

89.64 | 92.09

85.73 | 89.47

86.21 | 89.88

28.36 | 28.36

24.66 | 110.1

25.7 | 98.54

25.68 | 97.81

2821 | 95

16.56 | 16.56

14.55 | 24.27

15.89 | 19.24

16.36 | 25.61

18.78 | 27.83

AIWIN|F

N/A | N/A

7.12 | 586.2

7.12 | 299.3

11.16 | 204.2

10.89 | 155.7

Table C.7: SAIDI of BES Interruptions by Voltage Class for both single circuits and
multiple circuits during the period 1993-2001

Voltage SAIDI (BES Interruptions)
Class 1993-1997 1994-1998 1995-1999 1996- 2000 | 1997- 2001
Ex In Ex In Ex In Ex In Ex In
1 123211232 |121.7 | 163.1| 135.6 | 170.3 | 123.8 | 154.8 | 126.5 | 155
2 63.39 | 63.39 | 59.94 | 173.8| 70.56 | 173.3 | 74.4 | 164.1 | 79.08 | 162
3 20.28 | 20.28 | 17.66 | 51.51 | 26.84 | 47.52 | 21.82 | 52.31 | 24.39 | 53.96
4 N/A | N/A | 653 | 7453 | 6.53 | 380.3 | 12.15| 256.1 | 11.24 | 193.4
Table C.8: SAIDI of BES Interruptions by Supply Type for all voltage classes during the
period 1993-2001
Supply SAIDI (BES Interruptions)
Type 1993-1997 1994-1998 1995-1999 1996- 2000 | 1997- 2001
Ex In Ex In Ex In Ex In Ex In
g’:fg'ﬁ 116 | 116 | 117.7 | 217.9 | 124.1 | 2158 | 119.1 | 197 | 1234|1947
Cl\i/lrléllj:t 2463|2463 | 215 | 71.1 | 41.2 | 734 | 3246 | 75.34 | 34.38 | 74.93
All 72.61 | 72.61 | 70.04 | 149.7 | 93.48 | 151.7 | 81.13 | 143.7 | 85.17 | 143.3
1200 - | ,‘< | | | —m— Voltage Class 1
z 1000 ,,,,i ***** :r*\j\:r""f ******** i’” —e—Voltage Class 2
3 800 ””i ***** :T”Tff”ﬁ: ******** i*” —a— Voltage Class 3
E 600 T-omme oy deonoee - | ——Voltage Class 4
a) } [ e } ...m--- Voltage Class 1
% | . L : ‘ ---o--- Voltage Class 2
---A--- Voltage Class 3
X

93-97 94-98 95-99 96-00 97-01

--- Voltage Class 4

Figure C.5: SAIDI of BES Interruptions by Voltage Class for single circuits during the
period 1993-2001 (including Ice Storm 98 data)
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Figure C.6: SAIDI of BES Interruptions by Voltage Class for multiple circuits during

the period 1993-2001 (including Ice Storm 98 data)
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Figure C.7: SAIDI of BES Interruptions by Voltage Class for both single circuits and
multiple circuits during the period 1993-2001 (including Ice Storm 98 data)
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Figure C.8: SAIDI of BES Interruptions by Supply Type for all voltage classes during

the period 1993-2001 (including Ice Storm 98 data)
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Table C.9: SARI of BES Interruptions by Voltage Class for single circuits during the
period 1993-2001

Voltage
Class

SARI (BES Interruptions)

1993-1997

1994-1998

1995-1999

1996- 2000

1997- 2001

Ex In

Ex In

Ex In

Ex In

Ex In

76.16 | 76.16

72.39 | 96.56

68.12 | 89.89

66.77 | 85.39

73.79 | 91.93

56.57 | 56.57

57.62 | 125

66.21 | 133.1

73.21 | 133.6

84.79 | 145.3

47.63 | 47.63

61.86 | 286.9

76.48 | 265.7

66.77 | 249.6

62.9 | 215.1

AIWIN|F

N/A | N/A

28,5 | 1353

28.5 | 955.2

54.11 | 787.9

39.43 | 603.4

Table C.10: SARI of BES Interruptions by Voltage Class for multiple circuits during the
period 1993-2001

SARI (BES Interruptions)

Vgll ;asge 1993-1997 1994-1998 1995-1999 1996- 2000 1997- 2001
Ex In Ex In Ex In Ex In Ex In

1 68.8 | 68.8 | 64.06 | 69.98 | 166.8 | 166.1 | 161.8 | 159.1 | 161.6 | 161.2
2 89.39 18939 | 753 | 283.3|80.19| 266 | 8537 | 276.2 | 91.64 | 267.2
3 52.75 | 52.75| 44.08 | 71.63 | 33.44 | 64.27 | 55.88 | 85.04 | 60.7 | 87.64
4 N/A | N/A | 19.78 | 472.7 | 19.78 | 427.6 | 36.39 | 340.3 | 38.89 | 311.3

Table C.11: SARI of BES Interruptions by Voltage Class for both single circuits and
multiple circuits during the period 1993-2001

Voltage

SARI (BES Interruptions)

Class 1993-1997 1994-1998 1995-1999 1996- 2000 1997- 2001

Ex In Ex In Ex In Ex In Ex In
1 75.67 | 75.67 | 71.89 | 94.87 | 75.21 | 95.41 | 73.51 | 90.88 | 80.05 | 97.02
2 61.24 | 61.24 | 60.02 | 148.7 | 67.94 | 152.3 | 74.83 | 154.6 | 85.8 | 164.7
3 51.11 | 51.11 | 48.86 | 129.9 | 48.93 | 128.2 | 59.49 | 139.2 | 61.48 | 132.6
4 N/A | N/A |21.36|670.8 | 21.36 | 570.5| 41.38 | 457.7 | 39.07 | 397.7

Table C.12: SARI of BES Interruptions by Supply Type for all voltage classes during the
period 1993-2001

SARI (BES Interruptions)

Sﬁpp('ay 10931097 | 1994-1098 | 1995-1999 | 1996- 2000 | 1997- 2001
Y& e T m [ BEx | In | BEx | In | BEx | In | BEx | In
g?c%ﬁ 65.81 | 65.81 | 64.78 | 115.8 | 67.56 | 115.4 | 69.72 | 112.2 | 78.44 | 120.2
C'\i/'r‘é'lj:t 73.21 | 73.21 | 62.66 | 184.4 | 100.2 | 193.6 | 96.63 | 201 | 99.78 | 198.1
Al 66.0 | 66.0 | 64.49 | 1262 | 71.34 | 12655 | 73.3 | 124.8 | 8144 | 131.8
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Figure C.9: SARI of BES Interruptions by Voltage Class for single circuits during the

period 1993-2001 (including Ice Storm 98 data)
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Figure C.10:

SARI of BES Interruptions by Voltage Class for multiple circuits during

the period 1993-2001 (including Ice Storm 98 data)
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Figure C.11: SARI of BES Interruptions by Voltage Class for both single circuits and
multiple circuits during the period 1993-2001 (including Ice Storm 98 data)
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Figure C.12: SARI of BES Interruptions by Supply Type for al voltage classes during
the period 1993-2001 (including Ice Storm 98 data)

Tables C.13-C.33 present the predicting system indices SAIFI, SAIDI and DPUI in

the RBTS including the effects of the five factors.

Table C.13: SAIFI by Supply Type for the base case and Cases 1, 2, 3 (RBTS)

SIAFI
Supply Type Base case Casel Case 2 Case 3
Single Circuit 1.18265 1.39518 1.18318 1.18351
Multi Circuit 0.02706 0.24617 0.02744 0.02709
All 0.25818 0.47597 0.25858 0.25838
Table C.14: SAIDI by Supply Type for the base case and Cases 1, 2, 3 (RBTS)
SIADI
Supply TYPE | g ase case Case 1 Case 2 Case 3
Single Circuit 10.512 25.7544 10.512 10.512
Multi Circuit 0.3942 15.549 0.438 0.3942
All 241776 17.5901 2.4528 2.41776

Table C.15: DPUI of the system for the base case and Cases 1, 2, 3 (RBTYS)

Case No. DPUI

Basecase | 49.26625

Casel | 626.99926

Case2 50.10960

Case 3 49.18726
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Table C.16: SAIFI by Supply Types for the base case and Cases 1, 2 (RBTYS)

SIAFI
Supply Type Base case Casel Case 2
Single Circuit 1.18265 1.20265 1.18272
Multi Circuit 0.02706 0.04706 0.02713
All 0.25818 0.27818 0.25825
Table C.17: SAIDI by Supply Types for the base case and Cases 1, 2 (RBTS)
SIADI
Supply Type Base case Casel Case 2
Single Circuit 10.512 25.842 10.5388
Multi Circuit 0.3942 15.7242 0.42103
All 241776 17.7478 2.44459

Table C.18: DPUI of the system for the base case and Cases 1, 2 (RBTYS)

Case No. DPUI

Base case | 49.26625
Casel 637.7451
Case?2 50.4403

Table C.19: SAIFI by Supply Type based on Case 1 and Cases 1A, 1B, 1C (RBTS)

SIAFI
Supply Type Case 1 Case 1A Case 1B Case 1C
Single Circuit 1.0265 1.21265 1.02265 1.0265
Multi Circuit 0.04706 0.05706 0.06706 0.04706
All 0.27818 0.28818 0.29818 0.27818

Table C.20: SAIDI by Supply Type based on Case 1 and Cases 1A, 1B, 1C (RBTYS)

SIADI
Supply Type Case 1 Case 1A Case 1B Case 1C
Single Circuit 25.842 33.4632 41.0844 18.2208
Multi Circuit 15.7242 23.3454 30.9666 8.103
All 17.7478 25.369 32.9902 10.1266
Table C.21: DPUI of the system based on Case 1 and Cases 1A, 1B, 1C (RBTYS)
Case No. DPUI
Case 1l 637.745
Case 1A 930.231

Case 1B 1222.72

Cae1C

345.259
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Table C.22: SAIFI by Supply Type based on Case 2 and Cases 2A, 2B, 2C (RBTS)

SIAFI
Supply Type Case 2 Case 2A Case 2B Case 2C
Single Circuit 1.18272 1.18281 1.18293 1.18272
Multi Circuit 0.02713 0.02722 0.02734 0.02713
Al 0.25825 0.25834 0.25846 0.25825
Table C.23: SAIDI by Supply Type based on Case 2 and Cases 2A, 2B, 2C (RBTYS)

SIADI
Supply Type Case 2 Case 2A Case 2B Case 2C
Single Circuit 10.5388 105721 10.6187 10,5188
Multi Circuit 0.42103 0.45432 0.5009 0.40098
Al 2 44459 247788 252446 242454

