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ABSTRACT 

The research work reported in this thesis deals with the application of 
probabilistic methods to adequacy assessment at hierarchical level I (HLI) 
with due considerations given to operating criteria. In a conventional 
adequacy assessment at HLI, generating unit models are lumped regardless 
of their need or order to form an equivalent capacity model. The capacity 
model is examined to determine its adequacy to meet the total system load 
requirement. In this technique, generating units are assumed to be in their 
operating states unless on forced outage states. In practice, a generating unit 
is taken in service, if it is needed. 

An attempt has been made in this thesis to illustrate the impact of 
operating considerations in adequacy assessment at HLI. Existing analytical 
methods and mathematical models are employed in this research work and 
they have been enhanced and improved wherever required to do so. A 
four-state model of a generating unit can include the operating considerations 
such as loading order, duty cycle and start-up failures. A technique to modify 
four-state models to reflect the operating factors has been developed and 
illustrated in this thesis. 

A technique has been developed to estimate adequacy indices with the 
help of multi-period indices. In practice, all generating units are not utilized 
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during an entire period and, therefore, a capacity model cannot be valid for 
an entire period. A study period is divided into multiple short periods. Each 
short period is then utilized to include the operating factors of a unit. Several 
load models have been utilized to determine the impacts of load modeling in 
adequacy assessments. 

A new probabilistic margin approach has been developed to assess risk 
and required margin in a system. The probabilistic margin approach 
evaluates static reserve capacity and margin for a given risk criterion. 

Four-state models can be modified in two ways to represent units with 
energy limitations. One method is developed based upon a peak shaving 
approach. The second method proposes a four-state model where the 
generating unit data are modified by the expected allotted energy of the unit. 
Two representative test systems are used throughout the thesis to provide 
numerical examples. 
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1. INTRODUCTION 

1.1. Preview 

Electric power plays an important role in our everyday life. A 

continuous supply of electric energy is essential for the orderly running of our 

commercial and industrial facilities. Power outages, depending on the 

duration, may cause discomfort, lost production, interruption of rapid transit 

systems and widespread anarchy and looting in large cities. The primary 

goal of electric utilities is to supply electrical energy as economically as 

possible with a minimum number of interruptions. The tasks of electrical 

system designers and operators are to achieve a reliable electric supply at a 

reasonable rate for its customers. Reliability in a power system generally 

refers to the quality and continuity of electric supply. In reality, it is not 

possible to achieve one hundred percent reliable power supply due to random 

failures in a system. The number of power interruptions in a system, 

however, can be decreased with additions in generation, transmission and 

distribution facilities and following preventive maintenance. An increase in 

capacity and redundancy requires capital investment. The cost of reliability 

should be judged against the worth of reliability. 

System planners and designers have been attempting to utilize different 

techniques [1,2,3] to assess system reliability for the past 60 years. 

Reliability assessments are performed to examine the merits of alternate 

designs and system configurations. Reliability evaluations are utilized in 

order to assess the ability of the system to satisfy customer load points under 

different operating conditions. A number of techniques [4,5,6,7] are available 

to perform reliability assessments in electric power systems. 
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1.1.1. Adequacy and Security 

System reliability is divided into two general domains of system 

adequacy and system security [8]. Adequacy is related to the existence of 

sufficient facilities within the system in order to provide continuous supply of 

energy to the customer points. Adequacy is, therefore, associated with steady 

state conditions. Security relates to the ability of the system to respond to 

disturbances arising within the system due to contingencies or load 

fluctuations. Security is, therefore, associated with the response of the 

system to disturbances. 

1.1.2. Hierarchical Levels 

Power systems, due to their complexity and size, are generally divided 

into three functional zones: generation, transmission, and distribution. This 

division is essential for the successful planning and operating of a power 

system. Adequacy studies are conducted in all three functional zones. 

A progressive grouping of the functional zones, designated as 

hierarchical levels [8] is shown in Figure 1.1. Hierarchical level I (HLI) is 

related to the generation facilities. Hierarchical level II (HLII), besides 

generation components, includes the transmission facilities. Hierarchical 

level III (HLIII) contains all three functional zones. Extensive studies are 

normally conducted on both HLI and HLII. HLIII studies are not commonly 

conducted due to the size of the problem and data requirements in a practical 

system. 
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Figure 1.1. Hierarchical levels in power system reliability evaluation. 

1.1.3. Adequacy Assessment At Hierarchical Level I 

Adequacy assessment at HLI examines the ability of a total generation 

system to meet its load. A simplified system model, as shown in Figure 1.2. , 

is often used to perform adequacy assessment at HLI. In this model, the total 

system generation is represented by an equivalent unit. All customer load 

points are lumped together to form an equivalent load. Transmission 

facilities are considered as fully reliable. 

Adequacy assessments at HLI can also be performed by an alternate 

approach known as the equivalent load method [9]. In this method, each 

generating unit is combined with the load. The capacity of the unit is viewed 

as a negative load. This method is specially suitable for systems with energy 

limited units. 
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Figure 1.2. Conventional generating system model. 

1.1.4. Reliability Indices 

One of the main objectives of an HLI study is to estimate sufficient 

generating capacity to satisfy the system demand. Most of the methods used 

in the past to estimate capacity requirements were based on deterministic 

criteria such as percentage reserve or the largest unit method [10]. 

Deterministic criteria do not recognize the stochastic nature of system 

components. Probabilistic techniques incorporate the stochastic nature of 

system components in the evaluation process in a consistent manner. 

Probabilistic techniques respond to the actual factors that influence system 

reliability. 

The results of a reliability assessment are usually summarized using 

reliability indices. Reliability indices give system managers a quantitative 

basis for making decisions. The commonly used reliability indices 

corresponding to HLI, are loss of load expectation (LOLE), loss of energy 

expectation (LOEE) and the frequency and duration (F&D) [10]. LOLE is 

defined as the expected number of days (or hours) during which the daily (or 

hourly) peak load will exceed the available generating capacity [11]. This 

index does not provide any information as to the severity of the loss. LOLE is 
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the most widely used index in HLI study due to its simplicity. LOEE is the 

expected energy not supplied by the generating system due to the load 

exceeding the available generating capacity [11]. This index indicates the 

severity of deficiencies rather than just the number of events. F&D indices 

indicate the expected frequency of encountering a deficiency and the expected 

duration of the deficiency [12-15]. F&D indices contain physical 

characteristics which provide useful information to all hierarchical level 

studies. F&D methods have not been utilized frequently in HLI studies. 

However, F&D techniques have been extensively utilized in the thesis due to 

their close relationships with the two important aspects of failures: how often 

and for how long. 

The basic elements required for a reliability assessment are a suitable 

capacity model and a load model. These two models are combined to form a 

risk model. Reliability indices are obtained from the risk model. Capacity 

and load models may be formed either with individual states or with 

cumulative states. 

Figure 1.3 [11] shows a schematic of reliability assessment in a 

conventional manner. Reliability assessment at HLI can also be performed 

by utilizing a feedback from the risk model to the generation model. 

Reliability assessment with a feedback is shown in Figure 1.4. The feedback 

path can provide system operating information to the capacity model. The 

system operating information can be utilized to obtain the needed and not 

needed rate of a generating unit before the unit is added to the capacity 

model. This feedback approach is utilized in this thesis. 
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Figure 1.3. Conventional conceptual tasks for HLI evaluation [11]. 

Figure 1.4. Modified conceptual tasks for HLI evaluation. 
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1.2. Objectives and Scope of the Thesis 

In order to develop capacity models, generating units are represented by 

suitable models. A generating unit model usually consists of a number of 

output states and their corresponding probabilities. The most commonly 

used generating unit model consists of two states, full capacity output state 

and zero output state. A two-state model, however, does not contain any 

information related to system operation. A two-state unit model contains up 

and down state probabilities and provides forced outage rate (FOR) of the 

unit. FOR can be defined as the probability of finding a unit unavailable at 

some time in the future. 

Billinton & Jain have utilized a four-state model to represent rapid start 

units in 1972 [16]. A four-state Markov model recommended in 1972 by an 

IEEE Task Group [17] provides a representation of a thermal unit in cycling

operation. The four-state Markov model can be utilized to obtain the 

conditional probability of a unit not being available given a demand occasion 

has been developed. This conditional probability can replace the traditional 

FOR. Besides the conventional data required for a two-state model, this 

four-state model requires additional information on 'start-up failure 

experiences', 'average reserve shut-down time' and 'average in-service time 

per occasion of demand'. Later, Allan and Nunes [18] applied the four-state 

model to short-term reliability evaluation. In 1981, Patton et al. [19] 

developed a recursive method for generating system reliability evaluation 

based on the four-state model. In this model, collected data on 'average 

reserve shut-down time' and 'average in-service time per occasion of demand' 

are not used. Instead, unit needed and not needed rates are obtained using 
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risk indices. In 1983, Wang et al. [20] modified the four-state model proposed 

by an IEEE Task Group by adding a transition from reserve shut-down state 

to down state. This transition occurs in some thermal generating units 

during peaking and cycling operations. 

The required level of margin in a system affects the needed and not 

needed rates of the units in a system. A technique has been developed to 

include probabilistic margin in a four-state model. The inclusion of a 

probabilistic margin modifies the needed and not needed rates of the unit in a 

system. 

Modified four-state models can be used to represent base load as well as 

peak load units. A technique has been developed to represent energy limited 

units with the help of four-state models. The details of the proposed 

techniques are illustrated in this thesis. 

A modified four-state model recognizes the operating considerations and 

utilizes it to modify needed and not needed rates of a unit. This type of model 

is appropriate for adequacy assessments at HLI with proper emphasis given 

to operating considerations. In conventional adequacy assessments, a unit is 

assumed to run unless it is in a forced outage state. In a practical power 

system, units are utilized to meet the demand when required, otherwise, 

units are put in reserve shut-down states. 

The research work documented in this thesis extends the application of 

quantitative reliability analysis in practical power system configurations. 

Adequacy evaluation techniques have been proposed to include operating 

parameters such as duty cycles, loading orders and unit start-up failures. 

Two test systems, the IEEE-Reliability Test System (IEEE-RTS) [21] and the 
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Roy Billinton Test system (RBTS) [22] have been utilized to provide 

numerical examples. 

This thesis is organized as follows. 

Chapter 1 provides an introduction and the objectives and scope of the 

thesis are discussed. In Chapter 2, the concepts of power system reliability 

adequacy assessment are discussed. This chapter presents conventional 

Markovian models for generating units and further shows how a generating 

model can be developed recursively. The different types of load models are 

presented in this chapter. All possible combinations of generating (capacity) 

models and load models which result margin states, i.e. general form of risk 

models, are discussed in this chapter. Modified four-state models are 

introduced and illustrated in chapter 3. Numerical examples are provided to 

illustrate the modified four-state model parameters using two test systems. 

Details of needed and not needed rates of units and effect of start-up failure 

probability on a risk model are illustrated in this chapter. 

A set of techniques and algorithms to perform adequacy assessment 

using modified four-state models is illustrated in Chapter 4. Two different 

techniques for adequacy assessments namely, deterministic margin approach 

and probabilistic margin approach, are described in this chapter. A set of 

risk indices such as LOLE, F & D, and LOEE are assessed for the two test 

systems with different load models using modified four-state models. 

Generating units, specially hydro units are often energy limited as far as 

their sources are concerned. Modeling techniques of energy limited units are 

discussed in Chapter 5. Two techniques to evaluate adequacy with energy 

limited units are presented in Chapter 5. One method utilizes a peak 
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shaving approach with modified four-state models. In the second approach, 

the forced outage rate and failure and repair rates of an energy limited unit 

are modified to account for energy shortage. Chapter 6 presents the 

conclusions of this research work. 



2. CONCEPTS OF POWER SYSTEM RELIABILITY 

ADEQUACY ASSESSMENT 

2.1. Introduction 

Conventional power system reliability evaluations at HLI normally 

employ generating unit as capacity models and load models to assess 

reliability indices. Analytical approaches attempt to analyze system 

adequacy and reliability using probabilistic models. Probabilistic load and 

generating unit models utilize stochastic behavior of power system 

components. An adequacy study at HLI usually takes three steps. 

Step 1: A capacity outage probability table (COPT) is developed. The 

table is also known as a capacity model and describes the magnitude and 

probability of capacity outage states. It may be extended to contain upward 

and downward transition rates and frequency of state occurrences. 

Step 2: A load model is derived by collecting the data containing 

occurrences and duration of peak loads over a specified time period. The 

recorded data may be analyzed with different techniques to yield different 

load models. 

Step 3: A margin model is obtained by combining the capacity and load 

models. Margin models lead to the evaluation of the probability, frequency, 

as well as duration of capacity deficiencies or surplus capacity. 
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2.2. Power System Component Modeling 

Power system components are represented by suitable models for 

various system studies induding reliability studies. The nature and the 

complexity of these models depend on the type of study. For reliability 

studies, a component model is usually developed from the operating history of 

the component. 

The operating history of a component is collected over a long period of 

time. The length of the time that a component remains at a certain state is 

called residence time [12]. It is usually assumed that residence times of 

power system component states are exponentially distributed, and therefore, 

can be modeled as Markov processes. A transition from one state to another 

is assumed to occur randomly, however, the probability of making the 

transition is the same over the entire period. This phenomenon is refered to 

as a memoryless process. 

2.2.1. Two-State Model 

A two-state Markovian process is the most common representation of a 

generating unit. In this model, a generating unit may either be in the up 

state and deliver its rated capacity or be in the down state with zero output. 

It is assumed that the mean up time or mean time to failure (MTTF), and the 

mean down time or the mean time to repair (MTTR), are constant as 

mentioned before. The transition rates which are the reciprocal of the 

residence times are, therefore, constant. Mean cycle times of a two-state 

model [12] are shown in Figure 2.1 and defined as follows. 
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Figure 2.1. The operating history of a generating unit [12]. 

m = MTTF = mean time to failure, 

r = MTTR = mean time to repair, and 

T = MTBF = mean time between failure. 

The state probabilities of the two-state model as shown in Figure 2.2 are 

given by Equations 2.1a and 2.1b [11]. 

1-t -(20-µ)t P(up) =  — e 
X+ 11 

P(down) = --),X+11 - 
AX
+µe" (X+1A 

where, 

=1/m = number of failures per unit time and 

= Ilr = number of repairs per unit time. 

For a long duration, when t.-5 co, the state probabilities in Equations 

2.1a and 2.1b become limiting state probabilities and are expressed as 

A = P(up) 
m 

x+g m+r 

U =P(down) _ 
A. 

= 
x+µm+r 

(2.2a) 

(2.2b) 
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Figure 2.2. Two-state model. 

where A = availability and U = unavailability. 

The probability of finding a unit in the down state at some time in the 

future is usually called the forced outage rate (FOR) and can be estimated 

from Equation 2.2b. 

Down time FOR - Down time+Eup time (2.3) 

The frequency (f) of encountering each state is defined as the reciprocal 

of the cycle time. 

f _ 1 _ 1 241. 
T m+r (2.4) 

Equation 2.4 can be rearranged using Equations 2.2a and 2.2b and 
expressed as 

f = P(up)2‘ = P(down)µ. (2.5) 
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Equation 2.5 emphasizes that the frequency of encountering each state is 

equal to the product of the state probability and its departure rate. 

2.2.2. Multi-State Models 

Large thermal units usually contain many auxiliary components and, 

therefore, may reside in states other than fully up or down. These units 

cannot be adequately represented by a two-state model. A derated state 

model can be used to represent large thermal units. 

The simplest derated state model for a large unit consists of three states. 

A three state model with a derated state [11] is shown in Figure 2.3. The 

up-state and down-state represent the full capacity and zero output 

respectively. The derated state represents a partial output due to component 

failure(s). The steady state probabilities of the states are shown below [11]. 

P(up)= a I A ; a = 1131A21+11311324L23.1121 (2.6a) 

P(derated)= 0 / A ; i3 = X13.1123+A42.1123-1442.1131 (2.6b) 

P(down)=y/ A ; y = X121 32+2 13.X21-la131 32 (2.6c) 

where, A = a-1-13-1-7 

All possible transition rates in a three-state model are shown in Figure 

2.3. In practice, some transition rates may not exist. For example, a 

component in the down state will usually be repaired completely and put to 

the up state. The transition from the down state to the derated state (1.1.23) is, 

therefore, not meaningful. This fact is taken into consideration in a slightly 

modified three-state model shown in Figure 2.4. 
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Figure 2.3. A three-state model [11]. 

Figure 2.4. A simplified three-state model. 
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2.3. Generating Capacity Models 

At HLI, all available generating units irrespective of their locations are 

combined to form an equivalent multi-state unit. Transmission and 

distribution are considered to be fully reliable for computational purposes. 

Generating capacity models can be formed by utilizing either limiting-state 

probabilities or time-dependent probabilities Limiting-state probabilities are 

used for adequacy assessments, and the resulting capacity model is normally 

referred to as a static generating capacity model. Time-dependent 

probabilities are used for spinning reserve and security assessments. 

A generating capacity model of a system can be formed by using a 

recursive algorithm [11]. In a recursive algorithm, a unit is added at a time 

and the capacity model is modified. The process continues until all units are 

added. The resulting capacity model is usually called a capacity outage 

probability table (COPT). 

In a conventional capacity model, state probabilities of a unit are not 

modified irrespective of the needed rate of the unit concerned. A modified 

capacity model can, however, be formed by modifying the state probabilities 

of the units with their respective rates of need. 

2.3.1. Individual State Capacity Models 

A generalized individual state capacity model consists of individual 

state probability Pg(x), and effective departure rates to higher and lower 

capacity states, 24(x) and LW, associated with a capacity outage of x. The 
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capacity model can be obtained using a recursive algorithm. The probability 

of a capacity outage state and the departure rates can be expressed as [11]: 

pg(x) = (1- U).p'g (x)+U.pi (x - c) 

g
+(x)  

p' (x)(1- U)X4(x)+ p'g (x - c).U.[X'+ (x - c)+ 

pg (x) 

(x) = 
pg (x) 

p'g (x)(1- U)[Xf_(x)+ X] + p'g(x-c).U.XL(x - c) 

Where, 

c = capacity of the unit being added in MW, 

U = unavailability of the unit being added, 

x = capacity outage in MW. 

It should be noted that ; 

pi(x-c). 0 ;x<c 

X4(x-c)=0 ;x <c 

(2.7a) 

(2.7b) 

(2.7c) 

The prime indicates the parameter of the COPT prior to the addition of 

the current unit. The procedure is initiated by forming a COPT for the first 

unit. The COPT can be utilized to evaluate the frequency fg(x), and duration 

dg(x), associated with a capacity outage of x in the following manner [11]. 

fg (X) = Pg (X).[X+ (X) + (X)] 

dg(x) = PfPgt 

(2.8a) 

(2.8b) 
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2.3.2. Cumulative State Capacity Models 

Cumulative probability of a capacity outage state of x MW can be 

obtained from Equations 2.7a to 2.7c, if the cumulative states are substituted 

by individual states. In this case the procedure is initialized as follows: 

P'(x) =1 ; x50 

P'(x) = 0 ; x>0 

where P'(x) is the cumulative state probability before unit addition. 

Alternately, a cumulative state capacity model can be obtained based on 

an individual state capacity model [11]. 

Pg(x) = Pg(y)+Pg(x) (2.9a) 

where capital letters indicate the cumulative state and y is referred to a 

capacity just larger than x MW. The cumulative frequency and duration 

associated with x MW on outage are expressed as [11]: 

Fg(x) = Fg(y)+Pg(X).[X+(x)-A,..(x)] 

Dg(x) = 

2.3.3. Models With Derated states 

(2.9b) 

(2.9c) 

Generating units with derated states can be incorporated in a capacity 

model using a recursive algorithm. A general n multi-state generating unit 

model is shown in Table 2.1. 
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Table 2.1. General multi-state model 

state 
i 

Capacity 
outage 

Ci 

probability 

Pi 

upward 
transition 

rate 
24(Ci) 

downward 
transition 

rate 
X-(Ci) 

1 C1 P1 A.-1-(Ci) 24.-(C1) 

2 C2 P2 )+(C2) 2t,-(C2) 

. . • • • • . 

n en Pn Lgen) 21-(Cn) 

Equations 2.7a to 2.7c are modified when a multi-state unit is added to a 

capacity model. The modified equations [11] are shown below. 

Pa(x). Ep'g(x 
i=1 

x± (x) In_ Pg (x Ci )13i (x ci) + X±(Ci 

Pg (x) 

(2.10a) 

(2.10b) 

It should be noted that Equations 2.10a and 2.10b will reduce to 

Equations 2.7a to 2.7c when n = 2. 