Table C.24: DPUI of the system based on Case 2 and Cases 2A, 2B, 2C (RBTS)

Case No. DPUI
Case2 50.4403
Case 2A 51.7185
Case 2B 51.7185
Case 2C 49.6711

Table C.25: SAIFI by Supply Type based on Cases 1, 2, 3and 4 (RBTYS)

SAIFI
Supply Type Case 1 Case 2 Case 3 Case4
Single Circuit 1.26679 1.18265 1.2705 1.2705
Multi Circuit 0.0205 0.02706 0.01512 0.02013
All 0.26976 0.25818 0.2662 0.2702
Table C.26: SAIDI by Supply Type based on Cases 1, 2, 3and 4 (RBTS)
SAIDI
Supply Type Case 1 Case 2 Case3 Case 4
Single Circuit 12.0012 10.512 12.0012 12.0012
Multi Circuit 0.2628 0.3942 0.1752 0.2628
All 2.61048 241776 2.5404 2.61048
Table C.27: DPUI of the system based on Cases 1, 2, 3and 4 (RBTS)
Case No. DPUI
Casel 49.41072
Case?2 49.41072
Case 3 49.41072
Case4 49.41072
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Table C.28: SAIFI by Supply Type for the base case and the modified system (RBTS)

SAIFI
Supply Type Base case The modified system
Single Circuit 1.18265 -
Multi Circuit 0.02706 0.00495
All 0.25818 0.00495
Table C.29: SAIDI by Supply Type for the base case and the modified system (RBTS)
SAIDI
Supply Type Base case The modified system
Single Circuit 10.512 -
Multi Circuit 0.3942 0.03504
All 241776 0.03504
Table C.30: DPUI of the system for the base case and the modified system (RBTYS)
Case No. DPUI
Base case 49.26625
The modified system | 0.84557

Table C.31: SAIFI by Supply Type for the base case at five different peak load levels

(RBTS)
SAIFI
Supply Type Peak load (MW)
160 170 180 190 200
Single Circuit 1.17913 1.17987 1.18094 1.183 1.18638
Multi Circuit 0.00433 0.01026 0.02281 0.05702 0.06508
All 0.23929 0.24418 0.25444 0.28221 0.28934
Table C.32: SAIDI by Supply Type for the base case at five different peak load levels
(RBTS)
SAIDI
Supply Type Peak 1oad (MW)
160 170 180 190 200
Single Circuit 10.512 10.512 10.512 10.512 10.5996
Multi Circuit 0.0438 0.1314 0.3504 0.9417 1.0293
All 2.13744 2.20752 2.38272 2.85576 2.94336
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Table C.33: DPUI of the system for the base case at five different peak load levels

(RBTS)
Peak [oad (MW) DPUI
160 37.98933
170 4152457
180 45.69291
190 54.48711
200 66.93175

Tables C.34-C.51 present the predicting system performance indices SAIFI, SAIDI
and DPUI in the IEEE-RTS including the effects of the five factors.

Table C.34: SAIFI by Voltage Class for the base case and Cases 1, 2 (IEEE-RTYS)

SIAFI
Voltage Class Base case Casel Case 2
2 0.08804 0.108042 0.088112
3 0.34137 0.361373 0.341443
Total 0.19235 0.212355 0.192425
Table C.35: SAIDI by Voltage Class for the base case and Cases 1, 2 (IEEE-RTYS)
SIADI
Voltage Class Base case Casel Case?2
2 0.99864 16.32864 1.025466
3 3.8544 19.1844 3.881216
Totd 2.17454 17.50454 2.201363

Table C.36: DPUI of the system for the base case and Cases 1, 2 (IEEE-RTYS)

Table C.37: SAIFI by Voltage Class based on Case 1 and Cases 1A, 1B, 1C (IEEE-RTS)

Case No. DPUI

Base case | 50.81941
Casel 639.1539
Case?2 51.84902

SAIF
Voltage
Class Casel Case 1A Case 1B Case 1C
2 0.10804 0.11804 0.12804 0.10804
3 0.36137 0.37137 0.38137 0.36137
Total 0.21236 0.22236 0.23236 0.21236

183




Table C.38: SAIDI by Voltage Class based on Case 1 and Cases 1A, 1B, 1C (IEEE-RTS)

SIADI
Voltage
Class Casel Case 1A Case 1B Case 1C
2 16.3286 23.9498 31571 8.70744
3 19.1844 26.8056 34.4268 11.5632
Total 17.5045 25.1257 32.7469 9.88334
Table C.39: DPUI of the system based on Case 1 and Cases 1A, 1B, 1C (IEEE-RTYS)
Case No. DPUI
Case 1l 639.154
Case 1A 931.64
Case 1B 1224.13
Case 1C 346.668
Table C.40: SAIFI by Voltage Class based on base Case 2 and Cases 2A, 2B, 2C
(IEEE-RTYS)
Voltage SAIF
Class Case?2 Case 2A Case 2B Case 2C
2 0.08811 0.0882 0.08832 0.08811
3 0.34144 0.34153 0.34165 0.34144
Total 0.19243 0.19251 0.19264 0.19243
Table C.41: SAIDI by Voltage Class based on base Case 2 and Cases 2A, 2B, 2C
(IEEE-RTS)
Voltage SIADI
Class Case 2 Case 2A Case 2B Case 2C
2 1.02547 1.05877 1.10534 1.00542
3 3.88122 3.91451 3.9611 3.86116
Tota 2.20136 2.23466 2.28124 2.18131
Table C.42: DPUI of the system based on Case 2 and Cases 2A, 2B, 2C (IEEE-RTYS)
Case No. DPUI
Case 2 51.849
Case 2A 53.1272
Case 2B 54.9143
Case 2C 51.0798
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Table C.43: SAIFI by Voltage Class based on Cases 1, 2, 3 and 4 (IEEE-RTS)

SAIFI
Voltage Class Casel Case 2 Case3 Case 4
2 0.00053 0.08804 0.21421 0.00911
3 0.50858 0.34137 0.20313 0.4247
Tota 0.20973 0.19235 0.20965 0.18023
Table C.44: SAIDI by Voltage Class based on Cases 1, 2, 3and 4 (IEEE-RTYS)
SAIDI
Voltage Class Case 1 Case 2 Case3 Case 4
2 0 0.99864 241776 0.0876
3 5.74406 3.8544 2.29011 4.80549
Tota 2.3652 2.17454 2.3652 2.03026
Table C.45: DPUI of the system based on Cases 1, 2, 3 and 4 (IEEE-RTYS)
Case No. DPUI
Case 1l 50.81941
Case 2 50.81941
Case 3 50.81941
Case 4 50.81941
Table C.46: SAIFI by Voltage Class for the base case and the modified system
(IEEE-RTYS)
SAIFI
Voltage Class Base case The modified system
2 0.08804 0.0606
3 0.34137 0.45192
Tota 0.19235 0.22173
Table C.47: SAIDI by Voltage Class for the base case and the modified system
(IEEE-RTYS)
SAIDI
Voltage Class Base case The modified system
2 0.99864 0.6132
3 3.8544 5.35611
Tota 2.17454 2.56616
Table C.48: DPUI of the system for the base case and the modified system (IEEE-RTYS)
Case No. DPUI
Base case 50.81941
The modified system | 41.72516
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Table C.49: SAIFI by Voltage Class for the base case at five different peak load levels

(IEEE-RTS)
SAIFI
Voltage Class Peak load (MW)
2500 2600 2800 2900 3100
2 0.00981 0.0184 0.06428 0.12769 0.35949
3 0.03749 0.06651 0.24965 0.47079 1.31543
Tota 0.02121 0.03821 0.14061 0.26896 0.75312
Table C.50: SAIDI by Voltage Class for the base case at five different peak load levels
(IEEE-RTS)
SAIDI
Voltage Class Peak load (MW)
2500 2600 2800 2900 3100
2 0.09636 0.19272 0.7008 1.4892 4.4676
3 0.38794 0.67577 2.8032 5.44371 16.0058
Tota 0.21642 0.39162 1.56649 3.11753 9.21861
Table C.51: DPUI of the system for the base case at five different peak load levels
(IEEE-RTS)
Peak load (MW) DPUI
2500 4.26714
2600 8.31142
2800 34.92069
2900 73.13497
3100 236.83341
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APPENDIX D.ANALYSESRESULTSOFTHE
RBTS MRBTS, I[EEE-RTSAND MRTS

Tables D.1-D.2 show the load bus and system reliability indices based on the
RBTS base case analysis. Tables D.3-D.4 present these reliability indices based on the
factor analysis of the RBTS base case. Tables D.5-D.12 give the reliability indices based

on four remedial modification actions.

Table D.1: RBTS load bus reliability indices at different peak load levels

Bus Indices Peak Load (MW)
No. 160 170 180 190 200
PLC - - - 0 0
ENLC(1/yr) - - - 0.00002 | 0.00002
2 ELC(MW/yr) - - - 0 0
EDNS (MW) - - - 0 0
EENS(MWhlyr) - - - 0 0.001
PLC 0.00002 | 0.00006 | 0.00016 | 0.00043 | 0.00046
ENLC(L/yr) | 0.01281 | 0.03586 | 0.08521 | 0.2204 | 0.25031
3 ELC(MW/yr) 0148 | 0.347 | 0.734 | 1.853 3.686
EDNS (MW) | 0.00016 | 0.00048 | 0.00117 | 0.00331 | 0.00688
EENS(MWh/yr) | 1.441 | 4212 | 10.237 | 29.024 | 60.242
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00018 | 0.00039 | 0.00071 | 0.00122 | 0.00179
4 ELC(MW/yr) 0.001 | 0.003 | 0.005 | 0.011 0.017
EDNS (MW) 0 0 0 0.00001 | 0.00001
EENS(MWh/yr) | 0.004 | 0.011 | 0.024 | 0.054 0.101
PLC 0 0 0 0 0.00001
ENLC(L/yr) | 0.00431| 0.0048 | 0.00533 | 0.00642 | 0.00819
5 ELC(MW/yr) 0.043 | 0.049 | 0.055 | 0.065 0.077
EDNS (MW) | 0.00002 | 0.00003 | 0.00003 | 0.00004 | 0.00005
EENS(MWh/yr) | 0.202 | 0.232 | 0.269 | 0.346 0.459
PLC 0.0012 | 0.0012 | 0.0012 | 0.0012 | 0.00121
ENLC(L/yr) |21.17913]1.17987 | 1.18094 | 1.183 | 1.18638
6 ELC(MW/yr) | 12967 | 13.876 | 14.637 | 15.556 | 16.332
EDNS (MW) | 0.01318 | 0.01411 | 0.01488 | 0.01582 | 0.01662
EENS(MWh/yr) | 115.487 | 123.579 | 130.356 | 138.578 | 145.57
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Table D.2: System reliability indices for the RBTS at different peak load levels

. Peak Load (MW)

System Incices 160 170 180 190 200
EENS (MWHyr) | 117.134 | 128.034 | 140.886 | 168.002 | 206.373
SAIFI (interruptions | ,3959 | 024418 | 0.25444 | 0.28221 | 0.28934
/delivery point)

SAIDI r()rc‘)ﬁ]’t‘;'e“"ery 213744 | 2.20752 | 2.38272 | 2.85576 | 2.94336

Table D.3: RBTS load bus reliability indices (factor analysis)

BUS Ili’eglé Generation Failures Transmission Failures
o}
No. (MW) PLC ENLC EENS PLC ENLC EENS

160 - - - - - -
170 - - - - - -

2 180 - - - - - -
190 0 0.00002 0 - - -
200 0 0.00002 0.001 - - -
160 | 0.00002 | 0.00914 1.26 0 0.00261 0.164
170 | 0.00006 | 0.02946 3.959 0 0.00302 0.211

3 180 | 0.00015 | 0.07137 9.842 0 0.00456 0.275
190 | 0.00041 | 0.17996 | 28.075 | 0.00001 | 0.01465 0.48
200 | 0.00043 | 0.18664 | 57.704 | 0.00002 | 0.0221 1.366
160 0 0 0 0 0.00017 0.003
170 0 0.00007 0.003 0 0.00031 0.008

4 180 0 0.00018 0.009 0 0.00051 0.015
190 0 0.00033 0.027 0 0.00086 0.027
200 0 0.0005 0.06 0 0.00124 0.04
160 0 0.00007 0.004 0 0.00405 0.198
170 0 0.00021 0.013 0 0.0044 0.219

5 180 0 0.00049 0.031 0 0.00462 0.238
190 0 0.00112 0.083 0 0.005 0.261
200 0 0.00258 0.177 0 0.00512 0.28
160 0 0.00021 0.013 0.0012 1.0926 | 115.474
170 0 0.0005 0.039 0.0012 | 1.09298 | 123.539

6 180 0 0.00117 0.095 0.0012 | 1.09333 | 130.26
190 0 0.00274 0.249 0.0012 | 1.09362 | 138.325
200 | 0.00001 | 0.00534 0.517 0.0012 | 1.09409 | 145.046
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Table D.3: RBTS load bus reliability indices (factor analysis) (continued)

B Peak Total Generation and Overlapping Generation and
us . . 2 .
No. Load Transmission Failures Transmission Failures
(MW) PLC ENLC EENS PLC ENLC EENS
160 - - - 0 0 0
170 - - - 0 0 0
2 180 - - - 0 0 0
190 0 0.00002 0 0 0 0
200 0 0.00002 0.001 0 0 0
160 | 0.00002 | 0.01281 1.441 0 0.00106 0.017
170 | 0.00006 | 0.03586 4212 0 0.00338 0.042
3 180 | 0.00016 | 0.08521 | 10.237 | 0.00001 | 0.00928 0.12
190 | 0.00043 | 0.2204 29.024 | 0.00001 | 0.02579 0.469
200 | 0.00046 | 0.25031 | 60.242 | 0.00001 | 0.04157 1.172
160 0 0.00018 0.004 0 0.00001 0.001
170 0 0.00039 0.011 0 0.00001 0
4 180 0 0.00071 0.024 0 0.00002 0
190 0 0.00122 0.054 0 0.00003 0
200 0 0.00179 0.101 0 0.00005 0.001
160 0 0.00431 0.202 0 0.00019 0
170 0 0.0048 0.232 0 0.00019 0
5 180 0 0.00533 0.269 0 0.00022 0
190 0 0.00642 0.346 0 0.0003 0.002
200 | 0.00001 | 0.00819 0.459 0.00001 | 0.00049 0.002
160 0.0012 | 1.17913 | 115.487 0 0.08632 0
170 0.0012 | 1.17987 | 123.579 0 0.08639 0.001
6 180 0.0012 | 1.18094 | 130.356 0 0.08644 0.001
190 0.0012 1.183 138.578 0 0.08664 0.004
200 | 0.00121 | 1.18638 | 145.57 0 0.08695 0.007
Table D.4: System reliability indices for the RBTS (factor analysis)
Peak Generation Failures Transmission Failures
(k/lo\i?) EENS | SAIFI SAIDI | EENS | SAIF SAIDI
160 | 1.27722 | 0.002 0.04 115.84 0.22 2.1
170 | 4.01399 | 0.006 0.11 |123.977| 0.22 2.1
180 | 9.97625 | 0.015 0.26 |[130.788| 0.221 2.1
190 | 28.4342 | 0.037 0.72 |139.093| 0.223 2.1
200 | 58.4599 | 0.039 0.77 [146.732| 0.225 2.1
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Table D.4: System reliability indices for the RBTS (factor analysis) (continued)

Peak Total Generation and Overlapping Generation and
Load Transmission Failures Transmission Failures
(MW)| EENS | SAIFI | SAIDI | EENS | SAIFI SAIDI
160 | 117.134 | 0.2393 214 10.01658| 0.018 0
170 | 128.034 | 0.2442 221 |0.04286| 0.018 0
180 | 140.886 | 0.2544 238 |0.12218| 0.019 0.02
190 | 168.002 | 0.2822 286 |0.47453| 0.023 0.02
200 | 206.373 | 0.2893 294 |1.18134| 0.026 0.04
Table D.5: RBTS load bus reliability indices at different peak load levels (Case 1)
Bus Indices Peak Load (MW)
No. 160 170 180 190 200
PLC - - - 0 0
ENLC(1/yr) - - - 0.00002 | 0.00002
2 ELC(MW/yr) - - - 0 0
EDNS (MW) - - - 0 0
EENS(MWh/yr) - - - 0 0.001
PLC 0.00002 | 0.00006 | 0.00016 | 0.00043 | 0.00046
ENLC(L/yr) |0.01285 | 0.03605 | 0.0857 | 0.22179 | 0.25175
3 ELC(MW/yr) 0149 | 0.348 | 0.738 1.864 3.708
EDNS (MW) | 0.00016 | 0.00048 | 0.00117 | 0.00331 | 0.00688
EENS(MWh/yr) | 1.441 | 4213 | 10.241 | 29.039 | 60.277
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00018 | 0.00039 | 0.00071 | 0.00122 | 0.00179
4 ELC(MW/yr) 0.001 | 0.003 | 0.005 | 0.011 0.017
EDNS (MW) 0 0 0 0.00001 | 0.00001
EENS(MWh/yr) | 0.004 | 0.011 0.024 | 0.054 0.101
PLC 0 0 0 0 0.00001
ENLC(L/yr) | 0.00475 | 0.00524 | 0.00577 | 0.00686 | 0.00863
5 ELC(MW/yr) 0.048 | 0.054 | 0061 | 0.071 0.083
EDNS (MW) | 0.00002 | 0.00003 | 0.00003 | 0.00004 | 0.00005
EENS(MWh/yr) | 0.202 | 0.232 0.269 | 0.346 0.459
PLC 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001
ENLC(Ll/yr) |0.00977 | 0.0105 | 0.01157 | 0.01364 | 0.01703
6 ELC(MW/yr) 0.102 | 0.113 | 0.126 | 0.148 0.176
EDNS (MW) | 0.00005 | 0.00006 | 0.00007 | 0.00009 | 0.00013
EENS(MWh/yr) | 0.464 | 053 062 | 0817 | 1122
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Table D.6: System reliability indices for the RBTS at different peak load levels (Case 1)

. Peak Load (MW)
System Indices 160 170 180 190 200
EENS (MWHyr) | 2.11023 | 4.98643 | 11.15442 | 30.25634 | 61.95989
SAIFI (interruptions | sooe1 | 001044 | 002075 | 0.04871 | 0.05584
/delivery point)
SAIDI [()rc‘)ﬁ’t‘;'e“"ery 0.05256 | 0.12264 | 0.29784 | 0.77088 | 0.84096
Table D.7: RBTS load bus reliability indices at different peak load levels (Case 2)
Bus Indices Peak Load (MW)

NoO. 160 | 170 | 180 | 190 200

PLC i : i 0 0
ENLC(Lyr) i i | 0.00002 | 0.00002

2 [ELC(MW/y) : i i 0 0

EDNS (MW) : : : 0 0
EENS(MWHy) | - i i 0 0.001
PLC 0.00002 | 0,00006 | 0.00016 | 0.00043 | 0.00049
ENLC(L/yr) | 0.01287 | 0.03617 | 0.08595 | 0.2225 | 0.28472

3 [ ELC(MWIyr) | 0149 | 0349 | 0.741 | 188 | 3.5
EDNS (MW) | 0.00016 | 0.00048 | 0.00117 | 0.00332 | 0.00691
EENS(MWHyr) | 1441 | 4215 | 10.252 | 29.12 | 60521

PLC 0 0 0 0 0
ENLC(L/yr) | 0.00018 | 0.00039 | 0.00071 | 0.00122 | 0.00179

4 | ELC(MWIyr) | 0001 | 0.003 | 0.005 | 0011 | 0017
EDNS (MW) 0 0 0 | 0.00001 | 0.00001
EENS(MWHh/yr) | 0004 | 0011 | 0024 | 0.054 | 0.101
PLC 0 0 0 0 | 0.00001
ENLC(1/yr) | 0.00203 | 0.00253 | 0.00305 | 0.00415 | 0.00593

5 [ ELC(MW/yn) | 0019 | 0.023 | 0028 | 0.036 | 0.046
EDNS (MW) | 0.00001 | 0.00001 | 0.00001 | 0.00002 | 0.00003
EENS(MWH/yr) | 006 | 008 | 0109 | 0175 | 0281
PLC 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001
ENLC(1/yr) | 0.00986 | 0.0106 | 0.01167 | 0.01374 | 0.01713

6 [ ELC(MWI/yr) | 0102 | 0114 | 0127 | 0149 | 0177
EDNS (MW) | 0.00005 | 0.00006 | 0.00007 | 0.00009 | 0.00013
EENS(MWH/yr) | 0463 | 0529 | 0619 | 0.816 | 112
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Table D.8: System reliability indices for the RBTS at different peak load levels (Case 2)