2.4. Load Models 

Besides a capacity model, a proper load model is also required to 

evaluate reliability indices. A load model can be convolved with a capacity 

model to evaluate LOLE, LOEE as well as frequency & duration of margin 

states. 
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Basically, two types of load model are used, individual state and 

cumulative state. Individual state load models are the most commonly used 

models. A cumulative state load model is also known as a load duration 

curve (LDC). The area under a LDC with hourly load values represents the 

energy supplied during the period. When daily peak load values are used, the 

model is known as daily peak load variation curve (DPLVC). 

2.4.1. Individual State Load Models 

In an individual state load model, the sequence of daily peak loads are 

assumed to be a stationary, random process. A Markov chain model may be 

applied to consider the peak load sequence [13]. A basic individual state load 

model suggested in Reference 13 is shown in Figure 2.5. The model consists 

of a random sequence of N load levels Li, each of a constant mean duration of 

e days. The element e is also known as exposure factor [11]. Each day also 

contains a fixed low load level, Lo, with duration of (1-e) days. In this model, 

each daily peak load must pass through the low load level Lo. A brief 

description of a typical individual state load model is given in Table 2.2. 

Alternative Load Model 

In the individual state load model, each day the system must pass 

through a low load level. If the system goes directly from one peak load to the 

next one, a different model will result [13]. This type of load sequence is 

shown in Figure 2.6. In this case, the exposure factor is normally one day. 

The probability, upward and downward load departure rates of state i may be 

developed in the following manner. 
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Figure 2.5. Individual state load model [13]. 

Table 2.2. Summary of individual state load model. 

Number of load levels N, fixed integer 
Description of load levels Li, i = 1, 2, ..., N [MW] 
Number of occurrences of Li ni 
Period D = Eni [days] 

Peak load 

Li 

Low load 

L0 
Mean duration e 1-e 
Probability ni.e P(L0) = 1-e P(Li) = D 
Upward departure rate 4(14) = 0 1 

A-1(1-43) = 1-e 
Downward departure rate 2t...(Li) = 1 71,_(1_0) = 0 

Frequency f(-,i) = 11:23i, f(L0) = 1 
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Figure 2.6. Alternative load model [13]. 

. 1 '=—N •i=1 N "' "' 

N-1 

L i N-i 
1 - N-1 

In the case of identical states, these states must be merged into an 

equivalent state, L as the states are assumed to be ordered from the highest 

peak load state, k to the lowest one j, i.e. k>j. 

k k+1-i PL = Pi - (2.12a) N 

„ j-1 
= N-1 (2.12b) 

N-k 
= N-1 (2.12c) 
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2.4.2. Cumulative State Load Models 

A load model may be formed in a cumulative state without 

consideration of an exposure factor, e. In this model, load is specified as 

being in one of the two states shown in Figure 2.7 [15]. State one is the 

event that the load is grater than or equal to an arbitrary load level, L and 

state two is the event that the load is less than L. The two basic parameters 

obtained by this load model are the probabilities and frequencies of the two 

states . 

The probability that the load is greater than or equal to L is just the load 

duration curve which has already been discussed. The load-frequency 

characteristics relationship is obtained by counting the number of transitions 

from state 2 to state 1 divided by the given load cycle, for a range of values of 

L. The general shape of a load-frequency curve for a certain load cycle is 

shown in Figure 2.8. The frequency will be zero for loads lower than the 

minimum or higher than the maximum levels. 

2.5. Margin States 

A combination of capacity and load states results in margin states. 

Margin is equal to available capacity minus load. In adequacy assessment at 

HLI, a margin may usually be added to a system in order to examine the 

system ability to satisfy unforeseen load changes. Figure 2.9 shows the 

relationship between margin, capacity and load, where 

m = margin in MW, 

C = installed capacity in MW, 
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Figure 2.7. Cumulative state load model [15]. 

Figure 2.8. Load-frequency characteristic. 
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X = Capacity on outage in MW, and 

L = load in MW. 

The available capacity is equal to the installed capacity minus capacity 

on outage and, therefore, margin can be expressed as 

m = C-X-L. 

It can be seen from Figure 2.9 that a loss of load situation occurs when 

L > C-X-m. 

As noted earlier, a margin model can be developed by convolving a 

capacity model with a load model. Since capacity models and load models can 

be expressed either in cumulative or individual state models, margin models 

can be formed as cumulative or individual state models. A cumulative state 

margin model contains all states with margin less than or equal to a specified 

margin, for example m. 

C 

C-X 

L 

X[OUT] 

t m = C -X -L 

Figure 2.9. The relationships between margin, capacity and load. 
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2.5.1. Individual Margin States 

Individual state capacity and load models can be convolved to form an 

individual state margin model. An individual state margin model usually 

made up of margin states, margin state probabilities and transition rates to 

higher and lower margin states. Mathematically, margin can be expressed as 

mk = ci-lj. (2.13) 

where k, i and j refer to the margin, available capacity and load states, 

respectively. In terms of capacity on outage, x and the total capacity, C, 

Equation (2.23) can be modified as 

mk = 

The probability of the individual margin state mk is : 

P(mk) = P .1) 1

where 

p = individual probability of capacity state i, and 

= individual probability of load state j. 

Transition rates from margin state ink are calculated as follows. 

tk = X±i Aqj 

where, 

X.±i = transition rates from capacity state i to state with greater or 

lesser capacities, and 

(2.14) 

(2.15) 

(2.16) 

XTj = transition rates from load state j to lower or higher load levels. 
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The frequency of encountering an individual margin state is: 

fk = p(mk) a+k + (2.17) 

Different combinations of capacity and load states may result in 

identical margin states. Identical margin states can be merged to form an 

equivalent margin state mr„ as follows [13]. 

P(mL) = p(in ) -1 i 

f(mL) = 

El_  P(ini) 
P(mL) 

(2.18a) 

(2.18b) 

(2.18c) 

The probability and transition rates in Equations 2.18a and 2.18c may be 

used in the evaluation of cumulative margin frequencies. 

2.5.2. Cumulative Margin States 

Cumulative margin states contain all states with margin less than or 

equal to the specified margin, m. The probability and frequency of 

cumulative margin states can be evaluated in three ways. 

Approach 

A cumulative state capacity model can be convolved with an individual 

state load model to form a cumulative margin state model. Assume that 

m = margin of m MW or less, 

1 = individual load of 1 MW, 
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c = individual capacity of c MW and 

G = cumulative capacity of G MW or less, (G) = (c S l+m). 

For a given cumulative margin state, the probability and frequency, Pm

and Fm, are calculated as follows [13]. 

Pm = EPpPG 
1 

Fm = EP' [FG PG(X-1— X+1)] 
1 

(2.19a) 

(2.19b) 

where, 

Pi = probability of individual state load model, 

PG = probability of cumulative state capacity of G MW or less, and 

FG = frequency of cumulative state capacity of G MW or less. 

Approach II 

A cumulative margin state model can be developed by convolving an 

individual state capacity model with a cumulative state load model [15]. The 

appropriate indices, probability, frequency as well as mean duration of 

cumulative margin states, P(m), F(m) and D(m) are as follows. 

P(m) = pg(x).PL(L (2.20a) 
x=0 

F(m) = Pg(x)(Fig-?- C-x-m*X+(x) - X-(x)1+FL(L z C-x-m) } and (2.20b) 
x=0 
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D(m) = Fon) , (2.20c) 

where x is capacity on outage, C is the installed capacity and PL as well 

as FL are the probability and frequency of the cumulative state L. 

Approach ILL 

Individual margin state probabilities and frequencies can be combined to 

form a cumulative state margin model in the following manner. 

Pm = Pmi.i+Pk and 

Fm = Fm+i+Pka.+K - X-K), 

(2.21a) 

(2.21b) 

where m+1 refers to the cumulative state with known probability and 

frequency, and K is the state which is being combined to form the cumulative 

margin state m. The process starts from the last state, in which the 

individual and cumulative values are the same. 

2.6. Loss of Load Expectation 

Loss of load expectation (LOLE) is one of the basic risk indices and 

widely used criterion for adequacy assessment at hierarchical level I (HLI). 

LOLE is defined as the expected number of days (or hours) during which 

system load exceeds its available generating capacity. LOLE does not 

indicate the magnitude or severity of capacity deficiencies. LOLE can be 

expressed as [11] 

n 
LOLE = XPi(ci —1i) , 

i=1 

where 
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n = number of days (hours), 

ci = available capacity on day (hour) i, 

i = forecast peak load on day (hour) i, and 

= probability of loss of load on day (hour) i. 

LOLE can also be obtained using margin states. The probability of the 

first negative cumulative margin state indicates the LOLE, if an individual 

state load model is used to create a margin model. If a cumulative state load 

model is applied to create a margin model, the probability of zero margin 

indicates the LOLE. 

2.7. Loss of Energy Expectation 

Loss of energy expectation (LOEE) index usually indicates the severity 

of capacity deficiency in a system. For n capacity outage states, LOEE may 

be calculated as [11]. 

LOEE = iEk Pk 
k=1 

where 

Ek = energy not supplied due to a capacity outage state k, and 

Pk = probability of capacity outage state k. 

(2.22) 

In order to compare the adequacy of systems with different sizes, a 

normalized LOEE may be obtained. 

LOEEpu — 
LOEE

(2.23) 

where E is the total energy under the load duration curve. An energy index 

of reliability, EIR, is also utilized to indicate the adequacy of a system. 
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EIR = 1-LOEEpu (2.24) 

Expected unsupplied energy (EUE) in terms of system minutes (SM) is 

used by Ontario Hydro [10]. EUE is expressed as 

LOEE (MW111)  60 [SM]. EUE— Peak Load (MW) 

2.8. Summary 

(2.25) 

The basic issues and models related to power system reliability 

evaluation at HLI have been discussed in this chapter. A recursive algorithm 

for building a capacity outage probability table for both individual and 

cumulative states has been discussed. All generating units have been 

assumed to be in their operating states unless on forced or scheduled outage 

states, regardless of their needed or not needed rates. A risk model in the 

generalized form of margin states can be obtained by convolving a capacity 

model with an appropriate load model. It has also been illustrated how 

reliability indices such as LOLE, LOEE, frequency as well as duration of 

capacity outages can be obtained from a margin model as special cases. 



3. FOUR-STATE MODELS 

3.1. Introduction 

Conventional techniques for generating capacity reliability evaluation 

utilize two-state models for generating units. In a two-state model, the 

transition rates are not modified with the needed rate of the unit. A 

four-state model can be utilized to include needed and not needed rates of a 

generating unit. In a four-state model, the conditional probability of a unit 

being on forced outage given a demand occasion is utilized instead of the 

conventional forced outage rate. An IEEE task group developed a four-state 

model with the following considerations [17]. 

1. The model uses currently available data, 

2. the model incorporates starting failure events, 

3. the model can be used with already existing methods for reliability 

evaluations, and 

4. it is relatively easy to use. 

This four-state model utilizes available operating statistics in order to 

modify unit parameters such as FOR. Three approaches for analyzing the 

four-state model are examined in this chapter. 

33 
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3.2. Basic Approach 

A four-state model based on the considerations mentioned in the 

previous section is shown in Figure 3.1. The time domain is divided into two 

parts in the model: 1) needed domain and 2) not needed domain. 

The symbols used in Figure 3.1 are defined as follows. 

T = average reserve shutdown time between periods of need exclusive 

of periods for maintenance or other planned unavailability, 

D = average in-service time per occasion of demand, 

m = average in-service time between occasion of forced outages 

excluding forced outages as a result of failure to start, 

r = average repair time per forced outage occurrence and 

Ps = start-up failure probability. 

The four states of the model are: 

(1) unit available but not needed or reserve shutdown, 

(2) forced out but not needed, 

(3) in service when needed, and 

(4) forced out during a period of need. 

It is assumed that all of the above parameters are obtained from 

regularly reported data. The probability of each state is derived using a set of 

differential equations [17] shown in Equation 3.1. 
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Figure 3.1. A four-state model [17]. 

—1 
T 

1 
r 

1 
D 

Pi(0 0 
1 

—(-1 +— 0 
1)(t) r 

T) 

P3 (t) 1—Ps 1 1 
Pa (t)_ 

0 —(—m+—D) 

Ps 1 1 

or [P'(t)] = [A]•[ P(t)] 

where 

0 

1 
D 

1 

Pi(t)-

P2(t) 

[P3 (0 

P4 (0_ 

(3.1) 
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[V(01 = [ PY1 [ Do)] — P2(0 

14 (t) 

P3(t) ' - — p3(t) 

Pi(t) pi (t) 

P4 (t)

and 

—1 

T 
1 

r 
1 

D 
0 

1 —(-1 + T —) 
r 

0 

[A] = 1—Ps 
0 1 1 —(— + --) 

T m D 
Ps 1 1 1 
T r m 

pi (t) = probability of state i at time t and 

14(0 = first derivative of pi (t) at time t. 

For a steady-state solution, 

[P'(t —) oo)] = [0], and 

= Urn [Pn (t —*°°)] 

Noting that: 

Pi+P2+P3+P4 = 1, 

the solution of [A].[p] = [0] yields [17]; 

P1 = T/r( 1/r+1/T+1/m+1/D)/A 

P2 = (1/M+Ps/D)/A 

p3 = [D(1/r+1/T)+1-Ps]/A 

P4 = D(1/r+1/T)(1/m+Ps/D)/A 

where, 

(3.2) 

A = T/r(l/r+1/T+1/m+1/D)+(l/m+Ps/D)[1+D(1/r+1/1)]+(l/r)[D(1/r+1/T)+1-Ps] 
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3.2.1. Evaluation Of Modified And Conventional Forced Outage Rates 

The conditional probability of the unit being in service, given a demand 

occasion, is called modified availability (MA). The MA for the four-state 

model can be obtained utilizing the state probabilities. 

MA- ) (3.3a) P3+P4 

The conditional probability that the unit will not be available given a 

demand has occurred, is called modified forced outage rate (MFOR) and can 

be expressed as 

MFOR - P4
P3+P4 

MFOR can be expressed in terms of average residence times as [17]: 

MFOR — (1/r+1/T)(D/m+Ps) 
1/r[D(1/r+1/T)+1]+D/m(l/r+1M+Psfr 

(3.3b) 

(3.4) 

A more convenient estimate of MFOR can be made directly from the 

available data. The probability that the unit is in service when needed (P3) 

can be obtained using the operating history of the unit [17]. 

/Service time  SH P3 — 
/Available time+aorced outage time — AH+FOH 

and 

P2+P4 
FOH 

AH+FOH 

(3.5) 

(3.6) 

where SH, FOH and AH are service time (hours), forced outage time 

(hours) and available time (hours) respectively. MFOR can be expressed in 

terms of forced outage and service hours as [17] 
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MFOR -  MF.(P2+P4) (MF)(FOH) 
P3+MF.(P2+P4) SH+(MF)(FOH) 

where 

P4 MF = P2+134 - (1/r+la) / (1/D+1/r+la) 

(3.7) 

(3.8) 

The modifying factor MF, serves as a weighting factor of FOH to reflect 

the cumulative forced outage duration during the periods of demand. The 

conventional availability (A) and forced outage rate (FOR) may also be 

derived from this model. 

P3 A - 
P2+P3+P4 

PFOR -
2+P4 

P2+P3+P4 

3.2.2. Probability and frequency of needed and not needed 

domains of a unit 

(3.9a) 

(3.9b) 

Having the state probabilities P1 to P4 of the four-state model shown in 

Figure 3.1, the probability of needed and not needed domains of a unit [19], 

PN and PNN, can be obtained easily. 

PNN =P1+P2 

PN = P3+P4 

The needed and not needed domains are mutually exclusive and, therefore, 

PN+PNN =1. 

The frequency of encountering needed and not needed domains, FN and 

FNN, can be obtained from the four-state model as follows. 
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F mk T T 
P 

,1-Ps+12§)pi+.1.-P2 - 
TP2 

 _ T PNisi 1TNisusi 

FN = ur3+13r4 D
P  - 3P4 

 D 

(3.10a) 

(3.10b) 

Since the four states of the model are divided into needed and not 

needed domains, the frequency of encountering these two domains, FN and 

FNN should, therefore, be equal. Equations 3.10a and 3.10b can be combined 

to yield expressions for the probability and frequency of the needed and not 

needed domains with respect to demand and reserve shutdown times. 

„, D 
13" = D+T 

PNN D+T 

FN = FNN = D+T 

Equation 3.11c emphasizes that the frequency of encountering a domain 

is the reciprocal of the sum of demand and reserve shutdown time. 

3.3. Transitional Probability Matrix Approach 

The transitional probability matrix approach is similar to the basic 

approach mentioned in Section 3.2, however, transition rates rather than 

duration times are used. A transitional probability matrix is used to express 

state probabilities. The transition rates between the states in a four-state 

model are shown in Figure 3.2 [19] where, 
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(1 -Ps ).P+

(UNIT AVAILABLE 
NOT NEEDED 

1  1( 3 

A A 

CUNIT DOWN 
NOT NEEDED 

P_ 

UNIT UP 
NEEDED 

4 
UNIT DOWN

NEEDED

Figure 3.2. Four-state model with its transition rates [19]. 

P+ = T— = unit needed rate, 

p- = 
1 
— = unit not needed rate, 

= 1  = failure rate, and 

1.t = 1 — = repair rate. 

The probabilities of the four states are related to the state transition 

matrix in the following manner. 

—P+ µ P_ 0 
-
Pi(t)-[Pi(0 

Pi (t) 

PS (t) 

0 —(1+p+) 0 P_ P2(t) 

p3(t) 
(3.12) 

P'4 (0_ (1—pdp+ 0 —(A,+ p_) _P4(0_ 

Ps. P+ P+ A. --(g 
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The elements of the state transitional probability matrix can be derived 

from state residence times as shown in Equation 3.1. For steady-state 

probability of each state, where Pi+P2+P34P4 = 1, Equation 3.12 may be 

rearranged as 

0 

(1-Ps)P+

Or 

1 

[4[1)]= [0 0 0 111.

where, 

[13] = 

—P+ 

0 -(µ 

(1—Ps)P+

1 

P- 0 
Pi 

0 p_ P2 0 
(3.13) 

-(?.+P_) 
• P3 0 

1 

1 1 

µ p_ 0 
P1 

+ p+) 0 p_ and [p]= P2 

P3 
0 —(?. +13—) _P4_ 

1 1 1 

The steady state probabilities can be obtained by 

[11= [B]-l. [0 0 0 11T, or 

1 

- P+ µ p_ 0 
P1 

P2 0 -(11+ p+) 0 p_ 0 

P3 0 (3.14) 

P4 
(1-Ps) P+ 0 - (X + P-) 1 

1 1 1 1 
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With the state probabilities obtained, the other parameters can be 

obtained using Equations 3.3a to 3.8. The probability and frequency of 

encountering each domain may be expressed in terms of transition rates. 

PN P+ 
P++ P_ 

PNN _  P..
P++ P.. 

FN= FNN = P+
P+ + P-

3.4. Recursive Approach [19] 

(3.15a) 

(3.15b) 

(3.15c) 

A recursive approach can be developed in order to build a modified 

COPT where all units are represented by four-state models. The concepts 

which have already been discussed for the basic approach and the 

transitional probability matrix approach are also utilized for the recursive 

approach. 

In the basic approach and transitional probability matrix approach, the 

parameters T and D are known, and needed and not needed probabilities and 

frequencies of the unit are evaluated. In the recursive approach, the needed 

and not needed probabilities and frequencies are known for the unit under 
consideration. The parameters T and D, i.e. p+ and p_ in terms of transition 

rates, are evaluated for the unit. The needed probability and frequency of the 

unit under consideration is equal to the cumulative probability and frequency 

of the risk model developed without the unit under consideration. 
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The probability and frequency of encountering a capacity deficiency, 

P(m) and F(m) , can be evaluated by convolving the capacity model with the 

load model as discussed in the previous sections. Assume that k generating 

units are combined to form a capacity model. If (k+1)th generating unit is 

available, this unit will be needed with a probability of P(m) and a frequency 

of F(m). 

3.4.1. Evaluation of Unit Needed and Not Needed Rates 

In the conventional two-state model, it is assumed that all generating 

units are put into operation unless on forced or scheduled outage states. This 

means that any generating unit is needed positively and is added to the 

COPT. 

One of the basic considerations of system operation is to determine the 

number of units to be committed in order to satisfy a given demand. The unit 

commitment, usually, is dictated by demand and selected risk level. Units 

are added to form a capacity model until the capacity satisfies the load and 

risk criteria. Before a unit is added to the capacity model, the needed and not 

needed rates of the unit are determined. 

Unit needed rate depends on margin which is the difference between 

available capacity and demand. Unit needed rate decreases with an increase 

in the margin level. Unit needed rate also depends on the position of the unit 

in the priority loading order table. 

Unit needed and not needed rates, p.. and p.. , can be obtained by 

rearranging Equations 3.15a to 3.15c. 
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p- 
_ _ FILIn 

PN 
P(m) 

_ FNN F(m) 
P+ PNN 1-P(m) 

(3.16a) 

(3.16b) 

The transitional probability matrix, [B] can be obtained once p+, p, 

and p. are found. [B] can be used to evaluate the steady-state probabilities, Pi 

to P4. MFOR can be evaluated using the steady-state probabilities. 

3.4.2. Two-state Equivalent of A Four-State Model 

In order to make a four-state model compatible with the recursive 

algorithm for capacity model building described in Chapter 2, a two-state 

equivalent ( Figure 3.3) of a four-state model can be used. The conditional 

probability of the unit being in the up state and down state are MA and 

MFOR respectively. MA and MFOR can be evaluated using Equations 3.3a 

and 3.3b. 

In terms of equivalent transition rates, there are two unknowns : 2t.e and 

, but there is only one equation available from the frequency balance 

between up and down states. The frequency balance equation can be 

expressed as 

Fup = Fdown (3.17a) 

MA . 4 = MFOR.i.te. (3.17b) 
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Figure 3.3. Two-state equivalent model. 

A second equation is required to solve for Xe and 14. The equivalent 

failure rate of a unit depends on the unit needed rate. It can be assumed that 

the repair rate of the unit will remain constant and will not be modified by a 

variation in demand. Therefore, 

µe=µ•

The equivalent failure rate is 

MFOR 
4e MA Me. 

The modified unit model is then added to the previously formed capacity 

model using the recursive approach. 

3.4.3. Models With Derated States [19] 

A conventional model with derated states can be modified to include 

needed and not needed rates of a unit. A modified derated-state model [19] is 

shown in Figure 3.4. The model shown in Figure 3.4 is basically similar to 

the modified four-state model shown in Figure 3.2. The modified derated-
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state model, however, includes states 5 and 6 in order to represent derated 

states in needed and not needed domains. 

3.4.3.1. Evaluation of State Probabilities 

The first step for evaluating MA, MFOR and modified derated forced 

outage rate, MDFOR is to obtain the steady-state probabilities of states one 

to six. The steady-state probabilities of the unit can be evaluated using the 

same procedure applied in the transitional probability matrix approach for a 

four-state model, 

[P] [C]-1. [0 0 0 0 0 1.]1.

where, 

[P] = steady-state probability vector, and 

[C] = 

—P+ PT P_ 

0 —(JT +PA-) 0 
(1 — ps).p+ 0 —(p_+kr +xi)) 

PS*P+ P+ XT 

0 0 0 
1 1 1 

(3.18a) 

0 PD 0 
-

P_ 0 0 

PT 
—(P_ -I- 1.LT) 

0 

Ps. P+
PD 

0
(3.18b) 

0 —(gD + P+) P_ 
1 1 1_ 

The MA, MFOR and MDFOR can be obtained in the following manner. 

P3 
MA P3+P4+P6 

P4
MFOR - p 34p 4+p 6

MDFOR 
P6 

p3+P4+P6 

(3.19a) 

(3.19b) 

(3.19c) 
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 ) 

UNIT DERATED 
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(1 -Ps ).p+of 
6 

P+ 

UNIT DOWN 
  NOT NEEDED pia 

  P-

s•P + 

UNIT DERATED 
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4 
UNIT DOWN Ji ll—

NEEDED 

Figure 3.4. A modified derated-state model [19]. 

Ps• P+ 
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3.4.3.2. Three-State Equivalent of A Modified Derated-State Model 

A three-state equivalent of a modified derated-state model is shown in 

Figure 3.5. A three-state equivalent model can be included in a capacity 

model with the help of a recursive technique. In a three-state equivalent 

model, the conditional probabilities of being in state I (up-state), state II 

(down-state) and state III (derated-state) are MA, MFOR and MDFOR 

respectively. 

The model can be completed by determining the transition rates, once 

the MA, MFOR and MDFOR are obtained using Equations 3.19a to 3.19c. In 

this case, there are four unknown transition rates, gde, A,te and 7lde• 

However, there are only two equations which can be obtained from frequency 

balance between states I to II and I to III, i.e. 

fI =fII' and 

fI =fM 

where fI' f iii are the frequency of states I, II and III respectively. 

(3.20a) 

(3.20b) 

Using a similar concept as described in Section 3.4.2 for two-state 

equivalent of the modified four-state model, two other equations can be 

formed as 

Pie = 

= 

where, 

(3.21a) 

(3.21b) 
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Figure 3.5. Equivalent state diagram for a six-state unit. 

= equivalent repair rate from down-state to up-state, 

gde = equivalent repair rate from derated-state to up-state, 

= conventional repair rate from down-state to up-state, and 

gd = conventional repair rate from derated-state to up-state. 

The failure rates, Xte and Xde, can be derived by combining Equations 

3.20a to 3.21b in the following manner. 

MFOR 
Xto gte 

MDFOR „ 
"'de = MA lA'de 

(3.22a) 

(3.22b) 

The effective transition rate from the full capacity state to states with 

lower capacity is the sum of departure rates Xte and Xde. 

MFOR.I.tte+MDFOR.Ne 
Xef = te+'de = MA 

(3.22c) 

The summary of a three-state equivalent of the modified derated-state 

model is shown in Table 3.1. 
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Table 3.1. The summary of a three-state equivalent model. 

Symbol MA MDFOR MFOR ilte gde l'ef 

Value 
P3 P6 P4 

ll • i' lid 
MFOR.µte+MDFOR.p.de, 

P3+P4+P6 P3+RoP6 P3+Ro P6 MA 

3.4.4. Application to the Roy Billinton Test System 

The Roy Billinton Test System (RBTS) [22] is a relatively small test 

system which is used extensively by the Reliability Research Group at the 

University of Saskatchewan. The RBTS contains 11 generating units as 

described in Table A.2. The annual system peak load is 185 MW. The 

concepts developed in the previous sections have been applied to the RBTS. 

A computer program has been developed based on the recursive algorithm 

explained in Section 3.4. Modified four-state models were utilized to 

represent the generating units. System load was represented by a 

cumulative state load model. 

Figure 3.6 shows unit needed and not needed rates, p+ and p_ , for units 

5 to 11 from the first priority loading order. The curves are plotted in a 

semilog scale due to a large variation in needed and not needed rates of the 

units. It is shown in Figure 3.6 that the unit needed rate, p+ decreases as 

more units are utilized in the system. Unit not needed rate, p_ as shown in 

the same figure, increases as more units are utilized. 
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Figure 3.6. Needed and not needed unit rates of units based on the first 
priority loading order for the RBTS. 

Figure 3.7a shows up-state probabilities and Figure 3.7b shows down 

state probabilities for the units in the RBTS. The up state and down state 

probabilities are shown in two separate figures, because the magnitude of the 

down state probabilities, P2 and P4 are small compared to the up-state 

probabilities, Pi and P3. It can be seen from Figure 3.7a that Pi of the first 

five utilized units are zero while P3 of those units are equal to their 

availabilities. As the number of units is increased, the probability of being in 

the reserve shutdown state, Pi is increased while the probability of being in 

service state, P3 is decreased . 

It can be noticed from Figure 3.7b that P2 of the first five utilized units 

is zero, while P4 of these units are equal to their FORs. As a result, 
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a) Up-state probabilities, Pi and P3 

b) Down state probabilities, P2 and P4 

Figure 3.7. State probabilities of modified four-state model for the RBTS. 
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Figure 3.8. Needed and not needed probabilities of units for the RBTS. 

the four-state model is reduced to a two-state model for each of the first five 

utilized units. 

Figure 3.8 shows needed and not needed probabilities for the units in the 

RBTS. The magnitude of down-state probabilities, P2 and P4, are small 

compared to P1 and P3 and, therefore, there is no considerable difference 

between Figure 3.7a and 3.8. The sum of needed and not needed probabilities 

of a unit equals to one for any unit. 

The conventional and modified forced outage rates of the units in the 

RBTS are shown in Figures 3.9a and 3.9b where Ps is assumed to be zero. 

The results shown in Figure 3.9a are obtained using a two-state 

representation for all units. In Figure 3.9b, units 8 and 9 are represented by 

derated-state models. 
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Figure 3.9. Conventional and modified forced outage rates for the RBTS. 
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It can be seen from Figure 3.9a that the FOR and MFOR are the same 

for the first two utilized units. The difference between MFOR and FOR 

gradually increases as more units are utilized. The FOR and MFOR for unit 

8, as shown in Figure 3.9a, are 0.03 and 0.026 respectively. Although FOR of 

unit 9 remained 0.03, the MFOR decreased to 0.022. 

It can be seen from Figure 3.9b that FOR is equal to 0.020 for both units 

8 and 9. The MFOR of unit 8 is approximately 0.017 and that of unit 9 is 

0.015. It can be noticed from Figures 3.9a and 3.9b that for both cases MFOR 

is less than or equal to FOR. 

3.4.4.1. Effect of Start-Up Failure Probability on the MFOR 

So far, the effect of start-up failure probability, Ps has been neglected in 

this thesis. MFOR in all cases, therefore, were less than or equal to FOR. 

MFOR of a unit, however, can be greater than its FOR, if the start-up failure 

probability (Ps) is considered. It can be seen from Figure 3.2 in Section 3.3 

that a unit will have a transition path from state 1 (unit available not 

needed) to state 4 (unit down needed) if start-up failures are considered. 

As Ps is increased, the transition rate from state 1 to state 4 is 

increased, while the transition rate from state 1 to state 3 is decreased. This 

means that with an increase in Ps the residence time of state 4 is increased, 

while the residence time of state 3 is decreased. Since the sum of the state 

probabilities must be unity, the probability of being in state 4 increases with 

an increase in Ps and, therefore, MFOR is increased. 

In order to see the effect of Ps on the parameters of a modified four-state 

model, it is assumed that all units have the same Ps. Ps is increased from 0 
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to 25% with an incremental step of 0.5% . Then PN, PNN and MFOR are 

evaluated for all units. Units 7 and 10 of the RBTS are used for numerical 

examples. 

Effects of Ps on the needed and not needed probabilities of units 7 and 

10 are shown in Figure 3.10. It can be seen that PN and PNN are almost 

constant and they are not changed significantly by Ps. This is due to the fact 

that in a four-state model, P3 decreases while P4 increases for a 

corresponding increase in Ps. Also, it has been mentioned that the 

magnitude of P4 is small compared to P3 and, therefore, the sum of P3 and P4, 

i.e. PN, would not be affected considerably by Ps. The parameter PNN would 

not be affected by Ps for the same reason. 

The effect of Ps on modified forced outage rate, MFOR is shown in 

Figure 3.11. Units 7 and 10 are used in this case. It can be seen from Figure 

3.11 that FOR of unit 7 is equal to 0.01 and FOR of unit 10 is equal to 0.025 

regardless of the value of Ps. MFORs, however, increase almost linearly with 

an increase in the Ps. For instance, MFOR and FOR of unit 10 are equal to 

0.025, at a Ps of 0.025. Also, MFOR and FOR of unit 7 are equal to 0.01 at a 

Ps of 0.005. 

The effect of Ps on the entire generating system is shown in Figure 3.12a 

and 3.12b. Figure 3.12a shows FORs and MFORs for Ps equal to 5% and 

Figure 3.12b shows FORs and MFORs for Ps equal to 10%. In both cases all 

modified forced outage rates are either equal to or greater than the 

conventional forced outage rates. 

As shown in Figures 3.12a and 3.12b the effect of start-up failure 

probability becomes significant for peaking load units which are usually 
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placed at the bottom of a priority loading order. Peaking units have many 

start-ups and shut-downs compared to base load units. These factors raise the 

actual value of Ps which in turn raises the MFOR of a peaking unit. 

3.5. Application to the IEEE-Reliability Test System 

The IEEE-Reliability Test System (IEEE-RTS) [21] is widely used to 

verify and compare the effectiveness of different reliability techniques. The 

test system provides a common basis for verification of computer programs 

before the programs can be implemented in actual systems. The IEEE-RTS 

has 32 generating units with an installed capacity of 3405 MW. The 

generating units of this system are described in Table A.1. Load models for 

the IEEE-RTS are shown in Tables A.3 to A.S. A cumulative state load model 

has been developed on the basis of the IEEE-RTS load model and is shown in 

Table B.1. This cumulative state load model is utilized for further 

investigation. 

Unit needed and not needed rates, p+ and p_, of the IEEE-RTS have been 

evaluated and are shown in Figures 3.13a and 3.13b. The results shown in 

Figure 3.13a are based on the first priority loading order of IEEE-RTS and 

those in Figure 3.13b are based on the second priority loading order. It can 

be seen from Figure 3.13a that the unit needed rate, p+ decreases as more 

units are utilized. The unit not needed rate p.., increases with an increase in 

the number of utilized units. For example, p+ of unit 16 which is located at 

the 16th place of the first loading order of the IEEE-RTS is equal to 0.09 

occ/day. In the second priority loading order of the IEEE-RTS, unit 16 is 

located at the 20th place and in this case p+ of unit 16 is equal to 0.05 occ/day. 



Figure 3.12. Effect of Ps on MFOR. 
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The difference in the p+ shows that needed and not needed rates of a unit 

depend on the placement of the unit in a priority loading order. 

Conventional and modified forced outage rates, MFORs and FORs, of 

the units in the IEEE-RTS are shown in Figures 3.14a and 3.14b for the first 

and the second priority loading order respectively. It can be noticed from 

Figure 3.14a that FORs and MFORs of the first five utilized units are equal. 

Then MFOR decreases as more units are utilized. For example, FORs of 

units 18 to 23 are 0.01 and FORs of units 28 to 32 are 0.02. MFORs, 

however, is decreased to 0.008 for both groups of units 18 to 23 and 28 to 32. 

It can be noticed from Figures 3.14a and 3.14b that FORs and MFORs of 

the first nine utilized units are the same. Then the difference between 

MFORs and FORs increases as more units are utilized. In general, FORs and 

MFORs of the base load units have no considerable difference while MFOR of 

peak units are decreased if the start-up failure probability would be ignored. 

According to these results, in order to reduce the amount of MFOR, those 

units with large FOR should be located in the last place of priority loading 

order. Furthermore, the reliability indices will be reduced in this way. 

So far, in the IEEE-RTS studies, the start-up failure probability has 

been ignored. In some cases the effect of Ps can not be neglected. In order to 

examine the effect of Ps on the MFORs , it is assumed that all units in the 

IEEE-RTS have the same Ps. Ps is increased from 0 to 25% with an 

incremental step of 0.5% and MFORs of the units are evaluated. Figure 3.15 

shows MFORs for units 10, 20 and 30. FORs of these units are also shown as 
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a) Results based upon the first loading order 
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Figure 3.13. Needed and not needed rates of the units for the IEEE-RTS. 
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Figure 3.14. Conventional and modified forced outage rates for the IEEE-RTS. 
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Figure 3.15. Modified forced outage rates versus start-up failure probability. 

references. MFORs are increased with an increase in Ps. MFORs of units 10, 

20 and 30, however, are less than their respective FORs when Ps is equal to 

or less than 0.02, 0.01 and 0.02 respectively. The relationship between 

MFOR and Ps as shown in Figure 3.15 is somewhat linear. The slope of 

MFOR vs. Ps depends on position of a unit in the loading order. The slope of 

unit 30 is greater than that of unit 20 and the slope of unit 20 is greater than 

that of unit 10. 

3.6. Summary 

General concepts of a four-state and a modified derated state model for 

the representation of generating units are discussed in this chapter. A 

four-state model can incorporate starting failure data. Available time in a 

four-state model is divided into needed and not needed domains. The 
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availability, forced outage rate, failure and repair rates of units are modified 

in a four-state model based upon their needed and not needed rates. 

The parameters of a four-state model can be evaluated using three 

different methods; basic approach, transitional probability matrix approach 

and recursive approach. In a recursive approach, needed and not needed 

rates of a unit under consideration are derived using the probability and 

frequency of margin obtained with all units up to the unit under 

consideration. This chapter has illustrated the implementation of a modified 

four-state model for generating units in a relatively small test system, RBTS 

and a relatively large test system, IEEE-RTS. 



4. ADEQUACY ASSESSMENT AT 

HIERARCHICAL LEVEL I 

4.1. Introduction 

The techniques to assess system adequacy at HLI can be classified into 

two groups: conventional methods and modified methods. In a conventional 

method, generating units are represented without considering the needed and 

not needed rates of units. In a modified method, needed and not needed rates 

of the units are considered and the generating units are usually represented 

by four-state models. A modified method can include margin, priority loading 

order, load cycle shape, and other operating characteristics of the system 

units during adequacy assessments. 

In a modified method, a capacity model is modified by using feedback 

from the risk model obtained prior to the addition of the unit under 

consideration. A risk model can be obtained in the general form of margin 

states. Margin states are evaluated either using a deterministic or a 

probabilistic approach. A new probabilistic margin approach for adequacy 

assessment is illustrated in this chapter. 

In a practical power system, all generating units are not utilized all the 

time during a year due to demand variations. As a result, the capacity model 

is not constant and may not be valid for a long-term period. In order to 

provide more realistic assessments, long-term indices can be obtained by 

dividing the entire period into multi-periods. 

65 
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4.2. A Deterministic Margin Approach 

Most of the utilities in North America utilize deterministic approaches in 

order to assess adequacy at HLI [10]. In a deterministic approach, margin is 

considered as a fixed level, or a fixed percentage of load and/or capacity for all 

operating conditions. For a given margin (m), the reliability indices such as 

probability of margin P(m), frequency of margin F(m) as well as duration of 

margin D(m) can be evaluated using simple equations. Traditional risk 

indices such as LOLE can be obtained from a margin model as discussed in 

Section 2.6. 

4.2.1. A flowchart of a deterministic margin approach 

A computer program has been developed based on the recursive 

approach described for a modified four-state model. In order to assess risk 

indices, a deterministic margin approach is applied in this program. A 

flowchart of the deterministic margin approach is shown in Figure 4.1. In 

this approach, generating units from a priority loading order are added one 

by one to the capacity model. The probability and frequency of margin, P(m) 

and F(m), are calculated each time a generating unit is added to the capacity 

model. P(m) may vary between zero and one. P(m) has its highest value, i.e. 

one, where the capacity is less than the load plus margin in all states. This 

occurs for the initial utilized units, since the capacity is very low compared to 

the installed capacity. P(m), however, decreases as the number of utilized 

units is increased. When P(m) is unity, the probability of needed domain for 

the next unit under consideration is equal to one and the probability of not 

needed domain for the unit is equal to zero. In this situation, the not needed 
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domain in a modified four-state model vanishes and MFOR of the unit 

becomes equal to its FOR. 

The major steps for a deterministic margin approach are explained 

below. 

Step 1: Start 

A fixed level of margin is selected to start the procedure. The procedure 

is also initiated with P(m) equal to one. 

Step 2: Read the load model 

A proper load model is utilized at this step. The load model can be 

composed of either individual or cumulative states. 

Step 3: Read the generating unit data 

It is assumed that a unit commitment order for the generating units is 

available. The procedure starts with the first unit and stops when all 

generating units are added. 

Step 4: Check P(m) 

If P(m) is less than one the procedure goes to step 5. If P(m) is one, FOR 

and MFOR are the same and, therefore, no modification of the generating 

unit data is required. In this case, the procedure goes to step 6. 

Step 5: Modify FOR, X. and µ 

The FOR, A, and µ of the unit under consideration are modified with the 

help of the four-state model discussed in Section 3.4. The conventional unit 
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data and P(m) and F(m) from the previous iteration are utilized to modify the 

FOR, A, and Modification techniques using the four-state and six-state 

model are explained in Chapter 3. 

Step 6: Evaluate the COPT 

The COPT is developed by adding the generating unit under 

consideration to the previous table based on the algorithm described in 

Section 2.3. 

Step 7: Evaluate P(m) and F(m) 

After developing the COPT with all units up to the Kth unit, P(m) and 

F(m) are determined. The details of P(m) and F(m) evaluation are described 

in Section 2.5. P(m) and F(m) are the needed probability and frequency of 

(K+1)th unit respectively. The generating unit data of the (K+1)th unit are 

modified with the P(m) and F(m) determined at this step. 

Step 8: Results 

When all available units are added, the final set of P(m) and F(m) 

become the risk model of the generating system. 

A flowchart for a conventional method is a particular case of the 

flowchart shown in Figure 4.1. The essential difference between a 

conventional and a modified method is that in a modified method, P(m) and 

F(m) are determined each time a unit is added; but in a conventional method, 

P(m) and F(m) are evaluated in the final step where all units are added. 
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4.2.2. Adequacy assessment 

An adequacy assessment is, in general, associated with planning and 

design of power systems. The objective of an adequacy assessment is to 

assess the capability of a system to meet its load with an acceptable level of 

reliability. The details of this assessment technique have been discussed in 

Section 1.1. 