. Peak Load (MW)
System Indices 160 170 180 190 200
EENS (MWHyr) | 1.96751 | 4.83533 | 11.00439 | 30.16553 | 62.02446
SAIF (interruptions | 5199 | 000994 | 0.02028 | 0.04833 | 0.06192
/delivery point)
SAIDI gc‘)ﬁ’t‘;'e“"ery 0.05256 | 0.12264 | 0.29784 | 0.77088 | 0.89352
Table D.9: RBTS load bus reliability indices at different peak load levels (Case 3)
Bus Indices Peak Load (MW)
NoO. 160 | 170 | 180 | 190 200
PLC i : i 0 0
ENLC(1/yr) i i | 0.00002 | 0.00002
2 [ELC(MW/y) : i i 0 0
EDNS (MW) : : : 0 0
EENS(MWHy) | - : i 0 0.001
PLC 0.00002 | 0.00006 | 0.00016 | 0.00042 | 0.00046
ENLC(/yr) | 0.01286 | 0.03613 | 0.08595 | 0.21612 | 0.25243
3 [ ELC(MWIyr) | 0149 | 0348 | 0.737 | 1859 | 3.601
EDNS (MW) | 0.00016 | 0.00048 | 0.00117 | 0.00331 | 0.00686
EENS(MWHyr) | 1441 | 4211 | 10.228 | 28.965 | 60.071
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00018 | 0.00039 | 0.00071 | 0.00122 | 0.00179
4 | ELC(MWIyr) | 0001 | 0.003 | 0005 | 0.011 | 0017
EDNS (MW) 0 0 0 | 0.00001 | 0.00001
EENS(MWHh/yr) | 0004 | 0011 | 0024 | 0.054 | 0.101
PLC 0 0 0 0 | 0.00001
ENLC(1/yr) | 0.00203 | 0.00253 | 0.00305 | 0.00415 | 0.00593
5 [ ELC(MW/yn) | 0018 | 0.022 | 0027 | 0.036 | 0.046
EDNS (MW) | 0.00001 | 0.00001 | 0.00001 | 0.00002 | 0.00003
EENS(MWH/yr) | 0059 | 0.079 | 0108 | 0.174 | 028
PLC 0.00001 | 0.00001 | 0.00001 | 0.00001 | 0.00001
ENLC(1/yr) | 0.00986 | 0.0106 | 0.01167 | 0.01374 | 0.01713
6 [ ELC(MW/yr) | 0103 | 0115 | 0.127 | 0.149 | 0178
EDNS (MW) | 0.00005 | 0.00006 | 0.00007 | 0.00009 | 0.00013
EENS(MWH/yr) | 0464 | 053 | 062 | 0817 | 1122

192




Table D.10: System reliability indices for the RBTS at different peak load levels (Case 3)

. Peak Load (MW)
System Indices 160 170 180 190 200
EENS (MWHyr) | 1.96735 | 4.83165 | 10.98032 | 30.01048 | 61.57405
SAIFI (interruptions | 50194 | 000993 | 0.02028 | 0.04705 | 0.05546
/delivery point)
SAIDI [()rc‘)ﬁ’t‘;'e“"ery 0.05256 | 0.12264 | 0.29784 | 0.75336 | 0.84096
Table D.11: RBTS load bus reliability indices at different peak load levels (Case 4)
Bus Indices Peak Load (MW)

NoO. 160 | 170 | 180 | 190 200

PLC i : i 0 0
ENLC(Lyr) i i | 0.00002 | 0.00002

2 [ELC(MW/y) : i i 0 0

EDNS (MW) : : : 0 0
EENS(MWHy) | - i i 0 0.001
PLC 0.00002 | 0.00006 | 0.00015 | 0.00041 | 0.00043
ENLC(L/yr) | 0.01016 | 0.03255 | 0.0788 | 0.19915 | 0.2071

3 [ ELC(MWIy) | 0099 | 0282 | 0645 | 168 | 3.9
EDNS (MW) | 0.00015 | 0.00045 | 0.00113 | 0.00321 | 0.00659
EENS(MWh/yr) | 1.273 | 3978 | 9.861 | 28.093 | 57.717

PLC 0 0 0 0 0
ENLC(1/yr) 0 | 0.00007 | 0.00019 | 0.00035 | 0.00053

4 [ ELC(MWIy) 0 0 0.001 | 0002 | 0.005
EDNS (MW) 0 0 0 0 | 0.00001
EENS(MWhiyr) | 0 0003 | 0009 | 0027 | 0061
PLC 0 0 0 0 | 0.00001
ENLC(L/yr) | 0.00289 | 0.00303 | 0.00333 | 0.00405 | 0.0057

5 [ ELC(MW/yn) | 0031 | 0.034 | 0037 | 0.043 | 0053
EDNS (MW) | 0.00002 | 0.00002 | 0.00002 | 0.00003 | 0.00004
EENS(MWH/yr) | 0.146 | 0.165 | 0192 | 0255 | 0.359
PLC 0.00111 | 0.00111 | 0.00111 | 0.00111 | 0.00112
ENLC(Uyr) | 110839 | 1.10875 | 1.10946 | 1.11124 | 1.11415

6 [ ELC(MW/yr) | 12.193 | 13.046 | 13.750 | 14.622 | 15.351
EDNS (MW) | 0.01219 | 0.01304 | 0.01375 | 0.01462 | 0.01536
EENS(MWH/yr) | 106.749 | 114.222 | 120.484 | 128.088 | 134.563
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Table D.12: System reliability indices for the RBTS at different peak load levels (Case 4)

. Peak Load (MW)
System Incices 160 170 180 190 200
EENS (MWH/yr) | 108.1684| 118.3680 | 130.5457 | 156.4631 | 192.7009
SAIFI (interruptions | 109 | 022888 | 0.23836 | 0.26296 | 0.2655
/delivery point)
SAIDI r()rc‘;f]’t‘;'e“"ery 1.97976 | 2.04984 | 2.20752 | 2.66304 | 2.73312

Tables D.13-D.14 show the load bus and system reliability indices based on the
MRBTS base case analysis. Tables D.15-D.16 present these reliability indices based on
the factor analysis of the MRBTS base case. Tables D.17-D.20 give the reliability

indices based on two remedial modification actions.

Table D.13: MRBTS load bus reliability indices at different peak load levels

Bus Indices Peak Load (MW)
No. 260 280 300 320 340
PLC - - - - -
ENLC(L/yr) - - - - -

2 ELC(MW/yr) - - - - -
EDNS (MW) - - - - -
EENS(MWh/yr) - - - - -

PLC 0.00004 | 0.00011 | 0.00061 | 0.00214 | 0.00346
ENLC(1/yr) 0.0634 | 0.15002 | 0.67712 | 2.27907 | 3.59401

3 ELC(MW/yr) 1.356 2.85 8553 | 27.651 | 65.213
EDNS (MW) | 0.00073 | 0.00183 | 0.00688 | 0.02475 | 0.06057
EENS(MWh/yr) | 6.365 | 16.024 | 60.271 | 216.775 | 530.599

PLC 0 0 0 0 0.00001
ENLC(L/yr) | 0.00002 | 0.00013 | 0.0015 | 0.00515 | 0.01248

4 ELC(MW/yr) 0 0.001 0.009 | 0.044 0.136
EDNS (MW) 0 0 0 0.00002 | 0.00007
EENS(MWh/yr) 0 0.005 | 0.042 | 0.206 0.635

PLC 0 0 0 0.00001 | 0.00001
ENLC(1/yr) | 0.00051 | 0.00187 | 0.00602 | 0.0146 | 0.02656

5 ELC(MW/yr) 0.001 | 0.012 0.056 | 0.161 0.327
EDNS (MW) 0 0.00001 | 0.00003 | 0.00008 | 0.00017
EENS(MWh/yr) | 0.007 | 0.055 | 0.251 | 0.732 1.485

PLC 0.00116 | 0.00117 | 0.00117 | 0.00118 | 0.00119
ENLC(L/yr) | 1.23148| 1.24131 | 1.25057 | 1.26239 | 1.28307

6 ELC(MW/yr) | 22193 | 23.821 | 25.683 | 27.59 | 29.532
EDNS (MW) | 0.02094 | 0.02245 | 0.02416 | 0.02588 | 0.02763
EENS(MWh/yr) | 183.445| 196.699 | 211.6 | 226.715 | 242.052
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Table D.14: System reliability indices for the MRBTS at different peak load levels

. Peak Load (MW)

System Incices 260 280 300 320 340
EENS (MWHyr) | 180.816 | 212.782 | 272.164 | 444.428 | 774.771
SAIF (interruptions | oegng | 097867 | 0.38704 | 0.71224 | 0.98322
/delivery point)

SA'D'SC‘E’SG“VGW 21024 | 2.24256 | 3.11856 | 5.83416 | 8.18184

Table D.15: MRBTS load bus reliability indices (factor analysis)

BUS lli’ez;lé Generation Failures Transmission Failures
o}
No. (MW) PLC ENLC EENS PLC ENLC EENS
260 - - - - - -
280 - - - - - -
2 300 - - - - - -
320 - - - - - -
340 - - - - - -
260 0 0 0 0.00003 | 0.05535 6.248
280 0 0 0 0.0001 | 0.12649 | 15.419
3 300 0 0.00002 0.002 0.00061 | 0.58615 | 58.481
320 0 0.00111 0.122 0.00213 1.963 213.707
340 | 0.00011 | 0.03603 4.974 0.00335 | 3.0614 | 521.641
260 - - - 0 0.00001 0
280 - - - 0 0.00008 0.003
4 300 - - - 0 0.00124 0.029
320 - - - 0 0.00439 0.164
340 0 0.00001 0.001 0.00001 | 0.01091 0.549
260 - - - 0 0.00046 0.007
280 - - - 0 0.00171 0.055
5 300 - - - 0.00001 | 0.01344 0.731
320 - - - 0 0.00553 0.251
340 - - - 0.00001 | 0.02437 1.48
260 - - - 0.00116 | 1.06347 | 183.445
280 - - - 0.00117 | 1.07254 | 196.699
6 300 - - - 0.00117 | 1.08109 | 211.599
320 0 0 0 0.00118 | 1.09188 | 226.708
340 0 0.00001 0.001 0.00119 | 1.1098 | 241.983
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Table D.15: MRBTS load bus reliability indices (factor analysis) (continued)

BUS lli’ez;lé Generation Failures Transmission Failures
o}
No. (MW) PLC ENLC EENS PLC ENLC EENS
260 - - - - - -
280 - - - - - -
2 300 - - - - - -
320 - - - - - -
340 - - - - - -
260 | 0.00004 | 0.0634 6.365 0.00001 | 0.00805 0.117
280 | 0.00011 | 0.15002 | 16.024 | 0.00001 | 0.02353 0.605
3 300 | 0.00061 | 0.67712 | 60.271 0 0.09095 1.788
320 | 0.00214 | 2.27907 | 216.775 | 0.00001 | 0.31496 2.946
340 | 0.00346 | 3.59401 | 530.599 0 0.49658 3.984
260 0 0.00002 0 - - -
280 0 0.00013 0.005 - - -
4 300 0 0.0015 0.042 - - -
320 0 0.00515 0.206 - - -
340 | 0.00001 | 0.01248 0.635 0 0.00156 0.085
260 0 0.00051 0.007 - - -
280 0 0.00187 0.055 - - -
5 300 0 0.00602 0.251 - - -
320 | 0.00001 | 0.0146 0.732 - - -
340 | 0.00001 | 0.02656 1.485 - - -
260 | 0.00116 | 1.23148 | 183.445 - - -
280 | 0.00117 | 1.24131 | 196.699 - - -
6 300 | 0.00117 | 1.25057 211.6 - - -
320 | 0.00118 | 1.26239 | 226.715 0 0.17051 0.007
340 | 0.00119 | 1.28307 | 242.052 0 0.17326 0.068