In order to provide numerical examples of adequacy assessments, both 

the RBTS and the IEEE-RTS have been utilized with the help of the 

deterministic margin approach. Three types of load models are utilized for 

these two test systems. The first load model is a cumulative state load model 

as given in Table B.1. The second and the third are individual state daily 

load models as shown in Tables B.2 and B.3. The generating unit data for the 

IEEE-RTS and the RBTS are given in Tables A.1 and A.2 respectively. The 

hourly data of Tables A.1 and A.2 have been converted to daily data by 

dividing ArrrF and MTTR by 24 hours. 

In the RBTS case, the first loading order has been utilized to create a 

capacity model. This capacity model has been convolved with the three load 

models mentioned earlier. In the basic studies, the start-up failure probability 

is ignored. In order to obtain traditional risk indices such as LOLE, a zero 

margin is selected. The condensed results of adequacy assessment in the 

RBTS are shown in Tables 4.1a and 4.1b. The first columns of the tables show 

the type of load model. The second columns show the LOLE indices for the 

entire year. The annualized LOLE is obtained by multiplying the loss of load 

probability (LOLP) by 365 days for the cumulative state load model and 364 

days for the individual state load model. The exposure factor (e) for the second 
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load model is one day and for the third load model is 0.5 days. Equation 4.1 is 

used to adjust the LOLE where e is not equal to one. 

LOLE 
Lou, * period of study (4.1) 

The third columns show the annual outage frequencies in occurrences per 

year. The annualized values come from the multiplication of the first row by 

365 and the second and the third rows by 364. The last column indicates the 

mean time duration of the deficiencies. 

The results of adequacy assessment based on a conventional method 

(Table 4.1a) are used as references to compare the results obtained from a 

modified method. The frequency and the mean duration time of deficiencies 

differ from one load model to another. The LOLE indices resulting from the 

three load models in the conventional method are very close to each other. 

This is due to the fact that LOLE is dependent on FOR, but independent of 

frequency. 

The adequacy indices of the RBTS using the modified method are shown 

in Table 4.1b. This table clearly shows that the risk indices are lower than 

those obtained using the conventional method when the modified method is 

applied. It is mentioned earlier in Sections 3.4 and 3.5 that MFOR of each 

generating unit is decreased compared to its FOR when start-up failure 

probability is ignored. The probabilities of capacity outages in a modified 

COPT and the risk indices in a modified method are decreased when Ps is 

ignored. The LOLE indices obtained by using the modified method have been 

decreased compared to those obtained by using the conventional method by 

factors of 69% , 45% and 51% for load models 1 to 3 respectively. The factors 

of reduction for the corresponding frequencies are almost the same as the 
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Table 4.1. Adequacy indices for the RBTS. 

a) Conventional method 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 0.303726 0.367385 0.826725 
2 0.309932 0.550632 0.562867 
3 0.310884 0.469806 0.330865 

b) Modified method 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 0.208600 0.245776 0.874155 
2 0.139743 0.246409 0.567118 
3 0.160006 0.239376 0.334215 

1: Using cumulative state load model from Table B.1 

2: Using individual state load model from Table B.2 

3: Using individual state load model from Table B.3 

factors of LOLE reduction. The mean duration time obtained from the 

division of LOLP by frequency is almost the same for both conventional and 

modified methods. In the modified method, the LOLE indices corresponding 

to the different load models are not close to each other, since the load models 

are functions of frequency as well. 

Adequacy assessment similar to those performed for the RBTS have also 

been performed for the IEEE-RTS. The results of adequacy assessments for 

the IEEE-RTS are shown in Tables 4.2a and 4.2b for both the conventional 

and modified methods respectively. The findings of the RBTS studies are 
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also true for the IEEE-RTS. The IEEE-RTS, however, is a relatively large 

system and obviously the computational time is more than that required for 

the RBTS, especially for the modified method. 

4.2.3. Adequacy assessment with multi-period indices 

In an adequacy assessment, it is assumed that both load and capacity 

models are valid for the entire period of study. In some cases, such as 

scheduled outages due to maintenance, the capacity model is not constant 

and, therefore, the entire period must be divided into short periods. Then the 

annual LOLE is obtained by adding up the LOLE of each short period. 

The IEEE-RTS and the RBTS have been utilized to provide numerical 

examples of adequacy assessments with multi-period indices. Generating 

units have been represented by the conventional and modified unit models. 

The deterministic margin approach has been utilized for adequacy 

assessment in each period. An adequacy assessment has been done 

separately in order to compare its results with those obtained from the 

multi-period adequacy assessments. In order to evaluate the adequacy 

indices, a load model has been obtained from the hourly peak loads of the 

IEEE-RTS load model. The hourly peak loads are normalized and scaled to 

the RBTS load model. The resulting load model is convolved with the 

capacity model of the RBTS to yield a set of risk indices. Condensed sets of 

risk indices are shown in the first rows of Tables 4.3a and 4.3b for the 

conventional and modified methods respectively. 

Two types of individual state load models have been utilized to assess 

the adequacy indices in each period. The first load model is obtained from 

the hourly peak loads of IEEE-RTS load model. The entire year is divided 
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Table 4.2. Adequacy indices of the IEEE-RTS. 

a) Conventional method 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [oco/yr] [days] 

1 3.288992 2.755682 1.193531 
2 2.616196 4.073995 0.642170 
3 2.616254 3.661112 0.357303 

b) Modified Method 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [oco/yr] [days] 

1 2.976152 2.340803 1.271424 
2 2.114376 3.190386 0.662734 
3 2.304735 3.183322 0.362002 

1: Using cumulative state load model from Table B.1 

2: Using individual state load model from Table B.2 

3: Using individual state load model from Table B.3 

into 364 days. Each day has a separate hourly load model. A sample of this 

load model for the 10th day of the year is shown in Table B.4. Since the 

IEEE-RTS and the RBTS have the same load shape, the magnitude of hourly 

peak loads are normalized and scaled to the RBTS load model. The second 

load model is determined with e = 0.5 hours and the low load equals to 90% of 

the hourly lowest load of each day. A sample of the load model for the 10th 

day of the year is shown in Table B.S. 

The first priority loading order of each test system is used to build their 

respective capacity models, and the start-up failure probability is assumed to 

be zero for all generation units. The hourly load model of the RBTS for each 

day has been convolved with the capacity model of the RBTS to determine 



75 

loss of load expectation, LOLE and frequency of deficiency for each individual 

day. The LOLE and the mean frequency of deficiency over any desired period 

of study are obtained by adding up the LOLE and the frequency of each day 

over that period. Equation 4.1 has been applied to adjust the LOLE 

whenever the exposure factor, e is less than one. 

The mean duration time of deficiency is obtained by dividing the LOLE 

by the frequency. For example, the annualized LOLE and frequency has been 

obtained by adding the 364 hourly values of LOLP and frequency of each day 

in the respective order. The results obtained from the multi-period adequacy 

assessment for the RBTS for different load models are shown in rows 2 and 3 

of Tables 4.3a and 4.3b. The LOLE of the first load model shown in the first 

row of Table 4.3a is very close to the calculated LOLE in Reference 23 based 

on 100 load points. Table 4.3a shows that the LOLE obtained from the 

adequacy assessment (Row 1) is almost the same as the annualized LOLE 

obtained from the multi-period adequacy approach (Rows 2 & 3) when a 

conventional method is utilized. Nevertheless, Table 4.3b shows that the 

summation of the daily adequacy indices are not equal to the adequacy 

indices when a modified method is applied. Tables 4.3a and 4.3b also show 

that the mean duration time of deficiencies corresponding to different load 

models in the RBTS are very close for both the conventional and the modified 

methods. 

Multi-period adequacy assessments similar to those performed for the 

RBTS have also been performed for the IEEE-RTS. The adequacy indices 

using the modified and the conventional methods are shown in Tables 4.4a 

and 4.4b respectively. The overall findings for the RBTS are also true for the 
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Table 4.3. Annual adequacy indices obtained from multi-period 
adequacy assessment in the RBTS. 

a) Conventional method 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [oco/yr] [hrs] 

1 1.091560 1.022057 1.068004 
2 1.080589 0.695593 1.553480 
3 1.080714 1.106750 0.488238 

b) Modified method 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr1 [occ/yr] [hrs] 

1 0.111945 0.108941 1.027580 
2 0.266126 0.173145 1.537007 
3 0.264955 0.270706 0.489378 

1: Using hourly peak load for entire year. 
2: Using individual state load model from Table B.4. 
3: Using individual state load model from Table B.S. 

Table 4.4. Annual adequacy indices obtained from multi-period 
adequacy indices in the IEEE-RTS. 

a) Conventional method 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [occ/yr] [hrs] 

1 9.394284 8.874108 1.058617 
2 9.393070 6.165038 1.523603 
3 9.393080 9.566749 0.490923 

b) Modified method 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [occ/yr] [hrs] 

1 5.700679 5.398695 1.055936 
2 6.811425 4.482237 1.519649 
3 7.465428 7.585844 0.492063 

1: Using hourly peak load for entire year 
2: Using individual state load model from Table B.4 
3: Using individual state load model from Table B.5 
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IEEE-RTS. LOLE indices and frequencies obtained by the modified method 

are about 60% ,73% and 80% of the corresponding values obtained by the 

conventional method for the respective load models, 1 to 3. The mean 

duration time remains almost equal for both the conventional and the 

modified methods. 

4.3. A Probabilistic Margin Approach 

A probabilistic margin approach determines the number of generating 

units that should be utilized to meet a given system load with a margin such 

that a specified risk (Rspec) is satisfied. In this approach, a risk criterion is 

selected initially. A risk criterion may be set based on LOLP, LOLE and/or 

frequency. The selection of a specific risk value depends largely upon the 

required level of system reliability. 

A margin represents the magnitude of additional load which may be 

added to the system without exceeding the specified risk. Additional load in a 

system may arise due to unforeseen changes in the load or due to uncertainty 

associated with load forecast. 

4.3.1. Flowchart of a probabilistic margin approach 

A flowchart of the probabilistic margin approach is shown in Figure 4.2. 

The major seven steps of the probabilistic and the deterministic margin 

approach mentioned in Section 4.2.1 are the same. The probabilistic margin 

approach is initiated with margin, m equal to zero. In order to determine the 

maximum value of m, steps 8 and 9 are included. Step 10 shows the results 
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and step 11 is the end of the procedure. The details of steps 8 to 11 are 

described in the following. 

Step 8: Compare P(m) with Rspec 

P(m) less than Rspec indicates that the available capacity is sufficient to 

meet the system load. If P(m) is less than Rspec, the procedure goes to step 

9. Otherwise, P(m) greater than or equal to Rspec indicates that the system 

needs more capacity and, therefore, the procedure after printing the results 

in step 10 goes to step 3 (Read the generating unit data). 

step 9: Increase margin 

So far the COPT is developed with all units up to the Kth unit. In order 

to obtain the maximum value of m that satisfies Rspec, m is increased by a 

small incremental value, Am. As m increases, P(m) and F(m) are 

reevaluated. As P(m) and F(m) are changed, the generating unit data are 

changed and, a new COPT is developed. The P(m) and F(m) are recalculated 

using the newly developed COPT. This local loop is repeated until P(m) 

exceeds Rspec• 

Step 10: Print m, P(m) and F(m) 

At this step the m, P(m) and F(m) are printed before the next generating 

unit from the priority loading order is included. 

Step 11: Stop 

When all available units are added, the final set of results are already 

obtained and the procedure is stopped. 
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4.3.2. Adequacy assessment with probabilistic margin 

In a probabilistic approach, margin is a complex function of system load, 

generating units and specified risk. A probabilistic technique to assess 

margin has been illustrated in the previous section. An application of the 

probabilistic margin approach in an adequacy assessment is illustrated in 

this section with numerical examples. Both the RBTS and the IEEE-RTS 

have been utilized to provide numerical examples. In the basic study, the 

start-up failure probability is ignored and the first priority loading orders of 

both systems have been utilized in order to develop capacity models. The 

capacity model of the RBTS has been convolved with the corresponding 

cumulative state load model given in Table B.1. The P(m) is chosen as a risk 

criterion with a value of 1 day/yr . 

Table 4.5 shows the results of long term adequacy assessment for the 

RBTS using the probabilistic margin approach. The adequacy results 

obtained using the conventional method are used as references to compare 

the results obtained using the modified method. Columns 1 to 4 of Table 4.5 

show the priority number, unit capacity, installed capacity as well as 

maximum margin that satisfies the Rspec• Columns 5 and 6 show the 

probability of margin determined by the conventional and modified methods 

respectively. 

Table 4.5 shows that at least 10 units (230 MW) of the RBTS with a peak 

load of 185 MW are required to ensure that the loss of load probability is less 

than 1 day/yr. In this case, the static reserve capacity is 55 MW and margin 

is 4 MW. The actual risks are 0.84 and 0.63 days/yr for the conventional, and 

the modified methods respectively. The 4 MW margin indicates that the 
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Table 4.5. An adequacy assessment using probabilistic margin 
approach in the RBTS (Rspec =1 day/year). 

Conventional 
method 

Modified 
method Priority 

number 
Unit capacity 

C(i) 
Installed 
capacity Margin P(m) P(m) 

i [MW] [MW] [MW] [days/yr] [days/yr] 
1 40 40 0 365.00 365.00 
2 20 60 0 365.00 365.00 
3 20 80 0 365.00 365.00 
4 20 100 0 364.08 364.08 
5 20 120  0 324.37 324.35 
6 5 125 0 324.37 324.35 
7 5 130 0 266.49 266.37 
8 40 170 0 88.00 87.21 
9 40 210 0 6.63 5.61 
10 20 230 4 0.84 0.63 
11 10 240 14 0.86 0.64 

system is capable to satisfy an unexpected additional load of up to 4 MW, i.e. 

2.2% of the system peak load, without exceeding the specified risk, Rspec• 

When the 11th unit in the RBTS is utilized, margin is increased to 14 MW, 

i.e. 7.6% system peak load, while P(m) is still less than the Rspec• 

An adequacy assessment with probabilistic margin has been performed 

for the IEEE-RTS. The cumulative state load model of the IEEE-RTS with a 

peak load of 2850 MW (Table B.1) has been convolved with the capacity 

model of the IEEE-RTS. The selected risk criterion is P(m) with a value of 5 

days/yr. 

Tables 4.6a and 4.6b show the results of the adequacy assessments for 

the IEEE-RTS when the probabilistic margin approach is utilized. Columns 

1 to 5 show the priority number, unit capacity, installed capacity, margin and 

P(m) respectively. Columns 6 and 7 show the frequency and duration of 
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margin. The IEEE-RTS has 32 generating units. Table 4.6a is truncated and 

shows the results with the last 7 units. Table 4.6a shows that the IEEE-R.TS 

needs at least 27 units to satisfy its load with a specified risk of 5 days/yr. In 

this case, static reserve is 495 MW and margin is 7 MW (0.25% of the system 

peak load) and the actual risk is 4.98 days/yr. If the load forecast uncertainty 

is more than 0.25% of the system peak load, the IEEE-RTS would require 

more than 27 units For example, if all 32 units from Table A.1 are utilized, 

the static reserve increases to 555 MW and the actual risk becomes 4.99 

days/yr. In this case, margin increases to 66 MW, i.e. 2.3% of the system 

peak load. The 66 MW margin indicates that the system load can be 

increased up to 66 MW without violating the specified risk criterion of 5 

days/yr. 

Table 4.6b shows the results of an adequacy assessment in the 

IEEE-RTS using a modified method. The results associated with units 25 to 

32 have been presented in Table 4.6b. Table 4.6b shows that the IEEE-RTS 

requires 26 units to satisfy the specified risk criterion. Results obtained 

using the modified method dictate that the IEEE-RTS can satisfy its risk 

criterion with 26 units, which is one less than that dictated by the results 

obtained using the conventional method. With 32 generating units in the 

IEEE-RTS, margin increases to 87 MW which is 3.1% of the system peak 

load. This shows an increase of 0.8% (21 MW) compared to the results (32 

unit case in Table 4.6a) obtained using the conventional method. 
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Table 4.6. Probabilistic margin approach in adequacy assessment for the 
IEEE-RTS (Rspec = 5 days/yr). 

a) Conventional method 

Priority 
number 

unit capacity 
_ C(i) 

Installed 
capacity Margin P(m) F(m) D(m) 

I [MW] 
, 

[MW] [MW] [days/yr] [occ/yr] [days] 
_ 26 20 3325 0 5.12 4.04 1.27 

27 20 3345 7 4.98 3.96 1.26 
28 12 3357 19 4.99 3.96 1.26 
29 12 3369  31 4.99 3.97 1.26 
30 12 3381 43 4.99 3.97 1.26 
31 12 3393 55 5.00 3.98 1.26 
32 12 3405 66 4.99 3.97 1.26 

b) Modified method 

Priority 
number 

unit capacity 
C(i) 

Installed 
capacity Margin P(m) F(m) D(m) 

i [MW] [MW] [MW] [days/yr] [occ/yr] [days] 
25 20 3305 0 5.02  3.85 1.31 
26 20 3325 7 4.95 3.83 1.30 
27 20 3345 27 4.98 3.86 1.29 
28 12 3357 39 4.98 3.86 1.29 
29 12 3369 51 4.98 3.86 1.29 
30 12 3381 63 4.98 3.86 1.29 
31 12 3393 75 4.98 3.87 1.29 
32 12 3405 87 4.98 3.87 1.29 
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4.4. Sensitivity Studies 

4.4.1. Effect of loading order 

Risk models are independent of unit loading order in a conventional 

method, while they are dependent on unit loading order in a modified 

method. This is due to the fact that in a modified method each generating 

unit data are modified based on its needed and not needed rates. As 

mentioned earlier, the unit needed and not needed rates are related to the 

corresponding risk model. Any rearrangement in the unit loading order 

causes a change in the risk model of the system and, therefore, the needed 

and not needed rates for the next unit are changed. In a conventional 

method, generating unit data taken from the historical records are not 

modified by risk model of the system. Hence, rearrangement of units in the 

conventional method does not affect the final risk indices. 

The effect of loading order on risk indices can be illustrated using 

numerical examples. The second loading orders of both test systems have 

been utilized in this study to compare risk indices with those obtained using 

the first loading order. The same load models applied in the basic studies 

have been used to provide the numerical examples. Risk indices have 

been evaluated for both multi-period and normal adequacy using the 

deterministic margin approach. 

Risk indices have been obtained with the second loading order of the test 

systems using the conventional method. The results of adequacy assessments 

are shown in Tables 4.7a and 4.7b. The indices are the same as those 

evaluated with the first loading order. 
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The risk indices obtained using the modified method are shown in 

Tables 4.8a and 4.8b for both the RBTS and the IEEE-RTS. The six load 

models utilized in the basic studies have also been utilized in this case. Table 

4.8a shows that all risk indices are increased in the RBTS, but Table 4.8b 

shows that they are decreased in the IEEE-RTS. This fact shows that in the 

modified method, the risk indices are affected with a change in the loading 

order. Although economic criteria usually determine a loading order, the 

variation of risk indices due to different loading orders may also be 

considered in selecting a loading order. 

4.4.2. Effect of capacity 

One of the main objectives of adequacy assessment at HLI is to 

determine a sufficient capacity to meet system load with an acceptable risk 

level. A basic set of adequacy assessments at HLI are illustrated with 

numerical examples in the previous sections. LOLE in a system is a complex 

function of load and capacity. A variation in the system capacity will affect 

the resulting LOLE. The IEEE-RTS has been utilized to demonstrate the 

effect of capacity variation on system LOLE and the results have been 

presented in this section. 