Table D.16: System reliability indices for the MRBTS (factor analysis)

Peak Generation Failures Transmission Failures
(IK/IO\?/]I) EENS | SAIFI SAIDI EENS | SAIFI SAIDI
260 0 0 0 189.699 | 0.22 2.08
280 | 0.00015 0 0 212.174| 0.24 2.23
300 | 0.00158 0 0 270.361| 0.33 3.12
320 | 0.12177 0 0 441.309| 0.61 5.82
340 | 497549 | 0.01 0.2 765.652| 0.84 7.99
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Table D.16: System reliability indices for the MRBTS (factor analysis) (continued)

Peak Total Generation and Overlapping Generation and
Load Transmission Failures Transmission Failures
(MW)| EENS | SAIFI | SAIDI | EENS | SAIFI SAIDI
260 | 189.816 | 0.259 2.1 0.11695 | 0.035 0.02
280 | 212.782 | 0.279 224 10.60786| 0.039 0.02
300 | 272.164 | 0.387 312 |1.80209| 0.052 0
320 | 444.428 | 0.712 583 299684 | 0.097 0.02
340 | 774.771 | 0.983 8.18 |4.14289| 0.135 0
Table D.17: MRBTS load bus reliability indices at different peak load levels (Case 1)
Bus Indices Peak Load (MW)
No. 260 280 300 320 340
PLC - - - - -
ENLC(1/yr) - - - - -

2 ELC(MW/yr) - - - - -
EDNS (MW) - - - - -
EENS(MWh/yr) - - - - -

PLC 0 0 0 0.00001 | 0.00002
ENLC(L/yr) | 0.00005 | 0.00051 | 0.00395 | 0.02111 | 0.0387

3 ELC(MW/yr) 0 0.005 | 0.041 | 0.206 0.593
EDNS (MW) 0 0 0.00002 | 0.00011 | 0.00031
EENS(MWh/yr) | 0.001 | 0.022 0.188 | 0.937 2.718

PLC - 0 0 0 0
ENLC(1/yr) - 0.00001 | 0.00028 | 0.00173 | 0.00648

4 ELC(MW/yr) - 0 0.002 | 0.012 0.056
EDNS (MW) - 0 0 0.00001 | 0.00004
EENS(MWhlyr) - 0.001 0.009 | 0.066 0.329

PLC 0 0 0 0 0
ENLC(L/yr) | 0.00185 | 0.00185 | 0.00185 | 0.00185 | 0.00186

5 ELC(MW/yr) 0.033 | 0.035 | 0.038 | 0.041 0.043
EDNS (MW) | 0.00002 | 0.00002 | 0.00002 | 0.00002 | 0.00002
EENS(MWh/yr) | 0.156 | 0.168 0.18 0.192 0.205

PLC 0 0 0 0 0.00001
ENLC(Ll/yr) | 0.00378 | 0.00378 | 0.00378 | 0.00379 | 0.00949

6 ELC(MW/yr) 0.068 | 0.073 | 0.078 | 0.084 0.105
EDNS (MW) | 0.00004 | 0.00004 | 0.00004 | 0.00004 | 0.00006
EENS(MWh/yr) | 0.316 | 0.338 | 0.363 | 0.388 0.538
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Table D.18: System reliability indices for the MRBTS at different peak load levels

(Case 1)
. Peak Load (MW)

System Indices 260 280 300 320 340

EENS (MWh/yr) | 0.47363 | 0.52901 | 0.74056 | 1.58369 | 3.79003

SAIFI (interruptions |, 53114 | 0,00123 | 0.00197 | 0.0057 | 0.01131

/delivery point)

SAIDI (hrs/delivery | 0 0 | 001752 | 0.05256
point)

Table D.19: MRBTS load bus reliability indices at different peak |oad levels (Case 2)

Bus Indices Peak Load (MW)

No. 260 | 280 | 300 | 320 340

PLC i i i i i
ENLC(L/yr) - - - - -

2 [ ELC(MWI/yr) i i i i i
EDNS (MW) i i i i i
EENS(MWh/yr) - - - - -

PLC 0.00004 | 0.00011 | 0.00061 | 0.00214 | 0.00346
ENLC(Lyr) | 0.06282 | 0.14908 | 0.67861 | 2.28992 | 3.61012

3 [ ELC(MW/yr) | 1.349 | 2.826 | 8521 | 27.695 | 65412
EDNS (MW) | 0.00072 | 0.00181 | 0.00684 | 0.02471 | 0.06048
EENS(MWh/yr) | 6.308 | 15.845 | 50.921 | 216.43 | 529.837

PLC 0 0 0 0 | 0.00001
ENLC(Lyr) | 0.00002 | 0.00013 | 0.0015 | 0.00516 | 0.01254

4 | ELC(MW/yr) 0 0001 | 0009 | 0044 | 0137
EDNS (MW) 0 0 0 | 0.00002 | 0.00007
EENS(MWhyr) | 0 0005 | 0.042 | 0206 | 0637

PLC 0 0 0 | 0.00001 | 0.00001
ENLC(Lyr) | 0.00235 | 0.00372 | 0.00788 | 0.01647 | 0.02844

5 [ ELC(MW/yr) | 0.035 | 0.048 | 0094 | 0202 | 037
EDNS (MW) | 0.00002 | 0.00003 | 0.00005 | 0.00011 | 0.00019
EENS(MWh/yr) | 0163 | 0222 | 0431 | 0924 | 1689

PLC 0 | 0.00001 | 0.00001 | 0.00002 | 0.00003
ENLC(Lyr) | 0.00578 | 0.01561 | 0.02489 | 0.03672 | 0.05741

6 | ELC(MW/yr) | 0085 | 0.144 | 0281 | 0464 | 068
EDNS (MW) | 0.00004 | 0.00008 | 0.00015 | 0.00024 | 0.00036
EENS(MWh/yr) | 039 | 0661 | 1282 | 2116 | 3.167
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Table D.20: System reliability indices for the MRBTS at different peak load levels

(Case 2)
. Peak Load (MW)
System Indices 260 280 300 320 340
EENS (MWh/yr) | 6.86124 | 16.73355 | 61.67561 | 219.6756 | 535.3304
SAIFI (interruptions | § 11419 | 0.03371 | 0.14258 | 0.46965 | 0.7417
/delivery point)
SAIDI éggf]’t‘;e“"ery 0.07008 | 0.21024 | 1.08624 | 3.80184 | 6.14952

Tables D.21-D.22 show the load bus and system reliability indices based on the
|IEEE-RTS base case analysis. Tables D.23-D.24 present these reliability indices based
on the factor analysis of the IEEE-RTS base case.

Table D.21: IEEE-RTS load bus reliability indices at different peak load levels

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC - - - - -
ENLC(1/yr) - - - - -
1 ELC(MW/yr) - - - - -
EDNS (MW) - - - - -
EENS(MWhlyr) - - - - -
PLC 0 0 0 0 0.00001
ENLC(L/yr) | 0.00001 | 0.00003 | 0.00092 | 0.00239 | 0.01403
2 ELC(MW/yr) 0 0.001 0.025 | 0.082 0.517
EDNS (MW) 0 0 0.00002 | 0.00008 | 0.00054
EENS(MWh/yr) | 0.001 | 0.006 | 0.198 | 0.695 4.728
PLC - 0 0 0 0.00001
ENLC(1/yr) - 0.00001 | 0.00026 | 0.00128 | 0.00765
3 ELC(MW/yr) - 0 0.013 | 0.058 0.419
EDNS (MW) - 0 0.00001 | 0.00005 | 0.00042
EENS(MWhlyr) - 0.002 0.098 | 0.466 3.642
PLC - - - - -
ENLC(1/yr) - - - - -
4 ELC(MW/yr) - - - - -
EDNS (MW) - - - - -
EENS(MWhlyr) - - - - -
PLC - - - - -
ENLC(1/yr) - - - - -
5 ELC(MW/yr) - - - - -
EDNS (MW) - - - - -
EENS(MWh/yr) - - - - -
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Table D.21: (Continued)

Bus Indices Peak Load (MW)
No. 2500 2600 2800 2900 3100
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00094 | 0.00094 | 0.00075 | 0.00075 | 0.0006
6 ELC(MW/yr) 0.061 | 0.063 | 0.051 | 0.053 0.044
EDNS (MW) | 0.00004 | 0.00004 | 0.00003 | 0.00003 | 0.00003
EENS(MWh/yr) | 0.341 | 0.352 | 0.287 | 0.299 0.245
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00004 | 0.00016 | 0.00041 | 0.00068 | 0.00097
7 ELC(MW/yr) 0 0.001 | 0.003 | 0.005 0.011
EDNS (MW) 0 0 0 0 0.00001
EENS(MWh/yr) | 0.001 | 0.004 | 0.016 | 0.028 0.061
PLC - - 0 0 0
ENLC(1/yr) - - 0.00004 | 0.00005 | 0.0004
8 ELC(MW/yr) - - 0 0.001 0.011
EDNS (MW) - - 0 0 0.00001
EENS(MWhlyr) - - 0.001 | 0.004 0.077
PLC 0.00011 | 0.00022 | 0.0008 | 0.00169 | 0.00504
ENLC(L/yr) | 0.09695 | 0.18262 | 0.63685 | 1.26297 | 3.53376
9 ELC(MW/yr) 5251 | 9.883 | 38.266 | 76.573 | 232.816
EDNS (MW) | 0.00604 | 0.01168 | 0.04851 | 0.10079 | 0.32555
EENS(MWhlyr) | 52.867 | 102.276 | 424.933 | 882.938 | 2851.79
PLC 0 0 0 0.00001 | 0.00004
ENLC(L/yr) | 0.00012 | 0.00026 | 0.00359 | 0.00874 | 0.03753
10 | ELC(MW/yr) 0.003 | 0.013 | 0.158 | 0.492 2.349
EDNS (MW) 0 0.00001 | 0.00015 | 0.00049 | 0.00254
EENS(MWh/yr) | 0.018 | 0.095 1341 | 4313 | 22.285
PLC - - 0 0 0
ENLC(L/yr) - - 0.00003 | 0.00022 | 0.00215
13 | ELC(MW/yr) - - 0.001 | 0.011 0.12
EDNS (MW) - - 0 0.00001 | 0.00011
EENS(MWhlyr) - - 0.009 0.08 0.99
PLC 0.00002 | 0.00003 | 0.00014 | 0.00029 | 0.00096
ENLC(L/yr) | 0.01481 | 0.02957 | 0.12051 | 0.24249 | 0.74876
14 | ELC(MWl/yr) 0.744 | 1.647 7.363 | 15.739 | 52.617
EDNS (MW) | 0.00077 | 0.00177 | 0.0085 | 0.0188 | 0.06697
EENS(MWhlyr) | 6.773 | 15.472 | 74.418 | 164.652 | 586.638
PLC 0.00006 | 0.00011 | 0.00044 | 0.00093 | 0.00285
ENLC(L/yr) | 0.05331 | 0.09683 | 0.36335 | 0.72366 | 2.08509
15 | ELC(MW/yr) 3.899 | 7.738 | 31.114 | 64.577 | 204.955
EDNS (MW) | 0.00427 | 0.00878 | 0.03757 | 0.08121 | 0.27458
EENS(MWh/yr) | 37.365 | 76.886 | 329.154 | 711.414 | 2405.29
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Table D.21: (Continued)

Bus Indices Peak Load (MW)
No. 2500 | 2600 | 2800 | 2900 | 3100
PLC 0.00001 | 0.00001 | 0.00007 | 0.00014 | 0.00047
ENLC(L/yr) | 0.00569 | 0.01232 | 0.05812 | 0.12035 | 0.38217
16 [ ELC(MW/yr) | 019 | 0407 | 2.085 | 4502 | 15546
EDNS (MW) | 0.00019 | 0.00043 | 0.0023 | 0.00522 | 0.01903
EENS(MWh/yr) | 1.635 | 3.733 | 20.177 | 45.711 | 166.734
PLC 0 0 | 0.00002 | 0.00005| 0.0002
ENLC(Uyr) | 0.00128 | 0.00406 | 0.02127 | 0.04557 | 0.16648
18 [ ELC(MW/yr) | 0074 | 021 | 1508 | 3716 | 14.253
EDNS (MW) | 0.00007 | 0.0002 | 0.00158 | 0.00402 | 0.01641
EENS(MWh/yr) | 0591 | 1772 | 13811 | 3525 | 143.711
PLC 0.00022 | 0.00038 | 0.00153 | 0.00285 | 0.008
ENLC(Uyr) | 0.18418 | 0.31539| 1.146 | 2.08174 | 556525
19 [ ELC(MW/yr) | 9.861 | 18.063 | 68.098 | 134.26 | 389.501
EDNS (MW) | 0.01166 | 0.02188 | 0.08888 | 0.1816 | 0.56215
EENS(MWh/yr) | 102.142 | 191.636 | 778.597 | 1590.83 | 4924.46
PLC 0 | 0.00001 | 0.00004 | 0.00009 | 0.00031
ENLC(Uyr) | 0.00318 | 0.00739 | 0.03828 | 0.0815 | 0.25813
20 [ ELC(MW/yr) | 0111 | 0295 | 1628 | 3.755 | 13.16
EDNS (MW) | 0.00011 | 0.00029 | 0.00179 | 0.00425 | 0.01587
EENS(MWh/yr) | 0.955 | 2.561 | 15683 | 37.25 | 139.001

Table D.22: System reliability indices for the IEEE-RTS at different peak load levels

System Indices Peek Load (MW)
2500 | 2600 | 2800 | 2900 | 3100
EENS (MWhiyr) | 202.689 | 394.792 | 1658.73 | 3473.91 | 11249.6
SAIFI (interruptions | 55159 | 003821 | 0.14061 | 0.26896 | 0.75312

/delivery point)

SA'D'F()gﬁ/t‘;e""ery 0.21642 | 0.39162 | 1.56649 | 3.11753 | 9.21861

Table D.23: IEEE-RTS load bus reliability indices (factor analysis)

Bus Peak Generation Failures Transmission Failures
No. (kﬂo\;a\t/i) PLC ENLC EENS PLC ENLC EENS

2500 | 0.00011 | 0.09389 | 52.837 - - -

2600 | 0.00022 | 0.17669 | 102.194 - - -

9 | 2800 | 0.0008 | 0.61521 | 424.644 - - -

2900 | 0.00169 | 1.21779 | 882.432 - - -

3100 | 0.00503 | 3.4003 | 2850.386 - - -
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Table D.23: (Continued)

BUS Peak Generation Failures Transmission Failures

No. (k/lo\ﬁ) PLC ENLC EENS PLC ENLC EENS
2500 | 0.00002 | 0.01437 6.773 - - -
2600 | 0.00003 | 0.0286 15.467 - - -

14 | 2800 | 0.00014 | 0.11653 | 74.366 - - -
2900 | 0.00029 | 0.2344 | 164.512 - - -
3100 | 0.00096 | 0.72274 | 586.217 - - -
2500 | 0.00006 | 0.05169 37.35 - - -
2600 | 0.00011 | 0.09376 | 76.845 - - -

15 | 2800 | 0.00044 | 0.35119 | 328.922 - - -
2900 | 0.00093 | 0.69859 | 710.964 - - -
3100 | 0.00285 | 2.00884 | 2404.127 - - -
2500 | 0.00022 | 0.17803 | 102.06 - - -
2600 | 0.00038 | 0.30509 | 191.513 - - -

19 | 2800 | 0.00153 | 1.10561 | 778.156 - - -
2900 | 0.00285 | 2.00564 | 1590.093 - - -
3100 0.008 5.3516 | 4922.242 - - -

Table D.23: IEEE-RTS |load bus reliability indices (factor analysis) (continued)

B Peak Total Generation and Overlapping Generation and

us . : 2 .

No. Load Transmission Failures Transmission Failures
(MW) PLC ENLC EENS PLC ENLC EENS
2500 | 0.00011 | 0.09695 | 52.867 - - -
2600 | 0.00022 | 0.18262 | 102.276 - - -

9 | 2800 | 0.0008 | 0.63685 | 424.933 - - -
2900 | 0.00169 | 1.26297 | 882.938 - - -
3100 | 0.00504 | 3.53376 | 2851.79 - - -
2500 | 0.00002 | 0.01481 6.773 - - -
2600 | 0.00003 | 0.02957 | 15.472 - - -

14 | 2800 | 0.00014 | 0.12051 74.418 - - -
2900 | 0.00029 | 0.24249 | 164.652 - - -
3100 | 0.00096 | 0.74876 | 586.638 - - -
2500 | 0.00006 | 0.05331 | 37.365 - - -
2600 | 0.00011 | 0.09683 | 76.886 - - -

15 | 2800 | 0.00044 | 0.36335 | 329.154 - - -
2900 | 0.00093 | 0.72366 | 711.414 - - -
3100 | 0.00285 | 2.08509 | 2405.29 - - -
2500 | 0.00022 | 0.18418 | 102.142 - - -
2600 | 0.00038 | 0.31539 | 191.636 - - -

19 | 2800 | 0.00153 1.146 778.597 - - -
2900 | 0.00285 | 2.08174 | 1590.83 - - -
3100 0.008 5.56525 | 4924.46 - - -
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Table D.24: System reliability indices for the IEEE-RTS (factor analysis)

Peak Generation Failures Transmission Failures
(kﬂo\;a\t/j) EENS | SAIFI SAIDI EENS | SAIFI SAIDI
2500 | 202.219 | 0.02 0.22 |0.67059 0 0
2600 | 394.185 | 0.037 0.39 |0.69345 0 0
2800 | 16574 | 0.136 157 |0.74685 0 0
2900 | 3471.69 | 0.259 3.12 0.7776 0 0
3100 | 11243.8 | 0.725 9.21 |0.83502 0 0

Table D.24: System reliability indices for the IEEE-RTS (factor analysis) (continued)

Peak Total Generation and Overlapping Generation and
Load Transmission Failures Transmission Failures
(MW)| EENS SAIFI SAIDI EENS | SAIFI SAIDI
2500 | 202.689 | 0.0212 0.22 0 0.0007 0
2600 | 394.792 | 0.0382 0.39 0 0.001 0
2800 | 1658.73 | 0.1406 1.57 0.588 0.005 0
2900 | 3473.91 | 0.269 3.12 [1.44208| 0.01 0
3100 | 11249.6 | 0.7531 9.22 [4.96972| 0.028 0.01

Tables D.25-D.26 show the load bus and system reliability indices based on the
MRTS base case anaysis. Tables D.27-D.28 present these reliability indices based on
the factor analysis of the MRTS base case. Tables D.29-D.32 give the reliability indices
based on two remedia modification actions.

Table D.25: The MRTS load bus reliability indices at different peak load levels

Bus Indices Peak Load (MW)
No. 4700 4900 5100 5300 5500
PLC - - - - -
ENLC(1/yr) - - - - -

1 ELC(MW/yr) - - - - -
EDNS (MW) - - - - -
EENS(MWh/yr) - - - - -

PLC - - - 0 0
ENLC(1/yr) - - - 0.00003 | 0.0002

2 ELC(MW/yr) - - - 0.002 0.006
EDNS (MW) - - - 0 0
EENS(MWhlyr) - - - 0.009 0.034

PLC 0 0.00001 | 0.00002 | 0.00005 | 0.00013
ENLC(L/yr) | 0.00132 | 0.00897 | 0.02941 | 0.05639 | 0.15275

3 ELC(MW/yr) 0.011 | 0.092 0.347 1.154 2.967
EDNS (MW) | 0.00001 | 0.00008 | 0.00028 | 0.00095 | 0.00248
EENS(MWh/yr) | 0.068 | 0.661 2.433 8.327 | 21.684
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Table D.25: (Continued)

Bus Indices Peak Load (MW)
No. 4700 4900 5100 5300 5500
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00005| 0.0002 | 0.00051 | 0.00051 | 0.00086

4 ELC(MW/yr) 0.002 | 0.007 | 0.016 | 0.028 0.048
EDNS (MW) 0 0 0.00001 | 0.00001 | 0.00002
EENS(MWh/yr) | 0.009 | 0.031 | 0.067 0.12 0.207

PLC 0 0 0.00001 | 0.00003 | 0.00002
ENLC(L/yr) | 0.00138 | 0.00239 | 0.00727 | 0.02789 | 0.01942

5 ELC(MW/yr) 0.083 0.12 0.207 | 0.346 0.505
EDNS (MW) | 0.00009 | 0.00012 | 0.00021 | 0.00035 | 0.00053
EENS(MWh/yr) | 0.765 1.085 1.845 | 3.069 4.685