The cumulative state load model of the IEEE-RTS given in Table B.1 has 

been convolved with its capacity model using the deterministic margin 

approach. The LOLE, i.e. P(m = 0), has been obtained once a generating unit 

is added to the capacity model. Both conventional and modified methods 

have been applied in this numerical example. Figures 4.3a and 4.3b show 

variations in LOLE with corresponding variations in the static reserve 

capacity for the first and the second loading orders of the IEEE-RTS 
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Table 4.7. Conventional adequacy assessments using the second loading 

orders. 

a) RBTS 

Load Model 
Type 

IDLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 0.303726 0.367385 0.826725 
2 0.309932 0.550632 0.562867 
3 0.310884 0.469806 0.330865 

Load Model 
Type 

IDLE FREQUENCY DURATION 
[hrs/yr] focc/yr1 [hrs] 

4 1.091560 1.022057 1.068004 
5 1.080589 0.695593 1.553480 
6 1.080714 1.106750 0.488238 

b) IEEE-RTS 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 3.288992 2.755682 1.193531 
2 2.616196 4.073995 0.642170 
3 2.616254 3.661112 0.357303 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [occ/yr] [firs] 

4 9.394284 8.874108 1.058617 
5 9.393070 6.165038 1.523603 
6 9.393080 9.566749 0.490923 

1) Using cumulative state load model from Table B.1 

2) Using individual state load model from Table B.2 

3) Using individual state load model from Table B.3 

4) Using hourly peak load for entire year 

5) Using individual state load model from Table B.4 

6) Using individual state load model from Table B.5 
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Table 4.8. Modified adequacy assessments using the second loading orders. 

a) RBTS 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 0.242090 0.286967 0.814284 
2 0.243279 0.426131 0.570902 
3 0.253321 0.380577 0.332811 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [occ/yr] [ti rs] 

4 0.454156 0.437463 1.038159 
5 0.622465 0.408399 1.524159 
6 0.675872 0.690799 0.489196 

b) IEEE-RTS 

Load Model 
Type 

IDLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 2.900531 2.264562 1.280835 
2 2.031023 3.064644 0.662727 
3 2.235974 3.079367 0.363057 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [occ/yr] [h rs] 

4 5.160446 4.894325 1.054373 
5 6.345141 4.182603 1.517031 
6 6.961724 7.071608 0.492231 

1) Using cumulative state load model from Table B.1 

2) Using individual state load model from Table B.2 

3) Using individual state load model from Table B.3 

4) Using hourly peak load for entire year 

5) Using individual state load model from Table B.4 

6) Using individual state load model from Table B.5 
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Figure 4.3. Variation in LOLE with static reserve capacity for the IEEE-RTS. 
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respectively. All 32 generating units in the IEEE-RTS have been utilized in 

these examples. 

The curves of LOLE versus the static reserve capacity shown in Figures 

4.3a and 4.3b may be used in two ways: 

1- For a given static reserve capacity, the corresponding LOLE is obtained. 

2- For a specified LOLE, the corresponding static reserve is obtained. 

Before using the curves, it should be noted that a static reserve capacity is 

associated with a discrete number of generating units and, therefore, 

contains only discrete levels. If a specified LOLE gives a capacity between 

two discrete levels, the upper level of capacity must be chosen to satisfy the 

risk. 

The static reserve in the IEEE-RTS is 555 MW when all 32 units are 

utilized. It can be seen from Figure 4.3a that the corresponding LOLE 

indices for the conventional and the modified methods are almost equal to 3.3 

and 3 days per year respectively. The difference of LOLE indices for these 

two methods is 0.3 days per year. Figure 4.3b shows that the corresponding 

LOLE for the conventional method remains the same, while it is equal to 2.9 

days per year for the modified method. The difference of LOLE indices is 

increased to 0.4 days per year for the conventional and the modified methods. 

A specified risk (LOLE) of 5 days per year can be utilized as a risk 

criterion. Figure 4.3a shows that the corresponding static reserve is 495 MW 

with the conventional method and 475 MW with the modified method. The 

static reserve obtained using the conventional method is 20 MW more than 

that obtained using the modified method. It can be seen from Figure 4.3b 



90 

that the static reserve capacities for a corresponding LOLE of 5 days per 

year are 505 MW and 455 MW with the conventional and the modified 

methods respectively. An additional 50 MW static reserve requirement is 

assessed when the conventional method is applied as compared to the 

modified method. 

4.4.3. Effect of margin 

Margin may contain negative or positive values. A negative margin 

indicates deficiency and is associated with part of the load that cannot be 

supplied by the generating capacity. A positive margin indicates additional 

load that a system can meet without violating a specified risk criterion and 

without having to bring additional generation. 

For a given generation set, the risk model of a system depends on the 

desired level of margin. Frequency of deficiency and LOLE in a system 

usually increase with a corresponding increase in margin level. The IEEE-

RTS has been utilized to illustrate the effect of margin on the risk model of a 

system. Margin has been varied from negative to positive levels to reflect 

deficiency and surplus capacity respectively. Margin level has been increased 

by steps of 1 MW from -100 MW to +250 MW, and the corresponding 

probability and frequency of margin have been obtained. P(m) versus margin 

for the IEEE-RTS is shown in Figure 4.4. As mentioned earlier , zero margin 

indicates the traditional LOLE and negative values of margin indicates the 

deficiencies. LOLE indices are approximately equal to 3 and 3.3 days per 

year obtained by the conventional and the modified methods respectively. 

Assume a risk criterion of 2 days per year for the IEEE-RTS. It can be seen 

from Figure 4.4 that the IEEE-RTS has to curtail its load by at least 58 MW 
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in order to stay within its risk criterion. This assessment is a result of the 

conventional method. The magnitude of the load that has to be curtailed 

becomes at least 42 MW when assessed utilizing the modified method. 

Figure 4.5 shows plots of frequency of margin versus margin using the 

conventional and the modified methods. Assume that a margin frequency, 

F(m) of 2 occurrences per year is utilized as a risk criterion for the 

IEEE-RTS. As shown in Figure 4.5, the margins associated with the specified 

risk are -56 MW and -20 MW when assessed with the conventional and the 

modified methods respectively. This means that the IEEE-RTS has to curtail 

its load by at least 56 MW to satisfy the specified risk criterion as assumed by 

the conventional method. The required load curtailment for the same 

situation decreases to 20 MW when margin is assessed with the modified 

method. The traditional frequencies of deficiencies, i.e. F(m = 0), are equal to 

2.35 and 2.75 occurrences per year obtained by the modified and the 

conventional methods respectively. 

4.4.4. Effect of derated states 

For large thermal units, a two-state model is not an adequate 

representation as the unit may reside in states other than fully up or fully 

down. In those cases, a derated state model can provide a more realistic 

representation of a large generating unit. The details of derated state models 

for generating units have been discussed in Sections 2.2.2 and 3.4.3. 

Risk indices are overestimated when large units are represented without 

derated states. A number of derated states can be selected to represent the 

states in between fully up and down states. For a realistic representation, a 

generating unit should be modeled with a large number of derated states. 
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Figure 4.4. Variation in LOLE with margin. 

Figure 4.5. Variation in frequency with margin. 
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An increase in the number of derated states increases both computational 

time and complexity of a system study. The number and levels of derated 

states should be chosen such that a compromise between accuracy and 

complexity is achieved. 

The effects of derated states on the risk indices are illustrated using the 

RBTS. In order to provide numerical examples, the two 40 MW thermal units 

in the RBTS have been modeled by three-state models as shown in Figure 4.6 

[22]. These units are placed at the 8th and 9th positions in the first priority 

loading order. In the second priority loading order, they are placed at the 4th 

and 5th positions. 

Multi-period and normal Adequacy assessments have been performed for 

the RBTS when two 40 MW units are represented by three-state models in 

conventional method and by six-state models in the modified method. A 

deterministic margin approach has been applied in both conventional and 

modified methods. The first priority loading order has been utilized in order 

to develop the capacity model. The capacity model has been convolved with 

Figure 4.6. Three-state model of the 40 MW thermal units in the RBTS. 
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the six types of loadmodels mentioned in Section 4.4.1. The results of 

adequacy assessments are shown in Tables 4.9a and 4.9b. Tables 4.9a and 

4.9b show that all risk indices are considerably lower than those obtained 

using the unit models without derated states. 

Tables 4.10a and 4.10b show adequacy indices when the second loading 

order is utilized in the conventional and in the modified methods respectively. 

As mentioned earlier, the results of adequacy assessment remain unchanged 

for different loading orders when the conventional method is applied. Table 

4.10a is, therefore, the same as Table 4.9a. In the modified case (Table 

4.10b), however, all indices are greater than those evaluated using the first 

loading order (Table 4.9b). 

4.4.5. Effect of risk criteria 

In the probabilistic margin approach, a risk criterion must be selected 

initially. So far, a probability of margin has been chosen as a risk criterion in 

the basic investigations. Alternately, a frequency of margin may be selected 

as a risk criterion. Different risk criteria will yield different margin values 

and risk indices. Effects of risk criteria on margin and risk indices are 

illustrated in the section using numerical examples. 

The IEEE-RTS has been utilized in order to provide numerical 

examples. The annual cumulative load model has been convolved to the first 

loading order of the IEEE-RTS. The risk criterion is assumed to be the 

frequency of margin with a specified level of 4 occurrences per year. 
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Table 4.9. Adequacy assessments with the first loading order in the RBTS 

using derated-state models for two 40 MW units. 

a) Conventional 

Load Model 
Type 

IDLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 0.229964 0.268350 0.856955 
2 0.226836 0.401151 0.565463 
3 0.227373 0.340015 0.334357 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [occ/yr] [h rs] 

4 0.722825 0.680278 1.062543 
5 0.715607 0.464928 1.539178 
6 0.715664 0.732725 0.488358 

b) Modified 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 0.135155 0.156426 0.864020 
2 0.104167 0.182921 0.569466 
3 0.119606 0.177160 0.337566 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[h rs/y r] [occ/yr] [hrs] 

4 0.081715 0.079816 1.023784 
5 0.188076 0.124499 1.510663 
6 0.188442 0.192493 0.489477 

1) Using cumulative state load model from Table B.1 

2) Using individual state load model from Table B.2 

3) Using individual state load model from Table B.3 

4) Using hourly peak load for entire year 

5) Using individual state load model from Table B.4 

6) Using individual state load model from Table B.5 
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Table 4.10. Adequacy assessments with the second loading order in the 

RBTS using derated-state models for two 40 MW units. 

a) Conventional 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 0.229964 0.268350 0.856955 
2 0.226836 0.401151 0.565463 
3 0.227373 0.340015 0.334357 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [occ/yr] [h rs] 

4 0.722825 0.680278 1.062543 
5 0.715607 0.464928 1.539178 
6 0.715664 0.732725 0.488358 

b) Modified 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[days/yr] [occ/yr] [days] 

1 0.166823 0.191883 0.869402 
2 0.174264 0.302905 0.575310 
3 0.183331 0.271854 0.337188 

Load Model 
Type 

LOLE FREQUENCY DURATION 
[hrs/yr] [occ/yr] [hrs] 

4 0.296595 0.286153 1.036492 
5 0.403798 0.266394 1.515791 
6 0.434195 0.443631 0.489364 

1) Using cumulative state load model from Table B.1 

2) Using individual state load model from Table B.2 

3) Using individual state load model from Table B.3 

4) Using hourly peak load for entire year 

5) Using individual state load model from Table B.4 

6) Using individual state load model from Table B.5 
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Tables 4.11a and 4.11b show the results of adequacy assessments in the 

IEEE-RTS using the first and the second loading orders respectively. 

Columns 1 to 4 show the priority number, unit capacity, installed capacity 

and margin respectively. Columns 5 to 7 show the actual probability, 

frequency and duration of margin in respective order. Table 4.11a shows the 

results with the last 9 units. This table shows that the IEEE-RTS needs 25 

units to satisfy its load without violating the risk criterion. In this case, the 

installed capacity is 3305 MW and m is 4 MW. If all 32 generating units of 

the IEEE-RTS are utilized, margin increases to 102 MW which is 3.6% of the 

system peak load. 

Table 4.11. Margin and risk indices in the IEEE-RTS (Rspec = 4 occ./year). 

a) Using the first loading order 

Priority 
number 

unit capacity 
C(i) 

Installed I 
capacity Margin P(m) F(m) D(m) 

i [MW] [MW] WW1 [days/yr] [occ/yr] [days' 
24 20 3285 0 5.42 4.27 1.27 
25 20 3305 4 5.06 3.91 1.29 
26 20 3325 24 5.10 3.95 1.29 
27 20 3345 44 5.12 4.00 1.28 
28 12 3357 54 5.10 3.96 1.29 
29 12 3369 66 5.11 3.97 1.29 
30 12 3381 78 5.11 3.98 1.29 
31 12 3393 90 5.11 3.98 1.28 
32 12 3405 102 5.11 3.99 1.28 

b) Using the second loading order 

Priority 
number 

unit capacity 
C(1) 

Installed
capacity Margin  P(m) F(m) D(m) 

i [MW] 
_ 

[MW] [MW] fdays/yr] [occ/yr] [days] 
29 20 3285 0 5.27 4.13 1.28 
30 20 3305 8 5.14 4.00 1.29 
31 50 3355 54 4.96 3.84 1.29 
32 50 3405 104 4.98 3.88 1.28 
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Table 4.11b shows the results associated with units 29 to 32 from the 

second loading order in the IEEE-RTS. Table 4.11b shows that the IEEE-

RTS requires 30 units to satisfy the specified risk criterion. In this case, 

margin is 8 MW. With 32 generating units in the IEEE-RTS, margin 

increases to 104 MW. 

4.4.6. Effect of start-up failure probability 

Start-up failure probability (Ps) of generating units can be included in 

the modified four-state model. So far, Ps has been assumed to be zero in all 

studies mentioned in this chapter. Due to this assumption, the magnitude of 

risk indices obtained using the modified method have been lower than those 

obtained using the conventional method. 

In order to see the effect of Ps on the risk model, Ps is increased in steps 

of 0.5% from zero to 25% for all generating units in the IEEE-RTS. The 

LOLE as a function of Ps is obtained and shown in Figure 4.7. It can be 

noticed from Figure 4.7 that LOLE increases with an increase in Ps. The 

LOLE is about 3 days per year when Ps is zero and it increases to 8 days per 

year when Ps increases to 25% . 

The effect of Ps on the frequency of margin in the IEEE-RTS is shown in 

Figure 4.8. The frequency-Ps characteristic is similar to the LOLE-Ps

characteristic. The frequency changes from 2.3 to 11 occurrences per year 

when Ps increases from zero to 25% . 

In general, the risk indices obtained using a modified method are greater 

than those obtained by a conventional method when Ps is not zero. 
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Figure 4.7. LOLE as a function of Ps for the IEEE-RTS. 

Figure 4.8. Frequency as a function of Ps for the IEEE-RTS. 
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4.5. Energy-Based Indices 

Energy-based approaches measure the severity of deficiencies rather 

than just the number of contingencies. A common energy-based index is loss 

of energy expectation (LOEE). LOEE is the expected energy not supplied by 

a generating system due to its load exceeding the available generating 

capacity. The complementary value of the normalized LOEE is known as 

energy index of reliability (EIR). System minutes (SM) is used by some 

utilities which indicates the expected unsupplied energy (EUE). The details 

of LOEE, EIR, as well as SM have been discussed in Section 2.7. 

The concepts of expected energy not supplied can be used to determine 

the expected energy supplied by each unit in a system. In order to evaluate 

the expected energy supplied by each unit, the expected energy not supplied 

is evaluated each time a unit is added to the capacity model. The expected 

energy not supplied (EENS) before adding the kth unit is termed as EENSk-1 

and that is EENSk after adding the kth unit to the capacity model. 

Therefore, the expected energy supplied by the kth unit (EESk) is obtained as 

EESk = EENSk_i - EENSk (4.2) 

The RBTS and the IEEE-RTS have been utilized in order to provide 

numerical examples. The hourly load duration curve, LDC has been obtained 

from the hourly peak load of IEEE-RTS by sorting the peak loads in a 

descending order. The LDC of the RBTS has the same shape as the 

IEEE-RTS with a different peak load. 

Four different cases were considered for the RBTS. These cases are 

associated with different loading orders and different models of generating 
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units. The results of energy-based indices for the RBTS are shown in Tables 

4.12 to 4.15. These tables show the loading order, capacity and expected 

energy supplied and EENS corresponding to each individual generating unit. 

The EES and EENS have been assessed with both the conventional and 

modified methods. The first row of Tables 4.12 to 4.15 show the EENS when 

the capacity is zero. The EENS corresponding to zero capacity represent the 

area under the LDC and indicates the required energy that should be 

supplied by the generating system. The energy index of reliability, EIR and 

the expected unsupplied energy, EUE in system minutes (SM) have been 

obtained using a conventional and a modified method. These indices are 

shown at the bottom of each table. 

Case 1: 

In this case, all generating units are represented by two-state models in 

the conventional and in the modified method. The first loading order of the 

RBTS has been utilized in this case. The results of energy-based indices for 

the RBTS are shown in Table 4.12. The LOEE is the EENS from the last row 

when all units are utilized. The LOEE assessed by the conventional method 

is 9.86 MWhr/yr and is very close to that reported in Reference 23 using a 

load modification approach. The LOEE assessed by the modified method is 

0.83 MWhr/yr which is considerably lower than that obtained by the 

conventional method. 

In the modified method, the data of each generating unit are modified by 

the probabilities and frequencies of contingencies resulting prior to the unit 

under consideration. Then the unit with its modified FOR, A, and 11 is added 

to develop the capacity model. It has been mentioned in Section 3.5. that the 

modified FOR is reduced when Ps is ignored in the modified four-state model. 
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Table 4.12. Energy-based indices using the first loading order in the RBTS. 

Conventional method Modified method 

Loading 
order no. 

Capacity EES EENS EES EENS 
MW MW-hr/Yr MW-hr/Yr MW-hr/Yr MW-hr/Yr 

--- --- 0 992967.9 0 992967.9 
1 4 0 342498.5 650469.4 342498.5 650469.4 
2 2 0 172051.9 478417.5 172051.9 478417.5 
3 2 0 167583.0 310834.6 167637.9 310779.6 
4 2 0 134949.9 175884.7 135142.3 175637.3 
5 2 0 94119.9 81764.8 94533.6 81103.7 
6 5 17080.4 64684.4 17103.8 64000.0 
7 5 14544.4 50140.0 14546.2 49453.8 
8 4 0 46990.1 3149.9 47366.6 2087.2 
9 4 0 2990.8 159.1 2053.8 33.4 

1 0 2 0 131.16 27.94 30.32 3.06 
11 10 18.08 9.86 2.24 0.83 

EIR con = 0.999990 

EUE con = 3.20 SM 

EIR mod = 0.999999 

EUE mod = 0.27 SM 

Table 4.13. Energy-based indices using the second loading order in the RBTS. 

Conventional method Modified method 

Loading 
order no. 

Capacity EES EENS EES EENS 
MW MW-hr/Yr MW-hr/Yr MW-hr/Yr MW-hr/Yr 

--- --- 0 992967.9 0 992967.9 
1 4 0 342498.5 650469.4 342498.5 650469.4 
2 2 0 172051.9 478417.5 172051.9 478417.5 
3 2 0 167583.0 310834.6 167637.9 310779.6 
4 4 0 224969.1 85865.5 225579.1 85200.5 
5 4 0 77316.7 8548.8 78178.3 7022.2 
6 2 0 6265.4 2283.4 5429.4 1592.7 
7 1 0 1257.2 1026.3 928.1 664.6 
8 2 0 855.8 170.6 580.0 84.6 
9 2 0 142.07 28.48 72.75 11.85 

10 5 11.60 16.88 5.23 6.62 
11 r ..) -. 1 .02 

_ 
9.86 3.05 3.57 

EIR con = 0.999990 

EUE con = 3.20 SM 

EIR mod = 0.999996 

EUE mod = 1.16 SM 
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Therefore, the risk indices assessed by the modified method are expected to 

be smaller than those assessed by the conventional method. 

The energy indices of reliability, EIRs can be evaluated using LOEE 

indices obtained by the conventional and the modified methods. 

EIR con = 
9.86

1- 9929679 0.999990 

,  0.83  A nnnnnn
EIR mod = 992967.9 — V•VOUVUU 

The expected unsupplied energy, EUE can be evaluated for both the 

conventional and modified methods as follows. 

EUE con 9.86 185 * 60 = 3.20 SM 

EUE mod = 
01.

83: * 60 = 0.27 SM 

Case 2: 

This case is similar to the first case except that the second loading order 

is utilized. The results of energy-based indices are shown in Table 2.13. The 

LOEE obtained by the conventional method remains same for all loading 

orders. The LOEE obtained by the modified method, however, increases to 

3.57 MWhr/yr. It indicates that the LOEE obtained by the modified method 

is dependent on loading order. The EIR and EUE obtained by the 

conventional method remain same as those obtained in Case 1, while the EIR 

obtained by the modified method decreases to 0.999996 and EUE obtained by 

the modified method increases to the corresponding indices in Case 1. 
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Table 4.14. Energy-based indices using the first loading order in the RBTS 

where units 8 and 9 are represented by three-state models. 

Conventional method Modified method 

Loading 
order no. 

Capacity EES l EENS EES EENS 
MW MW-hr/Yr f MW-hr/Yr MW-hr/Yr MW-hr/Yr 

--- ---  0 992967.9 0 992967.9 
1 41D 342498.5 650469.4 342498.5 650469.4 
2 2 0 172051.9 478417.5 172051.9 478417.5 
3 2 0 167583.0 310834.6 167637.9 310779.6 
4 2 0 134949.9 175884.7 135142.3 175637.3 
5 2 0 94119.9 81764.8 94533.6 81103.7 
6 5 17080.4 64684.4 17103.8 64000.0 
7 5 14544.4 50140.0 14546.2 49453.8 
8 4 0 47266.1 2873.9 47454.8 1999.0 
9 4 0 2754.8 119.2 1970.4 28.7 

1 0 2 0 100.49 18.68 26.36 2.30 
1 1 1 0 12.32 6.36 1.71 0.59 

EIR eon = 0.999994 
EUE con = 2.06 SM 

EIR mod = 0.999999 
EUE mod = 0.19 SM 

Table 4.15. Energy-based indices using the second loading order in the RBTS 

where units 4 and 5 are represented by three-state models. 

I Conventional method Modified method 

Loading 
order no. 

Capacity EES EENS EES EENS 
MW MW-hr/Yr MW-hr/Yr MW-hr/Yr MW-hr/Yr 

--- --- 0 992967.9 0 992967.9 
1 40 342498.5 650469.4 342498.5 650469.4 
2 2 0 1 72051.9 478417.5 1 72051.9 478417.5 
3 20 167583.0 310834.6 167637.9 310779.6 
4 4 0 225389.9 85444.7 225938.2 84841.3 
5 4 0 77545.7 7899.0 78247.8 6593.5 
6 2 0 5997.7 1901.3 5248.8 1344.8 
7 1 () 1 072.1 829.2 799.4 545.4 
8 2 0 700.7 128.5 480.7 64.7 
9 20 109.42 19.08 56.82 7.87 

10 5 8.01 11.07 3.56 4.31 
11 5 4.71 6.36 2.02 2.29 

EIR con = 0.999994 
EUE con = 2.06 SM 

EIR mod = 0.999998 
EUE mod = 0.74 SM. 
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Case 3: 

In this case, the two 40 MW thermal units are represented by the three-

state model as shown in Figure 4.6. The first loading order is utilized in this 

case. The results of energy-based indices are shown in Table 4.14. The 

LOEE indices assessed by the conventional and modified methods are both 

lower than those obtained in Case 1. The LOEE obtained by the conventional 

method equals to 6.36 MWhr/yr which is very close to the result obtained in 

Reference 23. The LOEE obtained by the modified method is 0.59 MWhr/yr 

which is lower than that obtained in Case 2. The EIRs obtained by the 

conventional and the modified methods are 0.999994 and 0.999999 

respectively. The EUEs obtained by the conventional and the modified 

methods are 2.06 SM and 0.19 SM respectively. 

Case 4: 

This case is similar to Case 3, however, the second loading order is 

utilized. The indices obtained by the conventional method remain the same 

as those obtained in Case 3. The LOEE obtained by the modified method, 

however, increases to 2.29 MWhr/yr. The EM obtained by the modified 

method decreases to 0.999998 and the EUE obtained by the same method 

increases to 0.74 SM. 

It is evident from the results shown in Tables 4.12 to 4.15 that the 

energy-based indices decrease considerably when a) the modified method 

(Ps is ignored) is applied, and also when b) generating units are modeled 

with derarted states . 

The energy-based indices have also been assessed for the IEEE-RTS. 

The results of energy-based indices are shown in Tables 4.16 and 4.17 using 

the first and the second loading order respectively. 
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Table 4.16. Energy-based indices using the first loading orderin the 

IEEE-RTS. 

Conventional method Modified method 

Loading 
order no. 

Capacity EES EENS EES EENS 
MW MW-hr/Yr MW-hr/Yr MW-hr/Yr MW-hr/Yr 

0 0 0 15,297,073 0 15,297,073 
1 400 3,076,278 12,220,794 3,076,278 12,220,794 
2 400 3,073,872 9,146,923 3,073,872 9,146,923 
3 350 2,796,262 6,350,660 2,796,262 6,350,660 
4 197 1,506,550 4,844,110 1,508,825 4,841,835 
5 197 1,313,732 3,530,378 1,321,647 3,520,188 
6 197 1,104,916 2,425,462 1,117,465 2,402,723 
7 155 711,981 1,713,481 719,069 1,683,653 
8 155 559,956 1,153,525 564,949 1,118,704 
9 155 430,127 723,398 432,583 686,121 

10 155 302,695 420,702 300,123 385,998 
11 100 134,413 286,289 129,830 256,168 
1 2 100 97,281 189,008 92,094 164,074 
1 3 100 68,497 120,510 63,432 100,642 
14 76 37,869 82,642 33,387 67,255 
15 76 27,138 55,504 23,268 43,987 
16 76 18,990 36,514 15,829 28,158 
1 7 76 12,976 23,538 10,530 17,628 
18 50 6,174 17,364 4,836 12,792 
19 50 4,707 12,657 3,649 9,143 
20 50 3,527 9,130 2,686 6,457 
21 50 2,610 6,520 1,942 4,515 
22 50 1,916 4,604 1,396 3,119 
23 50 1,394 3,211 997 2,122 
24 20 400 2,811 308 1,814 
25 20 354 2,457 267 1,547 
26 20 313 2,145 230 1,317 
27 20 275 1,869 197 1,120 
28 1:2 163 1,707 105 1,015 
29 1:2 150 1,557 96 919 
30 1:2 138 1,419 88 831 
31 1:2 127 1,293 80 751 
3.2 1:2 117 1,176 74 677 

EIR con = 0.999923 

EUE con = 24.76 SM 

EIR mod = 0.999956 

EUE mod = 14.25 SM 
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Table 4.17. Energy-based indices using the second loading order in the 

IEEE-RTS. 

Conventional method Modified method 

Loading 
order no. 

Capacity EES EENS EES EENS 
MW MW-hr/Yr MW-hr/Yr MW-hr/Yr MW-hr/Yr 

0 0 0 15,297,073 0 15,297,073 
1 50 434,250 14,862,823 434,250 14,862,823 
2 50 430,632 14,432,190 430,632 14,432,190 
3 50 432,415 13,999,775 432,415 13,999,775 
4 50 432,412 13,567,363 432,412 13,567,363 
5 400 3,075,105 10,492,259 3,075,105 10,492,259 
6 400 3,074,895 7,417,363 3,074,895 7,417,363 
7 350 2,659,874 4,757,490 2,660,139 4,757,224 
8 197 1,302,376 3,455,113 1,310,833 3,446,391 
9 197 1,092,764 2,362,349 1,105,783 2,340,608 

1 0 197 853,528 1,508,821 865,566 1,475,041 
11 155 514,728 994,094 518,542 956,500 
12 155 388,011 606,083 388,805 567,694 
13 155 262,228 343,855 257,459 310,235 
1 4 155 161,067 182,788 153,060 157,175 
15 100 66,663 116,125 61,336 95,839 
1 6 100 45,049 71,077 40,043 55,796 
1 7 100 28,988 42,089 24,483 31,313 
1 8 76 14,783 27,306 11,644 19,669 
1 9 76 9,945 17,361 7,591 12,078 
20 76 6,599 10,761 4,905 7,173 
21 76 4,241 6,520 3,025 4,149 
22 12 510 6,010 351 3,798 
23 12 476 5,534 327 3,471 
24 12 441 5,093 300 3,171 
25 1 2 409 4,684 276 2,895 
26 12 378 4,306 254 2,640 
27 20 525 3,780 381 2,259 
28 20 466 3,315 329 1,930 
29 20 412 2,903 283 1,647 
30 20 365 2,539 246 1,401 
31 50 800 1,739 473 928 
32 50 563 1,176 323 605 

EIR con = 0.999923 

EUE con = 24.76 SM 

EIR mod = 0.999960 

EUE mod = 12.74 SM 
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Table 4.16 shows that the EENS is 15,297,073 MWhr/yr when the 

generating capacity is zero. After committing all 32 generating units, the 

LOEE obtained by the conventional and modified methods are 1176 and 677 

MWhr/yr respectively. 

Table 4.17 shows that the LOEE indices, EIRs and EUEs obtained by 

the conventional method, remain same as those obtained in the previous 

case. In comparison to the previous case, the LOEE obtained by the modified 

method decreases to 605 MWhr/yr. The EIR and EUE obtained by the 

modified method increases to 0.999960 and decreases to 12.74 SM 

respectively. 

4.6. Summary 

A set of techniques and algorithms for adequacy assessment at HLI has 

been presented in this chapter. The conventional and the modified methods 

have been applied in both the RBTS and the IEEE-RTS. Several load models 

have been utilized to evaluate risk indices such as LOLE, frequency and 

duration. The energy-based indices including the LOEE have been assessed 

and presented in this chapter. 

The modified method is a flexible technique for adequacy assessment at 

HLI. The modified method can include margin, load cycle shape, priority 

loading order, as well as start-up failure probability of units in adequacy 

assessments. 



5. ENERGY LIMITED UNITS 

5.1. Introduction 

Conventional thermal power plants use coal, gas or oil to generate 

electricity. Hydro plants depend on a steady supply of water for their 

operation. The output of thermal and hydro plants may become constrained 

due to energy shortfalls. Energy shortfalls, therefore, may affect the overall 

reliability of a power system. When there is no limitation on the energy 

supply to any of the generating units in a system, the adequacy assessment 

at HLI can be carried out with the data on unit capacity outages. For energy 

limited units, adequacy assessments must include energy limitation as an 

essential factor. So far in this thesis, it has been assumed that there are no 

inherent energy limitations, and only the effect of capacity outages have been 

included. The impact of energy shortfalls in a system may affect the 

reliability more seriously than the impact of capacity outages. 

Several methods have been published to consider the impact of energy 

limitations. One of these methods which incorporates energy limited units in 

adequacy assessments is known as peak shaving approach [24,25,26]. In the 

peak shaving approach, energy limited hydro units are scheduled to serve the 

peak load levels under some specified hydraulic constraints. 

Energy limited units can be modeled with the help of the modified four-

state model. This chapter describes adequacy assessment methods at HLI 

with energy limited units. Two methods are proposed for the evaluation of 

risk indices at HLI with energy limited units. One of the methods is based 

109 
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upon the peak shaving approach where generating units are represented by 

modified four-state models. In another approach, risk indices at HLI are 

evaluated by modifying four-state models of the generating units with their 

respective limitation. These approaches are illustrated with numerical 

examples. 

5.2. Modeling Energy Limited Units 

An energy limited unit can be modeled as a negative load for the purpose 

of adequacy assessment. This approach is known as the equivalent load 

method. In this approach, each unit is viewed as a load with a negative 

value, and convolved with the actual load model. The load states are 

arranged in an ascending order of magnitude. Let Lf be the load in state i, 

then the addition of a unit results in n subsets of states: 

So =14 — Co 

S1=L?—C],

= L - cn-i 
where 

Co = 0, i.e. capacity of the unit added when the unit is down, 

Cn_i = capacity of the unit added when the unit is up, 

Ci = capacity of the unit added when the unit is in the derated state i, 

n = number of capacity states . 

Let the n subsets Si be arranged in n columns. Assume that a load level 

equal to or greater than Y is defined by the boundary state X[b(i)] in Si where 
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i is the column number and b(i) is the position of the boundary state in 

column i The probability and frequency associated with an equivalent load 

level equal to or greater than Y can be derived in the following manner [9]. 

N-1 
Pe(Y) = P[b(i)]•Pi (5.1) 

1=0 

Fe(Y) = Fei(Y) +Feg(Y) (5.2) 

N-1 

Fe1(Y) = F[b(i)]•Pi 
i=0 

(5.3) 

Feg(Y) = f P[b(h)]-P[b(i)] bfhi (5.4) 
V Bi 

where, 

Pi 

fhi 

= the steady state probability of the unit being in state i. 

= frequency of transition from unit state h to i, 

P[b(i)] and F[lb(i)] = probability and frequency of equivalent load model 

equal to or greater than Le b(i) before unit addition, 

Feg(Y) and Fe1(Y) = the components of frequency in equivalent load 

model due to the changes of unit capacity and 

equivalent load before unit addition respectively, 

Pe(Y) and FeCY) = probability and frequency in equivalent load model 

after unit addition. 
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5.2.1. Numerical example 

A hypothetical system is considered to illustrate the equivalent load 

method. The system contains three identical 50 MW units with a system 

peak load of 150 MW. The system generating unit data of the three units are 

given in Table 5.1. An equivalent capacity model in the form of a COPT is 

developed and shown in Table 5.2. The COPT is developed for the purpose of 

comparing the results. The chronological hourly load characteristic over 10 

hours is shown in Figure 5.1. The load model is discretized to 5 steps. A 

cumulative state load model has been obtained from Figure 5.1 and shown in 

Table 5.3. An increment of 50 MW is utilized in building the cumulative 

state load model. 

Table 5.1. Generating unit data of hypothetical system. 

Unit 
Number 

Unit capacity Failure rate Repair rate 
[MW] [occ/h r] [occ/hr] 

1 50 0.1 0.9 
2 50 0.1 0.9 
3 50 0.1 0.9 

Table 5.2. COPT of hypothetical system. 

Capacity 
Outage Individual 

Probability 
Cumulative 
Probability 

Cumulative 
Frequency 

[MW] [occ/hr] 
0 0.729 1.000 0.000 

50 0.243 0.271 0.219 
100 0.027 0.028 0.049 
150 0.001 0.001 0.003 

Table 5.3. Cumulative state load model of hypothetical system. 

Load Individual 
Probability 

Cumulative 
Probability 

Cumulative Frequency 
[MW] [occ/hr] 
0 0.5 1.0 0.0 

50 0.0 0.5 0.2 
100 0.3 0.5 0.2 
150 0.2 0.2 0.1 
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Figure 5.1. Hourly load data of hypothetical system. 

A risk model can be developed utilizing one of two methods. In the first 

method a risk model is obtained by convolving a COPT with a corresponding 

load model. The risk model can be expressed in the form of margin states. 

The individual and cumulative probabilities and the cumulative frequency of 

zero and negative margin states are shown in Table 5.4. 

A risk model can also be developed by using the equivalent load 

approach. As mentioned earlier, a COPT is not developed in this approach. 

Table 5.4. Margin model of sample system. 

Cumulative 
Frequency 

[occ/hr] 
Margin 
[MW] 

Individual 
Probability 

Cumulative 
Probability 

0 0.2192 0.2818 0.1939 
- 5 0 0.0567 0.0626 0.0882 
-1 0 0 0.0057 0.0059 0.0134 
-1 5 0 0.0002 0.0002 0.0006 
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The following steps show how an equivalent load method is utilized to 

develop a risk model. 

Equivalent load model after the first unit addition. 

Load [MW] PO.P(b0)+P1.P(bi) = Pe(Y) 

0 (0.1)(1)+(0.9)(0.5) = 0.55 

50 (0.1)(0.5)+(0.9)(0.5) = 0.50 

100 (0.1)(0.5)+(0.9)(0.2) = 0.23 

150 (0.1)(0.2)+(0.9)(0) = 0.02 

PO.F(b0)+P1.F(bi) = Fel(Y) [P(bo)-P(bi)] f01 =Feg(Y) Fe(Y) 
= Fe1(Y)+Feg(Y) 

(0.1)(0)+(0.9)(0.2) = 0.18 (1-0.5)(0.09) = 0.045 0.225 

(0.1)(0.2)+(0.9)(0.2) = 0.20 (0.5-0.5)(0.09) = 0 0.200 

(0.1)(0.2)+(0.9)(0.1) = 0.11 (0.5-0.2)(0.09) = 0.027 0.137 

(0.1X0.1)+(0.9)(0) = 0.01 (0.2-0)(0.09) = 0.018 0.028 

Equivalent load model after the second unit addition. 

Load [MW] P0.P(b0)+PI.P(bi) = arta 

0 (0.1)(0.55)+(0.9)(0.5) = 0.505 

50 (0.1)(0.50)+(0.9)(0.23) = 0.257 

100 (0.1)(0.23)+(0.9)(0.02) = 0.041 

150 (0.1)(0.02)+(0.9)(0) = 0.002 
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POY(1:00)+Pi.F(bi) = Fel(Y) [P(bo)-P(bi)] foi =Feg(Y) 
Fe(Y) . 

Pel(Y)+Feg(Y) 

(0.1)(0.225)+(0.9)(0.200) = 0.2025 (0.55-0.5)(0.09) = 0.0045 0.2070 

(0.1)(0.200)+(0.9)(0.137) = 0.1433 (0.5-0.23)(0.09) = 0.0243 0.1676 

(0.1)(0.137)+(0.9)(0.028) = 0.0389 (0.23-0.02)(0.09) = 0.0189 0.0578 

(0.1)(0.028)+(0.9)(0) = 0.0028 (0.2-0)(0.09) = 0.0018 0.0046 

Equivalent load model after the third unit addition. 

Load [MW] PO•P(b0)+P1•P(bi) = Pe(Y) 

0 (0.1)(0.505)+(0.9)(0.257) = 0.2818 

50 (0.1)(0.257)+(0.9)(0.041) = 0.0626 

100 (0.1)(0.041)+(0.9)(0.002) = 0.0059 

150 (0.1)(0.002)+(0.9)(0) = 0.0002 

PO•Rbo)+Pi•Rbi) = Fel(Y) [P(b0)-P(bi)] fOi =Feg(Y) 
Fe(Y) = 

Fei(Y)+Peg(Y) 

(0.1)(0.2070)+(0.9)(0.1676) = 0.1715 (0.505-0.257)(0.09)= 0.0223 0.1938 

(0.1)(0.1676)+(0.9)(0.0578) = 0.0688 (0.257-0.041)(0.09)= 0.0194 0.0882 

(0.1)(0.0578)+(0.9X0.0046) = 0.0099 (0.041-0.002)(0.09)= 0.0035 0.0134 

(0.1)(0.0046)+(0.9)(0) = 0.00046 (0.002-0)(0.09) = 0.0002 0.0006
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In the final step, the cumulative probabilities associated with 0, 50, 100 

and 150 MW are 0.2818, 0.0628, 0.0059 and 0.0002 hours per period 

respectively. The cumulative frequencies associated with the mentioned load 

levels are 0.1938, 0.0882, 0.0134 and 0.0006 occurrences per period 

respectively. It can be seen that after committing all units the probabilities 

and frequencies associated with load levels obtained by equivalent load 

approach are equal to those obtained from the margin states (Table 5.4). The 

LOLE and frequency of deficiency are the cumulative probability and 

frequency of zero margin in Table 5.4. In the equivalent load method, these 

indices are the cumulative probability and frequency of the zero load level. 

The LOLE is equal to 0.2818 hours per period and the frequency of deficiency 

is equal to 0.1938 occurrences per period in both methods. 

In this example, the generating system contains 3 units, so the 

procedure is repeated 3 times to evaluate the final equivalent load model. 

The number of algebraic functions in all steps is the same and, therefore, the 

CPU time for each step would be approximately the same. In general, for a 

system with N units, N steps are required in order to complete the procedure 

of equivalent load method. The CPU time is, therefore, proportional to the 

number of units in the equivalent load method. 

5.3. Adequacy Assessment by Peak Shaving Approach 

In the peak shaving approach, energy limited units are usually 

scheduled to operate during the peak load periods. In order to meet economic 

objectives, it is assumed that the total allotted energy for the unit should be 

consumed during the specified period [25]. The energy limited units are 
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taken into operation when the load is higher than a level known as critical 

load level (Lcr). 

The energy distribution associated with an energy limited unit can be 

obtained from its historical records and statistical predictions. The energy 

distribution is usually discretized over a certain period. The area under an 

energy distribution curve over a certain period represents the expected 

allotted energy for the unit in that period. When the energy distribution is 

estimated by discrete steps, the expected energy allotted (EEA) can be 

expressed as 

EEA = Difk•Pe(ik) (5.5) 

where and Pe(iik) are the magnitude and probability of Kth energy state. 

An energy limited unit is assumed with n derated states. The expected 

capacity output (Ce) can be evaluated as 

Ce = c..P. (5.6) 

where 

Ci = Capacity of state i, and 

Pi = Probability of state i. 

The expected energy consumed at load level k (Ek) in a descending order 

of load levels from M to 1 is: 

Ek = P(Lk).Ce•T (5.7) 



118 

where P(Lk) is the cumulative probability of load state k and T is the total 

duration. The relationships between EEA, Ek and Lcr are illustrated in 

Figure 5.2. Figure 5.2a shows a typical energy distribution curve. The 

expected energy allotted (EEA) is represented with a rectangle shown in 

Figure 5.2b. The cumulative state load model with M states is shown in 

Figure 5.2c. The expected energy consumed, EM, ... corresponding to 

load levels LM, Lm-1, ... is shown in Figure 5.2d to 5.2g. 