PLC 0.00038 | 0.00052 | 0.00053 | 0.00074 | 0.00082
ENLC(L/yr) | 0.51841 | 0.71509 | 0.72444 | 1.01775 | 1.13428

6 ELC(MW/yr) 8.028 | 12204 | 17.923 | 24.257 | 32.728
EDNS (MW) | 0.00577 | 0.00881 | 0.01294 | 0.01752 | 0.02365
EENS(MWh/yr) | 50.564 | 77.169 | 113.388 | 153.513 | 207.158

PLC - - - - -
ENLC(1/yr) - - - - -

7 | ELC(MW/yr) - - - - -
EDNS (MW) - - - - -
EENS(MWh/yr) - - - - -

PLC 0 0 0 0 0
ENLC(L/yr) 0.0007 | 0.00086 | 0.002 | 0.00275 | 0.00539

8 ELC(MW/yr) 0.016 | 0.036 | 0.069 | 0.114 0.205
EDNS (MW) | 0.00002 | 0.00003 | 0.00006 | 0.00009 | 0.00015
EENS(MWh/yr) | 0.137 | 0.294 | 0526 | 0.821 1.348

PLC 0 0 0.00001 | 0.00002 | 0.00009
ENLC(1/yr) | 0.00142 | 0.0039 | 0.01129 | 0.03435| 0.1156

9 ELC(MW/yr) 0.093 0.29 0941 | 3.347 | 11.296
EDNS (MW) | 0.00005 | 0.00018 | 0.00062 | 0.00229 | 0.00824
EENS(MWhlyr) | 0.45 1618 | 5398 | 20.031 | 72.153

PLC 0 0 0.00001 | 0.00002 | 0.00008
ENLC(L/yr) | 0.00026 | 0.00204 | 0.00761 | 0.02757 | 0.08778

10 | ELC(MW/yr) 0.01 0.056 | 0.273 1.233 4.085
EDNS (MW) | 0.00001 | 0.00004 | 0.0002 | 0.00103 | 0.00354
EENS(MWh/yr) | 0.046 | 0.318 1.779 | 8986 | 31.032

PLC - - 0 0 0
ENLC(1/yr) - - 0.00004 | 0.00021 | 0.00137

13 | ELC(MW/yr) - - 0.001 | 0.013 0.098
EDNS (MW) - - 0 0.00001 | 0.00006
EENS(MWhlyr) - - 0.006 | 0.061 0.498
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Table D.25: (Continued)

Bus Indices Peak Load (MW)
No. 4700 | 4900 | 5100 | 5300 | 5500
PLC 0 0 | 0.00001 | 0.00006 | 0.00025
ENLC(L/yr) | 0.00059 | 0.00382 | 0.02228 | 0.0911 | 0.35847
14 [ ELC(MW/yr) | 0021 | 0157 | 0.956 | 4507 | 16.395
EDNS (MW) | 0.00001 | 0.00009 | 0.00057 | 0.00285 | 0.0108
EENS(MWh/yr) | 0.105 | 0.78 | 4957 | 24.952 | 94.639
PLC 0 0 0 | 0.00001 | 0.00002
ENLC(L/yr) | 0.00008 | 0.00058 | 0.00313 | 0.01054 | 0.03206
15 [ ELC(MW/yr) | 0.009 | 0.065 | 0.309 | 1183 | 4.113
EDNS (MW) | 0.00001 | 0.00004 | 0.0002 | 0.00079 | 0.00284
EENS(MWh/yr) | 0.052 | 0.363 | 1747 | 694 | 24.907
PLC 0 0 0 | 0.00001 | 0.00002
ENLC(L/yr) | 0.00003 | 0.00033 | 0.00219 | 0.00891 | 0.03301
16 [ ELC(MW/yr) | 0.00L | 0015 | 0097 | 0441 | 1699
EDNS (MW) 0 | 0.00001 | 0.00006 | 0.00028 | 0.00114
EENS(MWh/yr) | 0.0056 | 0.077 | 0522 | 2462 | 10.008
PLC 0 0 0
ENLC(Uyn) 0.00001 | 0.00002 | 0.00012
18 | ELC(MW/yr) 0 | 0002 | 0011
EDNS (MW) 0 0 | 0.00001
EENS(MWh/yn) 0.00L | 0.009 | 0.061
PLC 0 0 | 0.00002 | 0.00006 | 0.00018
ENLC(Lyr) | 0.00177 | 0.00719 | 0.02624 | 0.08582 | 0.24097
19 [ ELC(MW/yr) | 0138 | 0.628 | 2507 | 8.197 | 24.642
EDNS (MW) | 0.00009 | 0.00042 | 0.00171 | 0.00586 | 0.01823
EENS(MWh/yr) | 0.788 | 3.653 | 15021 | 51.294 | 159.699
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00003 | 0.0001 | 0.00049 | 0.00127 | 0.00314
20 [ ELC(MW/yr) | 0001 | 0007 | 0.052 | 0.087 | 0238
EDNS (MW) 0 0 | 0.00003 | 0.00004 | 0.00013
EENS(MWh/yr) | 0008 | 0.029 | 0.256 | 0.391 | 1.119
Table D.26: System reliability indices for the MRTS at different peak load levels
System Indices Peek Load (MW)
4700 | 4900 | 5100 | 5300 | 5500
EENS (MWhiyr) | 52.9923 | 86.0771 | 147.947 | 280.985 | 629.232
SAIFI (interruptions | 4394 | 0,04385 | 0.04923 | 0.0803 | 012855
/delivery point)
SAIDI gﬁ{ge“"ery 0.19581 | 0.27311 | 0.31433 | 0.51529 | 0.82962
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Table D.27: MRTS load bus reliability indices (factor analysis)

BUS Peak Generation Failures Transmission Failures
No. (IK/IO\?/]I) PLC ENLC EENS PLC ENLC EENS
4700 - - - 0 0 0.004
4900 - - - 0 0.00104 0.056
3 | 5100 - - - 0.00001 | 0.00107 0.895
5300 - - - 0.00003 | 0.00637 4.683
5500 0 0.00002 0.001 0.00011 | 0.02355 | 13.302
4700 0 0.00001 0 0.00038 | 0.17647 | 50.563
4900 0 0.00011 0.004 0.00052 | 0.24501 | 77.587
6 | 5100 0 0.0015 0.047 0.00052 | 0.24531 | 113.286
5300 | 0.00001 | 0.01731 0.59 0.00072 | 0.33765 | 152.592
5500 | 0.00008 | 0.11694 5.543 0.00073 | 0.33897 | 200.193
4700 0 0.00053 0.226 0 0.00038 0.216
4900 0 0.00231 1.102 0 0.00056 0.33
9 | 5100 | 0.00001 | 0.00923 4.801 0 0.00058 0.465
5300 | 0.00002 | 0.0313 19.01 0 0.00088 0.736
5500 | 0.00008 | 0.10867 | 70.262 0 0.00138 1.205
4700 - - - 0 0.00004 0.03
4900 - - - 0 0.00016 0.113
10 | 5100 - - - 0 0.00044 0.322
5300 0 0.00004 0.01 0.00001 | 0.00084 2.957
5500 0 0.0001 0.033 0.00005 | 0.00324 | 10.475
4700 0 0.0002 0.035 0 0.00009 0.033
4900 0 0.00188 0.371 0 0.00015 0.117
14 | 5100 | 0.00001 | 0.01202 2.566 0 0.00226 1.118
5300 | 0.00004 | 0.05572 | 15.871 | 0.00001 | 0.0116 4,527
5500 | 0.00021 | 0.27593 | 69.914 | 0.00001 | 0.01192 13
4700 0 0.00008 0.052 - - -
4900 0 0.00058 0.365 - - -
15 | 5100 0 0.00309 1.755 - - -
5300 | 0.00001 | 0.01041 6.999 - - -
5500 | 0.00002 | 0.03184 | 25.146 - - -
4700 0 0.00003 0.005 - - -
4900 0 0.00032 0.075 - - -
16 | 5100 0 0.00208 0.517 - - -
5300 | 0.00001 | 0.00887 2.446 - - -
5500 | 0.00002 | 0.03206 9.855 - - -
4700 0 0.00176 0.794 - - -
4900 0 0.00711 3.693 - - -
19 | 5100 | 0.00002 | 0.02602 | 15.128 - - -
5300 | 0.00006 | 0.0844 51.588 - - -
5500 | 0.00018 | 0.23695 | 160.686 - - -

206




Table D.27: MRTS load bus reliability indices (factor analysis) (continued)

B Peak Total Generation and Overlapping Generation and

us . : 9 .

No. Load Transmission Failures Transmission Failures
(MW) PLC ENLC EENS PLC ENLC EENS
4700 0 0.00132 0.068 - - -
4900 | 0.00001 | 0.00897 0.661 - - -

3 | 5100 | 0.00002 | 0.02941 2.433 - - -
5300 | 0.00005 | 0.05639 8.327 - - -
5500 | 0.00013 | 0.15275 | 21.684 | 0.00002 | 0.12918 8.381
4700 | 0.00038 | 0.51841 | 50.564 0 0.34193 0.001
4900 | 0.00052 | 0.71509 | 77.169 0 0.46997 | -0.422

6 | 5100 | 0.00053 | 0.72444 | 113.388 | 0.00001 | 0.47763 0.055
5300 | 0.00074 | 1.01775 | 153.513 | 0.00001 | 0.66279 0.331
5500 | 0.00082 | 1.13428 | 207.158 | 0.00001 | 0.67837 1.422
4700 0 0.00142 0.45 0 0.00051 0.008
4900 0 0.0039 1.618 0 0.00103 0.186

9 | 5100 | 0.00001 | 0.01129 5.398 0 0.00148 0.132
5300 | 0.00002 | 0.03435 | 20.031 0 0.00217 0.285
5500 | 0.00009 | 0.1156 72.153 | 0.00001 | 0.00555 0.686
4700 0 0.00026 0.046 - - -
4900 0 0.00204 0.318 - - -

10 | 5100 | 0.00001 | 0.00761 1.779 - - -
5300 | 0.00002 | 0.02757 8.986 0.00001 | 0.02669 6.019
5500 | 0.00008 | 0.08778 | 31.032 | 0.00003 | 0.08444 | 20.524
4700 0 0.00059 0.105 0 0.0003 0.037
4900 0 0.00382 0.78 0 0.00179 0.292

14 | 5100 | 0.00001 | 0.02228 4.957 0 0.008 1.273
5300 | 0.00006 | 0.0911 24.952 | 0.00001 | 0.02378 4554
5500 | 0.00025 | 0.35847 | 94.639 | 0.00003 | 0.07062 | 11.725
4700 0 0.00008 0.052 - - -
4900 0 0.00058 0.363 - - -