It can be seen from figures 5.2d to 5.2g that the EEA for a unit can be 

consumed when the load level is higher than or equal to L4. Otherwise, the 

demand will be greater than the allotted energy. The critical load level (Lcr) 

is defined as the lowest load level in a descending order in which the expected 

energy consumed (Ek) is less than or equal to the EEA. In this example, Lcr 

is equal to L4. In general, Lcr is determined by [25] 

Lcr = min(Lk : Ek S EEA} (5.8) 

The convolution of the load model with an energy limited unit of capacity 

C may result three regions in the load model: 

Region 1: L Lcr

Region 2: Lcr > L > Lcr-C 

Region 3: Lcr-C z L. 

In Region 1, the load is equal to or greater than Lcr, therefore, the load 

will be peak shaved. The probability and frequency of equivalent load model 

in this region can be evaluated by Equations 5.1 and 5.2. 
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Figure 5.2. The relationships between EEA, Ek and Lcr• 
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In Region 2, the load is less than Lcr and the unit does not operate. 

However, it is possible for the unit to be in either up or down state in the first 

region. If the unit is in up state in Region 1, it will change the shape of load 

model and affect Region 2. If the energy limited units are relatively small 

compared to the capacity of normal units, then Equations 5.1 and 5.2 can be 

modified by using the conditional probability [25] in the following manner. 

P(Lk) pgosta.01.pgi [paLic)+PaLk+C)-PaLcri (5.9) 

F(Lk) =Pgo.FL(Lk)+Pgi [FL(Lk)+FaLk+C)-FL(Lcd+W(b(0)-P(b(1)if01 (5.10) 

where, 

P(Lek) and F(Lek) are the probability and frequency of Kth state of the 

equivalent load model after peak shaving, and 

"0" and "1" refer to down and up states respectively. 

In Region 3, the unit is always out of operation. Hence, the load will be 

unchanged and the equivalent load model is identical to the load model prior 

to the addition of the unit in question. 

5.4. Peak Shaving Approach With the Modified Four-State Model 

Due to energy limitation, some units need to be started or stopped for a 

part of a day, or a week. This fact indicates that an energy limited unit has 

more reserve shut-down periods than a unit with no energy limitation. The 

reserve shut-downs due to generation scheduling are similar to reserve 

shut- downs due to a decrease in load level as far as a modified four-state 
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model is concerned. This idea leads to the modeling of energy limited units 

using modified four-state models. 

In a modified four-state model, operation times of a normal unit are 

dictated only by demand provided that the unit is available. The operation 

times of energy limited units are dictated by available energy as well. Unit 

operation time, therefore, may be decreased due to either energy limitation or 

diminishing demand. In the case of energy-limited units, MFOR usually 

decreases when Ps is ignored. If a conventional method is used, FOR will 

remain unchanged since it is independent of unit operation time. FOR, 

therefore is not a reliable parameter to estimate the unit unavailability in the 

case of energy limited units. 

The peak shaving approach discussed in Section 5.3 can be modified 

where generating units are represented by modified four-state models. Unit 

operation time can be estimated by needed and not needed rates of the unit, 

p+ and p... A new method of peak shaving has been developed to consider the 

needed and not needed rates of energy limited units using a four-state model. 

A computer program has been developed based on the flowchart shown in 

Figure 5.3. The major steps of the procedure illustrated in the flowchart are 

as follows. 

Step 1: Read load data 

The original cumulative probability and frequency associated with load 

levels, PL(L) and FL(L), are obtained from an output file. 

Step 2: Read generating unit data 
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Generating unit data containing the number of unit states, capacity of 

states, repair rates and failure rates are read at this step. 

Step 3: Evaluate EEA, Ce and Ler

Expected energy allotted, EEA and expected capacity output, Ce are 

evaluated at this step using Equations 5.5 and 5.6. Critical load level, Lcr is 

determined using Equations 5.7 and 5.8. 

Step 4: Check load levels (L) with Lcr

a: For load levels greater than or equal to the Lcr (Region 1), load is peak 

shaved using Equations 5.1 and 5.2. 

b: For load levels between Lcr-C and Lcr (Region 2), load is peak shaved 

conditionally using equations 5.9 and 5.10. 

c: For load levels less than Lcr-C (Region 3), load remains unchanged as 

pervious iteration. 

Step 5: Evaluate risk indices 

A set of cumulative probabilities and frequencies of negative margins 

including zero margin are determined at this step. EENS is equal to the area 

under equivalent load curve. EES is equal to the current EENS minus the 

EENS from the previous iteration. 

Step 6: Determine p+ and p.. 

In order to determine p+ and p- , Equations 3.16a and 3.16b in Section 

3.4.1. can be modified in the following manner. 
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Figure 5.3. Flowchart of peak shaving approach with modified four-state model. 
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F(Lo) 
POLO) 

F 
P+ — 1-P(1.(Lo0) ) 

(5.11) 

(5.12) 

where L0 is the desired negative margin. Traditional LOLE, F&D and LOEE 

are determined as a special case when L0 equals zero. 

Step 7: Modify generating unit data 

Generating data for the next unit are modified with the help of p+ and 

p- . The procedure then goes to Step 3 and is repeated until all units are 

included. 

5.4.1. Application to the RBTS 

The RBTS has been utilized to demonstrate the application of the 

modified four-state model in energy limited systems. In order to assess the 

energy-based indices, cumulative state load models have been developed 

using hourly peak loads. The time period is considered as 8736 hours. 

The two 5 MW hydro units located at 10th and 11th positions in the 

second priority loading order of the RBTS are assumed to be energy limited 

units. A set of risk indices at HLI has been assessed while the expected 

energy allotted, EEA for each unit has been varied from 0 to 100,000 

MWhr/yr. 

Tables 5.5a and 5.5b shows the results of adequacy assessments at HLI 

using a conventional and a modified method respectively. The first column of 

tables show the EEA for each unit. Columns 2 and 3 show the decrease of the 

critical load level, Lcr when the allotted energy increases. The risk indices 
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Table 5.5. Variation in risk indices with EEA at HLI in the RBTS. 

a) Conventional 

EEA 
Lcr for each unit 

1 2 WEE EIR EUE LOLE Frequency 
[MWhr/yr] IMW] [MW] [MWhr/yr] [SM] [H rs/yr] [Occ/yr] 

0 185 185 27.38 0.999972 8.88 2.7873 0.5517 
500 167 165 23.44 0.999976 7.60 2.4473 0.4533 

1000 163 161 21.03 0.999979 6.82 2.4223 0.4473 
5000 149 146 12.04 0.999988 3.91 1.2321 0.2522 

10000 136 133 10.09 0.999990 3.27 1.1459 0.2378 
20000 116 113 9.50 0.999990 3.08 1.0588 0.2244 
30000 96 93 9.45 0.999990 3.06 1.0455 0.2237 
40000 78 75 9.44 0.999991 3.06 1.0444 0.2237 
50000 0 0 9.44 0.999991 3.06 1.0444 0.2237 

100000 0 0 9.44 0.999991 3.06 1.0444 0.2237 

b) Modified 

EEA 
Lcr for each unit 

1 2 WEE EIR EUE LOLE Frequency 
[MWhr/yr] [MW] [MW] [MWhr/yr] [SM] [H rs/yr] [Occ/yr] 

0 185 185 12.40 0.999988 4.02 1.3482 0.2624 
500 167 165 10.57 0.999989 3.43 1.2302 0.2282 

1000 163 161 9.25 0.999991 3.00 1.2279 0.2276 
5000 149 146 4.53 0.999995 1.47 0.5198 0.1115 

10000 136 133 3.99 0.999996 1.30 0.5022 0.1082 
20000 116 113 3.39 0.999997 1.10 0.4309 0.0947 
30000 96 93 3.37 0.999997 1.09 0.4250 0.0942 
40000 79 76 3.01 0.999997 0.98 0.3812 0.0846 
50000 0 0 3.00 0.999997 0.97 0.3801 0.0844 

100000 0 0 3.00 0.999997 0.97 0.3801 0.0844 

for different amount of energy are shown in columns 4-8. The load level 

increment, LLI is equal to 0.1 MW in Tables 5.5a and 5.5b. An EEA of 0 

MWhr/yr is equivalent of 9 units in the system. An EEA of greater than 

40,000 MWhr/yr is equivalent of having 11 units without energy limitation. 

The relative error for LOEE corresponding to an EEA of 40,000 

MWhr/yr (Table 5.5a) is -4% compared to the LOEE obtained in Table 4.13 

in Section 4.5. The relative error for LOEE corresponding to EEA equal to 
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50,000 MWhr/yr in Table 5.5b is -16% compared to the LOEE obtained in 

Table 4.13 in Section 4.5. 

Table 5.6 shows the EENS and EES of units in the RBTS corresponding 

to different expected energy allotments for the two 5 MW hydro units using 

the modified method. When EEA is zero, the EES of both energy limited 

units are zero as expected. In this case the LOEE is 12.4 MWhr/yr. 

When EEA increases to 5000 MWhr/yr, the EES corresponding to the 

energy limited units (units 1 and 2) become 4976 and 4932 MWhr/yr. It 

should be noted that the policy is to consume all allotted energy which is 5000 

MWhr/yr in this case. The LOEE decreases to 4.6 MWhr/yr compared to the 

previous case. 

The EES corresponding to the energy limited units increase to their 

highest levels when EEA become 50,000 MWhr/yr. In this case the LOEE 

decreases to 3.0 MWhr/yr. 

The variation of LOLE indices with EEA are shown graphically in 

Figures 5.4a and 5.4b for the conventional and the modified methods 

respectively. LOLE indices have been obtained using different load level 

increments. It can be seen from Figure 5.4a and 5.4b that LOLE indices 

decrease with an increase in EEA. As expected, LOLE indices obtained from 

the modified method are lower than those obtained from the conventional 

method. 

The variation of LOEE as a function of EEA are shown in Figures 5.5a 

and 5.5b for different load level increments using the conventional and the 

modified methods respectively. Figures 5.5a and 5.5b show that LOEE 
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Table 5.6. EENS and EES associated with different expected energy 
allotments in the RBTS. 

Unit 
Capacity 

EEA=0 MWhr/yr I EEA=5000 MWhr/yr I EEA=50,000 MWhr/yr 
EES EENS EES EENS EES BENS 

MW MWhr/yr MWhr/yr MWhr/yr MWhr/yr MWhr/yr MWhr/yr 
993439.0 993439.0 993439.0 

5 0.0 993439.0 4976.0 988463.0 4386-2.4 949586.6 
5 0.0 993439.0 4932.0 983531.0 43892.9 905693.6 

4 0 343110.7 650328.3 343349.2 640181.8 343185.4 562508.2 
2 0 172902.4 477425.9 172907.0 467274.8 172390.3 390117.9 
2 0 168106.0 309319.9 168107.3 299167.4 155254.3 234863.6 
4 0 225093.8 84226.2 225093.8 74073.7 183258.6 51605.0 
4 0 77239.4 6986.8 69377.7 4695.9 48548.3 3056.7 
2 0 5370.9 1615.9 3765.6 930.3 2454.5 602.2 
10 940.2 675.7 623.6 306.7 389.3 212.9 
2 0 587.6 88.1 258.3 48.4 184.9 28.0 
2 0 75.7 12.4 43.9 4.6 24.9 3.0 

decreases with an increase in EEA. LOEE like LOLE is underestimated 

when LLI is relatively large. The selection of a load level increment in a 

cumulative state load model affects the load states and the resulting risk 

indices. The selection of a small LLI will provide results close to those 

obtained by the margin approach, but it requires more execution time and 

computer memory. 

In order to study the sensitivity of results with respect to LLI, the risk 

indices of the RBTS have been computed with different load level increments. 

The EEA for the two 5 MW hydro units in the RBTS have been assumed to be 

50,000 MWhr/yr. The CPU time has been recorded for each LLI. LOEE 

associated with LLI equal to 0.1 MW has been selected as a benchmark to 

evaluate the relative error. Figures 5.6a and 5.6b show the CPU time in 

seconds and the relative error in a semi-log scale as functions of LLI for the 

conventional and the modified methods. Figures 5.6a and 5.6b show that the 

CPU times increase exponentially with a decrease in LLI. The relative error 

decreases with a decrease in LLI. 
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5.4.2. Application to the IEEE-RTS 

The application of the peak shaving approach is illustrated in this 

section using the IEEE-RTS. In order to evaluate the energy-based indices, 

cumulative state load models have been developed using the hourly peak 

loads in the IEEE-RTS. The time period of study is considered as 8736 hours. 

It has been assumed that the six 50 MW hydro units have limited energy 

availability and are located at the top of the first priority loading order of the 

IEEE-RTS. 

In order to appreciate the impact of energy limitation on the risk indices 

at HLI, the EEA of each unit has been increased from 0 to 500,000 MWhr/yr. 

Then the Lcr of each unit and a set of risk indices corresponding to EEA have 

been evaluated. Tables 5.7a and 5.7b show the Lcr of each energy limited 

unit from 1 to 6 using the conventional and the modified methods. It can be 

noticed that La  decreases with an increase in EEA. The maximum Lcr 

becomes equal to the system peak load when EEA is zero and the minimum 

Lcr becomes zero when EEA is 500,000 MWhr/yr in both the conventional 

and the modified methods. 

A set of risk indices at HLI have been evaluated and shown in Tables 

5.8a and 5.8b. The risk indices in Tables 5.8a and 5.8b have been obtained 

with a LLI of 1 MW. The results obtained by the conventional method 

(Table 5.8a) are very close to those obtained in Reference 25. Table 5.8b like 

Table 5.8a shows that the risk indices decrease with an increase in EEA. 

Table 5.8b shows that the risk indices obtained by the modified method are 

smaller than those obtained by the conventional method (Table 5.8a). 
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Table 5.7. Critical load levels as a function of EEA in the IEEE-RTS. 

a) Conventional 

EEA 
Critical load level corresponding to each generating unit 

1 2 3 4 5 6 
[MWhr/yr] [MW] [MW] 

_ 
[MW] [MW] [MW] [MW] 

0 2850 2850 2850 2850 2850 2850 
500 2736 2710 2687 2683 2666 2658 

1000 2708 2682 2658 2636 2627 2608 
5000 2574 2551 2528 2515 2500 2479 

10000 2514 2490 2468 2447 2425 2408 
50000 2291 2266 2241  2217 2193 2170 

100000 2095 2068 2043 2017 1994 1968 
200000 1780 1756 1730 1705 1678 1652 
300000 1472 1448 1424 1400 1377 1354 
400000 1201 1175 1148 1122 1092 1061 
500000 0 0 0 0 0 0 

b) Modified 

EEA 
Critical load level corresponding to each generating unit 

1 2 3 4 5 6 
[MWhr/yr] WW1 WW1 [MW] [MW] [MW] WW1 

0 2850 2850 2850 2850 2850 2850 
500 2736 2710 2687 2683 2666 2658 

1000 2708 2682 2658 2636 2627 2608 
5000 2574 2551 2528 2515 2500 2479 

10000 2514 2490 2468 2447 2425 2408 
50000 2291 2266 2241 2217 2193 2170 

100000 2098 2070 2045 2017 1993 1968 
200000 1785 1758 1731 1705 1678 1652 
300000 1480 1451 1427 1403 1380 1355 
400000 1212 1180 1152 1124 1094 1063 
500000 0 0 0 0 0 0 

The six energy limited units with no allotted energy is equivalent to 26 

units in the IEEE-RTS. In the conventional approach, the risk indices with 

an EEA of 300,000 MWhr/yr or greater are the same as those obtained with 

no energy limitation. In the modified method, risk indices exhibit a similar 

pattern when the EEA becomes 500,000 MWhr/yr or greater. 
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Table 5.8. Risk indices as a function of EEA in the IEEE-RTS. 

a) Conventional 

EEA WEE El R EUE LOLE Frequency 
[MWhr/yr] [MWhr/yr] [SM] [Hrs/yr] [Occ/yri 

0 9672.82 0.999368 203.64 65.0642 11.9106 
500 

, 
9042.00 0.999409 190.36 61.5410 10.7182 

1000 8667.59 0.999434 182.48 59.8326 10.2585 
5000 7131.46 0.999534 150.14 50.6233 8.0453 

10000 5791.18 0.999622 121.92 46.7411 7.1107 
50000 2148.43 0.999860 45.23 18.2524 3.0697 

100000 1269.64 0.999917 26.73 10.7771 2.1850 
200000 1082.64 22.79 8.9157 1.9213 
300000 1077.19 

_0.999929 
0.999930 22.68 8.8341 1.9151 

400000 1077.14 0.999930 22.68 8.8332 1.9151 
500000 1077.14 0.999930 22.68 8.8332 1.9151 

b) Modified 

EEA WEE ER EUE LOLE Frequency 
[MWhr/yr] [MWhr/yr] _ 

_ 
ISM] [Hrs/yr] [Occ/yr] 

0 6765.65 0.999558 142.43 47.7873 8.7915 
500 6299.51 0.999588 132.62 44.6712 7.6430 

1000 6028.24 0.999606 126.91 43.9035 7.4394 
5000 4891.50 0.999680 102.98 ' 37.4020 5.8701 

10000 3770.07 0.999754  79.37 35.6549 5.3149 
50000 1286.71 0.999916 27.09  11.4975 1.9278 

100000 735.44 0.999952 15.48 6.5125 1.3469 
200000 628.50 0.999959_ 13.23 5.5077 1.1979 
300000 589.81 0.999961 12.42 5.1969 1.1374 
400000 561.57 0.999963 11.82  4.9821 1.0933 
500000 551.71 0.999964 11.62 4.9067 1.0779 

Three groups of EES and EENS are shown in Table 5.9 for different 

levels of EEA for each energy limited units in the IEEE-RTS. The EES of 

each of the six energy limited units is zero when EEA of each energy 

limited unit is zero. In this case, LOEE becomes 6782 MWhr/yr. When 

EEA increases from 0 to 10,000 MWhr/yr for each energy limited unit, the 
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Table 5.9. EES and EENS for different expected energy allotments 
in the IEEE-RTS. 

Unit 

Capacity 

EEA=0 MWhr/yr I EEA=10,000 MWhr/yr I EEA=500,000 MWhr/yr 

ENS EENE EENS EES EES EES 
MW MWhr/yr MWhr/yr MWhr/yr MWhr/yr MWhr/yr MWhr/yr 
50 0 15301372 9882 15291490 435774 14865598 
50 0 15301372 9833 15281657 436082 14429516 
50 0 15301372 9813, 15271844 436843 13992673 
50 0 15301372 9841 15262003 436703 13555970 
50 0 15301372 9833 15252170 436661 13119309 
50 0 15301372 9857 15242313 436816 12682493 
400 3077191 12224181 3077162 12165151 3077445 9605048 
400 3077023 9147158 3076725 9084426 3069795 6535254 
350 2801294 6345864 2801287 6283140 2524253 4011001 
197 1511637 4834227 1511627 4771513 1198875 2812126 
197 1323013 3511214 1322992 3448521 982191 1829936 
197 1116940 2394274 1116945 2331575 730479 1099457 
155 717448 1676827 717460 1614116 427998 671459 
155 563345 1113482 563327 1050789 295974 375485 
155 430524 682958 430553 620236 179930 195555 
155 298182 384776 297973 322263 102972 92583 
100 129481 255294 110544 211720 38857 53727 
100 91793 163501 79779 131940 23640 30087 
100 63283 100218 55000 76941 13896 16190 
76 33363 66854 30162 46779 6394 9796 
76 23163 43692 17824 28955 4057 5739 
76 15780 27912 10550 18405 2465 3274 
76 10460 17451 7331 11074 1465 1809 
20 2082 15369 1388 9686 268 1541 
20 1854 13515 1203 8483 230 1310 
20 1668 11848 1102 7380 198 1112 
20 1495 10353 1012 6368 172 940 
12 818 9535 579 5789 92 849 
12 774 8761 551 5238 85 764 
12 711 8051 517 4721 76 688 
12 658 7393 487 4234 70 617 
12 611 6782 457 3777 65 552 

corresponding LOEE becomes almost half of the previous level. When each of 

the energy limited unit is allotted with 500,000 MWhr/yr, these units behave 

like normal units and LOEE becomes 552 MWhr/yr. 

Variation in LOLE indices as functions of EEA and LLI are shown in 

Figures 5.7a and 5.7b. EEA of each of the six energy limited units has been 
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increased from 0 to 500,000 MWhr/yr and the corresponding LOLE indices 

have been obtained for LLI of 1, 5 and 10 MW. Figures 5.7a and 5.7b show 

that the LOLE indices decrease with an increase in EEA. It can be noticed 

from Figures 5.7a and 5.7b that the LOLE indices obtained from the modified 

method are smaller than those obtained from the conventional method. 