15 | 5100 0 0.00313 1.747 - - -
5300 | 0.00001 | 0.01054 6.94 - - -
5500 | 0.00002 | 0.03206 | 24.907 - - -
4700 0 0.00003 0.005 - - -
4900 0 0.00033 0.077 - - -

16 | 5100 0 0.00219 0.522 - - -
5300 | 0.00001 | 0.00891 2.462 - - -
5500 | 0.00002 | 0.03301 | 10.008 - - -
4700 0 0.00177 0.788 - - -
4900 0 0.00719 3.653 - - -

19 | 5100 | 0.00002 | 0.02624 | 15.021 - - -
5300 | 0.00006 | 0.08582 | 51.294 - - -
5500 | 0.00018 | 0.24097 | 159.699 - - -
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Table D.28: System reliability indices for the MRTS (factor analysis)

Peak Generation Failures Transmission Failures
(kﬂo\;a\t/j) EENS | SAIFI | SAIDI | EENS | SAIFI SAIDI
4700 | 1.12801 | 0.0002 0 51.7414| 0.01 0.2
4900 | 5.66044 | 0.0007 0 79.4955 | 0.015 0.27
5100 | 24.9456 | 0.003 0.02 |118.692| 0.015 0.28
5300 | 96.8427 | 0.012 0.08 |169.919| 0.021 0.41
5500 | 342.638 | 0.047 0.3 249.435| 0.023 0.48
Table D.28: System reliability indices for the MRTS (factor analysis) (continued)

Peak Total Generation and Overlapping Generation and
Load Transmission Failures Transmission Failures
(MW)| EENS | SAIFI SAIDI EENS | SAIFI SAIDI
4700 | 52.9923 | 0.031 0.2 0.12295| 0.02 0
4900 | 86.0771 | 0.044 0.27 10.92116| 0.029 0.01
5100 | 147.947 | 0.049 031 |4.30926| 0.031 0.02
5300 | 280.985 | 0.08 052 |14.2236| 0.047 0.03
5500 | 629.232 | 0.129 0.83 |37.1588| 0.059 0.04
Table D.29: MRTS load bus reliability indices at different peak load levels (Case 1)
Bus Indices Peak Load (MW)
No. 4700 4900 5100 5300 5500
PLC 0 0 0 0 0.00001
ENLC(1/yr) 0.002 | 0.00243 | 0.00932 | 0.00766 | 0.02455
3 ELC(MW/yr) 0.046 0.05 0.129 | 0.152 0.595
EDNS (MW) | 0.00002 | 0.00002 | 0.00006 | 0.00008 | 0.00035
EENS(MWh/yr) | 0.175 | 0.186 | 0562 | 0.671 3.058
PLC 0 0 0 0 0.00001
ENLC(L/yr) | 0.00252 | 0.00276 | 0.00314 | 0.00408 | 0.01042
6 ELC(MW/yr) 0.081L | 0.045 | 0.093 | 0.095 1.109
EDNS (MW) | 0.00005 | 0.00003 | 0.00006 | 0.00006 | 0.00073
EENS(MWhlyr) | 0.429 0.25 0.496 0.52 6.404
PLC 0 0 0.00001 | 0.00002 | 0.00008
ENLC(1/yr) | 0.00056 | 0.00267 | 0.00937 | 0.03148 | 0.10505
9 ELC(MW/yr) 0042 | 0204 | 0814 | 3.102 | 10.183
EDNS (MW) | 0.00003 | 0.00013 | 0.00054 | 0.00213 | 0.00725
EENS(MWhlyr) | 0.228 1.156 4.77 18.646 | 63.516
PLC 0 0 0 0 0.00001
ENLC(L/yr) | 0.00001 | 0.0006 | 0.00027 | 0.00111 | 0.00892
10 | ELC(MW/yr) 0.001 | 0.052 0.011 | 0.108 1.014
EDNS (MW) 0 0.00003 0 0.00006 | 0.00063
EENS(MWh/yr) | 0.002 | 0.267 0.041 | 0.533 5.537
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Table D.29: (Continued)

Bus Indices Peak Load (MW)
No. 4700 4900 5100 5300 5500
PLC 0 0 0 0.00001 | 0.00006
ENLC(L/yr) | 0.00006 | 0.00063 | 0.00464 | 0.02202 | 0.09022
14 | ELC(MW/yr) 0.002 | 0.021 | 0.161 | 0.887 4.503
EDNS (MW) 0 0.00001 | 0.00009 | 0.00053 | 0.0029
EENS(MWh/yr) | 0.008 | 0.105 | 0.827 | 4.676 | 25.437
PLC 0 0 0 0.00001 | 0.00003
ENLC(1/yr) | 0.00008 | 0.00059 | 0.00316 | 0.01079 | 0.0385
15 | ELC(MW/yr) 0.009 | 0066 | 0313 | 1.213 6.532
EDNS (MW) | 0.00001 | 0.00004 | 0.0002 | 0.00081 | 0.00445
EENS(MWh/yr) | 0.052 | 0.365 | 1.765 | 7.108 | 38.991
PLC 0 0 0 0.00001 | 0.00002
ENLC(L/yr) | 0.00002 | 0.00031 | 0.00232 | 0.00878 | 0.03249
16 | ELC(MW/yr) 0.001 | 0.017 | 0.106 | 0.479 1.887
EDNS (MW) 0 0.00001 | 0.00007 | 0.00031 | 0.00128
EENS(MWh/yr) | 0.004 | 0.088 | 0573 | 2728 | 11.176
PLC 0 0.00001 | 0.00002 | 0.00007 | 0.00019
ENLC(1/yr) | 0.00183 | 0.00736 | 0.02709 | 0.09103 | 0.259
19 | ELC(MW/yr) 0.14 0642 | 2593 | 8705 | 26.975
EDNS (MW) | 0.00009 | 0.00043 | 0.00178 | 0.00622 | 0.02005
EENS(MWh/yr) | 0.797 | 3.727 | 15557 | 54.456 | 175.633

Table D.30: System reliability indices for the MRTS at different peak load levels (Case 1)

System Indices Peek Load (MW)
4700 4900 5100 5300 5500
EENS (MWh/yr) | 1.71035 | 6.38566 | 24.7577 | 89.6787 | 333.74
SAIF (interruptions |, 5046 | 0,00109 | 0.00355 | 0.01053 | 0.03405

/delivery point)
SAIDI (hrs/defivery | 5| 00515 | 0.01546 | 0.06184 | 0.21127
point)
Table D.31: MRTS load bus reliability indices at different peak load levels (Case 2)

Bus Indices Peak Load (MW)
No. 4700 4900 5100 5300 5500
PLC - 0 0 0 0.00001
ENLC(Lyr) - 0.00017 | 0.00026 | 0.00181 | 0.0106
3 ELC(MW/yr) - 0.006 | 0.004 | 0.027 0.144
EDNS (MW) - 0 0 0.00002 | 0.0001
EENS(MWh/yr) - 0.032 | 0.021 | 0.149 0.849
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Table D.31: (Continued)

Bus Indices Peak Load (MW)
No. 4700 4900 5100 5300 5500
PLC 0 0 0 0 0
ENLC(L/yr) | 0.00029 | 0.00031 | 0.00027 | 0.00148 | 0.00536
6 ELC(MW/yr) 0.003 | 0.002 | 0.002 | 0.013 0.061
EDNS (MW) 0 0 0 0.00001 | 0.00004
EENS(MWh/yr) | 0.014 | 0.009 0.01 0.062 0.326
PLC 0 0 0.00001 | 0.00002 | 0.00008
ENLC(L/yr) | 0.00057 | 0.00257 | 0.00987 | 0.03326 | 0.11342
9 ELC(MW/yr) 0041 | 0202 | 0835 | 3.235 | 11.149
EDNS (MW) | 0.00003 | 0.00013 | 0.00056 | 0.00221 | 0.00812
EENS(MWh/yr) | 0.228 1.135 | 4.866 19.39 | 71.093
PLC 0 0 0 0.00001 | 0.00003
ENLC(L/yr) | 0.00003 | 0.00029 | 0.0016 | 0.00904 | 0.03109
10 | ELC(MW/yr) 0.001 | 0.007 | 0.047 | 0.306 1.463
EDNS (MW) 0 0 0.00003 | 0.00023 | 0.00122
EENS(MWh/yr) | 0.005 | 0.037 | 0.278 | 2.023 | 10.672
PLC 0 0 0.00001 | 0.00006 | 0.00023
ENLC(L/yr) | 0.00052 | 0.00365 | 0.01935 | 0.08779 | 0.33421
14 | ELC(MW/yr) 0015 | 0131 | 0856 | 4.202 | 15.463
EDNS (MW) | 0.00001 | 0.00008 | 0.00052 | 0.00268 | 0.01018
EENS(MWh/yr) | 0.08 0.67 4525 | 23.478 | 89.158
PLC 0 0 0 0.00001 | 0.00002
ENLC(L/yr) | 0.00009 | 0.00059 | 0.00315 | 0.01064 | 0.03263
15 | ELC(MWl/yr) 0.009 | 0.066 | 0.312 1.204 4.192
EDNS (MW) | 0.00001 | 0.00004 | 0.0002 | 0.0008 | 0.00288
EENS(MWh/yr) | 0.052 | 0.365 1757 | 7.016 | 25212
PLC 0 0 0 0.00001 | 0.00002
ENLC(L/yr) | 0.00004 | 0.00036 | 0.00221 | 0.00893 | 0.03362
16 | ELC(MWl/yr) 0.001 | 0.016 | 0.103 | 0.448 1.737
EDNS (MW) 0 0.00001 | 0.00006 | 0.00028 | 0.00117
EENS(MWh/yr) | 0.006 0.08 0.547 2.49 10.208
PLC 0 0 0.00002 | 0.00006 | 0.00018
ENLC(1/yr) 0.0018 | 0.00735 | 0.02676 | 0.0872 | 0.24439
19 | ELC(MWl/yr) 0.14 0.641 | 2545 8.31 24.973
EDNS (MW) | 0.00009 | 0.00042 | 0.00173 | 0.0059 | 0.01838
EENS(MWh/yr) | 0.794 | 3.698 | 15.156 | 51.707 | 161.05
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Table D.32: System reliability indices for the MRTS at different peak load levels (Case 2)

. Peak Load (MW)
System Indices 776572900 | 5100 | 5300 | 5500
EENS (MWhiyr) | 1.19595 | 6.10424 | 27.3781 | 106.99 | 370.615
SAIF (interruptions | 53059 | 0,00094 | 0.00382 | 0.01428 | 0.04788
/delivery point)
SAIDI (hrslaelivery | 0 | 002061 | 00876 | 0.29372
point)
SARI
el 0 0 | 539824 | 6.13471 | 6.13423
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