These figures also show that the LOLE indices become underestimated where 

LLI is large. 

Variation in LOEE indices as functions of EEA and LLI in the IEEE-

RTS are shown in Figures 5.8a and 5.8b. As can be seen, LOEE indices 

decrease with an increase in EEA. LOEE becomes underestimated when a 

relatively large LLI is chosen . It can be noticed from Figures 5.8a and 5.8b 

that LOEE indices obtained from the modified method are smaller than those 

obtained from the conventional method. The ratio of LOEE indices associated 

with EEA equal to 0 and 500,000 is approximately 9 in the conventional 

method. The ratio becomes about 12 in the modified method. 

Sensitivities of CPU time and error in LOEE with respect to LLI have 

been observed. The results are plotted in Figures 5.9a and 5.9b. The risk 

indices and CPU time have been computed with an EEA of 500,000 

MWhr/yr for each unit when LLI is varied in steps of 1, 5, 10, 25 and 50 MW. 

The LOEE corresponding to the LLI of 1 MW has been selected as a bench 

mark. The relative error has been evaluated as LLI is varied. The CPU time 

in seconds and relative error as a function of LLI are shown in Figures 5.9a 

and 5.9b. It can be noticed from the figures that the error increases as LLI is 

increased. The CPU time decreases exponentially as LLI is increased. The 

relative error can be used as a criterion for the selection of a LLI. 
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5.5. Energy Limited Units With Modified Four-State Models 

A four-state model can be modified to incorporate energy limitations. 

The algorithm described in Section 4.2.1 can be applied to energy limited 

units [19], with few modifications. It is mentioned in Section 4.2.1 that the 

FOR, and µ of a unit are modified by its needed and not needed rates before 

developing a COPT. In energy limited units, the mentioned parameters must 

be modified once more due to energy limitation before developing a COPT. 

FOR, andµ are modified due to energy shortfalls in the following manner. 

The expected energy output of a unit (Eu) in a four-state model (Figure 

3.2 in Section 3.3), over a study period of T can be expressed as 

Eu = C. P3. T (5.13) 

where C is the capacity of unit and P3 is the probability of unit being in 

service when needed. 

When the expected energy allotted for a unit is large enough, i.e. EEA 

Eu, there is no deficiency due to energy shortfalls and the COPT can be 

developed as usual. Otherwise, in the case of insufficient energy, the 

maximum energy in Equation 5.13 will be equal to EEA and, therefore, P3 in 

Equation 5.13 must be modified as 

EEA 
P3(133°d) C.T (5.14) 

The availability and forced outage rate of an energy limited unit are 

modified as 

(m od )
A(mod) - P3

r3+r4 
(5.15a) 
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FOR(mod) = 1-A(mod) (5.15b) 

The repair rate must also be modified, since some period of the modified FOR 

is due to energy shortfalls. 

AN  FOR 
11(in°  FOR(mod) (5.16a) 

In order to keep the frequency balance between states, the failure rate should 

be modified as well. 

X(mod) = Il(mou). 
FOR(mod)

 A(mod) (5.16b) 

The COPT can be developed using the energy-modified parameters at this 

stage. 

5.5.1. Application to the RBTS 

The RBTS has been utilized in order to illustrate the application of the 

modified four-state models with energy limited units. In order to assess the 

sensitivity of adequacy indices to the magnitude of energy limitation, several 

cumulative state load models have been developed using the hourly peak 

loads with different LLI. A time period of 8736 hours has been considered for 

the RBTS. The first loading order (Table A.2) of the RBTS has been utilized. 

It is assumed that the two 5 MW hydro units at the 6th and 7th place in the 

first priority loading order are energy limited units. The expected energy 

allotted for each unit has been varied from 0 to 25,000 MWhr/yr and the 

corresponding risk indices have been evaluated. 

The results of adequacy assessments at HLI is shown in Table 5.10. A 

LLI of 0.1 MW is selected for the set of results shown in this table. The first ° 
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Table 5.10. Risk indices as a function of EEA in the RBTS. 

EEA WEE EIR EUE LOLE Frequency 
[MWhr/yr] [MWhr/yr] ____ [SM] [Hrs/yr] jOcc/yr] 

0 5.81 0.999994 1.88 0.6741 3.2784 
500 5.63 0.999994 1.83 0.6547 3.1928 

1000 5.46 0.999995 1.77 0.6356 3.1087 
5000 4.15 0.999996 1.35 0.4933 2.4706 

10000 2.79 0.999997 0.90 0.3409 1.7589 
12000 2.32 0.999998 0.75 0.2877 1.5011 
14000 1.90 0.999998 0.62 0.2389 1.2585 
15000 1.70 0.999998 0.55 0.2161 1.1430 
20000 1.33 0.999999 0.43 0.1712 0.9075 
25000 1.33 0.999999 0.43 0.1712 0.9075 

column of Table 5.10 shows the EEA for each unit. Columns 2 to 6 show the 

LOEE, EIR, EUE, LOLE and frequency of deficiency respectively. It can be 

noticed from Table 5.10 that the LOEE and EUE are decreased by 23% when 

EEA is increased from o to 25,000 MWhr/yr. The LOLE and frequency are 

decreased by 25% and 27% respectively when EEA is varied from 0 to 25,000 

MWhr/yr. 

The EENS and EES by the units in the RBTS for three different 

expected energy allotments are shown in Table 5.11. The expected energy 

demand from the generating system is 993438.7 MWhr/yr. At EEA of zero, 

the EES of the two 5 MW hydro units are zero and the LOEE after adding all 

units is equal to 5.8 MWhr/yr. The EES corresponding to the energy limited 

units are 9244 and 9238.7 MWhr/yr for an EEA of 10,000 MWhr/yr. The 

LOEE is equal to 2.8 MWhr/yr in this case. The expected energy provided by 

the two 5 MW hydro units are 17132 and 14571.7 MWhr/yr at an EEA of 

20,000 MWhr/yr to each unit and do not increase even if the EEA of each unit 

is increased beyond 20,000 MWhr/yr. The LOEE, after adding all units, 

becomes 1.3 MVVhr/yr. 
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Table 5.11. EES and EENS for different expected energy allotments in the 
RBTS. 

Unit EEA=0 MWhr/yr  EEA=10000 MWhr/yr EEA=20000 MWhr/yr 
Capacity EENS EENS ENS EES EES EES 

MW MWhr/yr MWhr/yr MWhr/yr MWhr/yr MWhr/yr MWhr/yr 
0 '0 993438.7 0 993438.7 0 993438.7 

4 0 342473.3 , 650965.5 342473.3 650965.5 342473.3 650965.5 
2 0 172099.6 478865.8 172099.6 478865.8 172099.6 478865.8 
2 0 167623.5 311242.3 167623.5 311242.3 167623.5 311242.3 
2 0 135259.3 175983.0 135259.3 175983.0 135259.3 175983.0 
2 0 94618.3 81364.6 94618.3 81364.7 94618.3 81364.7 
5 0.0 81364.6 9244.0 72120.7 17132.1 64232.6 
5 0.0 81364.6 9238.7 62882.0 14571.7 49660.8 

4 0 75774.9 
_ 
 5589.6 59405.8 3476.1 47447.5 2213.4 

4 0 5433.8 155.8 3394.1 82.0 2170.1 43.3 
2 0 138.5 17.3 73.2  8.9 38.7 4.6 
1 0 11.4 5.8 6.1 2.8 3.3 1.3 

The variation of LOLE indices with EEA corresponding to LLI of 0.1, 1 

and 5 MW are shown in Figure 5.10. It can be noticed from Figure 5.10 that 

LOLE indices decrease with an increase in EEA. The LOLE indices are not 

improved when EEA is increased beyond 20,000 MWhr/yr. The LOLE 

corresponding to the smallest LLI provides the best estimate. This is due to 

the fact that the hourly peak load duration curve (LDC) is estimated by 

discrete steps. A smaller step usually provides a closer representation of a 

LDC than that provided by a relatively large step. In this case, the LLI of 0.1 

MW has provided the best LOLE estimate among the three load level 

increments. 

The variation of LOEE indices as functions of EEA corresponding to LLI of 

0.1, 1 and 5 MW are shown in Figures 5.11. It can be seen from Figure 5.11 

that LOEE indices, as expected, decrease with an increase in EEA. The 

LOEE indices remain unchanged when the EEA is increased beyond 20,000 

MWhr/yr. The LLI of 0.1 MW has provided the best LOEE estimate among 
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the three load level increments for the same reason mentioned with respect to 

LOLE. But it requires the most CPU time among all three load level 

increments. 

In order to study the sensitivities of CPU time and relative error with 

respect to LLI, the risk indices of RBTS have been computed with different 

load level increments. The risk indices and CPU time have been computed 

separately with an EEA of 20,000 MWhr/yr when LLI is varied in steps of 0.1, 

1, 5, 10 and 25 MW. The LOEE associated with LLI of 0.1 MW has been 

selected as a benchmark to evaluate the relative error. The CPU time in 

seconds and the relative error are plotted in Figure 5.12. It can be seen from 

Figures 5.12 that the CPU time increases exponentially with a decrease in 

LLI. The relative error decreases with a decrease in LLI. 
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Figure 5.12. CPU time and relative error as a function of LLI in the RBTS. 
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5.5.2. Application to the IEEE-RTS 

In order to illustrate the application of the modified four-state model 

with energy limited unit in a relatively large system, the IEEE-RTS have 

been utilized. The cumulative state load models utilized in the RBTS has 

been applied in the IEEE-RTS as well, while the system peak load has been 

changed to 2850 MW. 

The first loading order (Table A.1) of the IEEE-RTS has been utilized in 

this numerical example. It is assumed that the six 50 MW hydro units from 

18th to 23rd in the first loading order are energy limited units. Expected 

energy allotted for each unit has been varied from 0 to 20,000 MWhr/yr and 

the corresponding risk indices have been evaluated. 

Table 5.12 shows the results of adequacy assessments at HLI. A LLI of 

1 MW is selected for the set of results. The first column of Table 5.12 shows 

the EEA for each unit. Columns 2 to 6 show the LOEE, EIR, EUE, LOLE 

and frequency of deficiency respectively. It can be noticed from Table 5.12 

that the LOEE and EUE are decreased by 10% when EEA is increased from o 

to 20,000 MWhr/yr. The LOLE and frequency are decreased approximately 

by 12% and 14% respectively for the same variation in EEA. 

Table 5.13 shows the EENS and EES of the units in the IEEE-RTS for 

three different EEA. For an EEA of zero, the EES of all six 50 MW hydro 

units are zero and the LOEE after adding all units is equal to 7355 MWhr/yr. 

The EES corresponding to the energy limited units is around 870 MWhr/yr 

when EEA is 1000 MWhr/yr. The LOEE decreases to 5119 MWhr/yr when 

EEA becomes 1000 MWhr/yr. 
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Table 5.12. Risk indices as a function of EEA in the IEEE-RTS. 

EEA LOEE EIR EUE LOLE Frequency 
[MWhr/yr] [MWhr/yr] [SM] [Hrs/yr] [Occ/yr] 

0 7272.16 0.999525 153.10 51.5013 , 9.4787 
500 6153.75 0.999598 129.55 43.9677 8.1731

1000 5050.51 0.999670 106.33 36.5265 6.8711 
2000 2902.41 0.999810 61.10 21.8620 4.2715 
3000 1327.95 0.999913 27.96 10.6783 2.2199 
4000 906.58 0.999941 19.09 7.5385 1.6149 
5000 773.20 0.999949 16.28 6.5359 1.4188 

10000 723.49 0.999953 15.23 6.1624 1.3449 
20000 723.49 0.999953 15.23 6.1624 1.3449

When EEA is 5000 MWhr/yr, the expected energy provided by the 

energy limited units ranges from 1108 to 4343 MWhr/yr. The LOEE, after 

adding all units, becomes 786 MWhr/yr. 

Figure 5.13 shows variation in LOLE indices with EEA corresponding to 

load level increments of 1, 25 and 100 MW. It can be seen from Figure 5.13 

that LOLE indices decrease with an increase in EEA, as expected. The most 

variation in the LOLE indices occur when EEA is less than 5000 MWheyr. 

For expected energy allotments beyond 10,000 MWhr/yr, the LOLE indices 

remain almost unchanged. The LOLE value resulting from the LLI of 1 MW 

can be considered as the closest estimate among all estimates. 

Figures 5.14 shows the variation of LOEE indices as functions of EEA 

corresponding to load level increments of 1, 25 and 100 MW. It can be seen 

from Figure 5.14 that LOEE indices decrease with an increase in EEA, as 

expected. For EEA less than 5000 MWhr/yr the LOEE indices decrease at 

rapid rates. The LOEE indices almost remain unchanged when the EEA is 

increased beyond 10,000 MWhr/yr. Among the three load level increments 

considered, the LLI of 1 MW provides the best estimate for LOEE, however, it 

requires the most CPU time in this set of results. 
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Table 5.13. EES and EENS for different expected energy allotments in the 

IEEE-RTS. 

Unit EEA=0 MWhr/u JI EEA=1000 MWhr/ r EEA=5000 MWhr/E_ 
Capacity EENS ESNS EENS EBB EES EES 

MW MAN hr/y r MAN/ h r/yr MAN/ h r/yr MAV h r/yr MAN/ h r/yr MAN/ h r/yr , 

400 3075072 12238937 3075072 12238937 3075072 12238937 
400 3075072 9163865 3075072 9163865 3075072 9163865 
350 2796800 6367065 2796800 6367065 2796800 6367065 
197 1510271 4856794 1510271 4856794 1510271 4856794 
197 1323196 3533597 1323196 3533597 1323196 3533597 
197 1118629 2414968 1118629 2414968 1118629 2414968 
155 720317 1694651 720317 1694651 720317 1694651 
155 566129 1128522 566129 1128522 566129 1128522 
155 433666 694856 433666 694856 433666 694856 
155 301940 392916 301940 392916 301940 392916 
100 131292 261624 131292 261624 131292 261624 
100 93347 168277 93347 168277 93347 168277 
100 64508 103770 64508 103770 64508 103770 
76 34160 69610 34160 69610 34160 69610 
76 23923 45687 23923 45687 23923 45687 
76 16331 29356 16331 29356 16331 29356 
76 10901 18455 10901 18455 10901 18455 
50 0 18455 869 17586 4343 14112 
50 0 18455 870 16717 3968 10144 
50 0 18455 870 15846 2942 7201 
50 0 18455 871 14975 2140 5061 
50 0 18454 871 14104 1545 3516 
50 0 18454 871 13233 1108 2408 
20 2162 16293 1606 11626 342 2066 _ 
20 1935 14358 1430 10196 298 1768 
20 1730 12628 1269 8927 257 1511 
20 1550 11077 1129 7798 222 1289 
12 863 10214 623 7176 119 1170 
12 792 9422 573 6602 109 1061 
12 744 8678 534 6069 100 961 
12 685 7993 493 5575 91 870 
12 638 7355 456 51191 84 786 
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In order to study the sensitivities of CPU time and relative error with 

respect to LLI, the risk indices of IEEE-RTS have been computed with 

different load level increments. The risk indices and CPU time have been 

computed with an EEA of 20,000 MWhr/yr when LLI is varied in steps of 1, 5, 

10, 25, 50 and 100 MW. The LOEE corresponding to LLI of 1 MW has been 

selected as a benchmark to evaluate the relative errors. The CPU time in 

seconds and the relative error are plotted in Figure 5.15. It can be noticed 

from Figure 5.15 that the CPU time increases exponentially with a decrease 

in LLI. The relative error decreases with a decrease in LLI. A compromise 

between the size of LLI and the relative error has to be made for 

computational purpose. 
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5.7. Summary 

The basic concepts of two methods to perform adequacy studies in 

systems with energy limited units have been illustrated in this chapter. The 

first method is a peak shaving approach with modified four-state model. The 

second method proposes a four-state model where forced outage rate, failure 

and repair rates are modified by the energy shortfalls. 

Applications of the two methods have been illustrated using the RBTS 

and IEEE-RTS. Some units of these two test systems have been assumed as 

energy limited units. In the peak shaving approach, a set of risk indices at 

HLI for both test systems has been assessed using the conventional method 

in order to compare results obtained from the modified method. 



6. CONCLUSIONS 

The research work described in this thesis focused on enhancing and 

improving a four-state model for representing generating units for HLI 

studies. A modified four-state model was developed and is illustrated in this 

thesis. The modified four-state model incorporates demand occasions rather 

than just the up and down states for generating units. Algorithms have been 

developed to utilize the modified four-state model for adequacy assessment. 

The details are presented in this thesis. The fundamental techniques at HLI 

are divided into two categories of conventional and modified methods in this 

thesis. The technique of adequacy assessment at HLI is termed as modified 

method when generating units are represented with four-state models. The 

technique is termed as the conventional method when generating units are 

represented with two-state models. The basic information required in these 

methods is generating capacity and load data. 

A modified four-state model utilizes the failure and the repair data of a 

generating unit. In addition, a modified four-state model incorporates 

starting failure statistics of the unit in the evaluation process. In two-state 

models, generating units are assumed to be in their operating states unless 

on forced or scheduled outage states. In a modified four-state model, a 

generating unit is assumed to be taken in service, if it is needed. Due to this 

fact, the available time in the modified four-state model is divided into two 

parts of needed and not needed domains. 

In a recursive method, a unit is added to the capacity model and the 

modified capacity model is convolved with a load model. A risk model results 

from the convolution process. The risk model is utilized to obtain the needed 
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and not needed rates of the next unit. In this way, the generating unit gets 

feedback from the entire system at HLI to update its information. Average 

reserve shut-down time is the reciprocal of the unit needed rate and average 

in-service time is the reciprocal of unit not needed rate. Availability and 

forced outage rate are functions of the hours of unit operation. Therefore, the 

hours of unit operation, furthermore, availability and forced outage rate are 

influenced by demand. Due to changes in availability and forced outage rate, 

the failure rate should also be modified in order to satisfy the frequency 

balance between the states. 

In a four-state model, unit outages do not contribute to the forced outage 

rates, if the unit is not in demand. So, if the start-up failure probability is 

ignored, the forced outage rate obtained from a four-state model is always 

smaller or equal to that obtained from a two-state model. Forced outage 

rates affect a capacity outage probability table and the later influences the 

risk model. It is observed that risk indices obtained from the conventional 

method are overestimated somewhat due to the use of the conventional forced 

outage rates. Many utilities, however, use the utilization forced outage 

probability (UFOP) which is the conditional probability of a unit being on 

outage given a demand has occurred. 

A four-state model can be used to represent either a base unit or a peak 

unit. Nevertheless, the differences between the conventional and modified 

forced outage rates for base units are very small, while these differences are 

considerable for peak units. In the proposed model, no distinction is made 

between base and peak units. The application of the modified method to the 

RBTS and the IEEE-RTS emphasizes that the method can be applied in both 

small and large systems. 



153 

Two basic methods have been utilized to obtain adequacy indices at HLI. 

In the first method, known as margin approach (in general form), a capacity 

outage probability table must be initially created and then convolved with a 

load model in order to provide a risk model. In the second method, known as 

equivalent load method, each generating unit at a time is convolved with a 

load model, while generating units are viewed as a negative load. The 

modified load model, after adding all units, is the risk model. Developing a 

capacity outage probability table for a relatively large system such as the 

IEEE-RTS, results in a large number of capacity states. The computation of 

the capacity states and the convolution of these states with load states 

increase the computational time. In an equivalent load method, the number 

of operations is proportional to the number of units and, therefore, the CPU 

time has a linear relationship with the number of generating units. The 

equivalent load method with a cumulative state load model is very sensitive 

to the load level increment. In order to provide a relatively accurate 

estimate, load level increments should be small. With a small load level 

increment, the number of load levels become large and the computational 

time is obviously increased. 

A probabilistic margin approach has been developed and presented in 

the thesis. The probabilistic margin approach utilizes the four-state model to 

represent a generating unit and evaluates static reserve capacity and margin 

for a given risk criterion. Adequacy assessments at HLI have been performed 

by dividing the study period into multiple periods. It has been observed that 

the adequacy indices resulting from a normal adequacy assessment are not 

necessarily close or equal to the summations of the multi-period adequacy 

indices. 
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A modified four-state model can be used to represent a generating unit 

with energy limitations. An energy limited unit spends more time in reserve 

shut-down state due to energy shortfalls compared to normal units. A 

modified four-state model can, therefore, incorporate the impact of energy 

limitation with the help of its needed and not needed domains. Two methods 

are proposed to perform adequacy assessment in systems with energy limited 

units. One method has been developed based upon a peak shaving approach 

with modified four-state models. The second method proposes a four-state 

model where the generating unit data are modified by energy limitations of 

units. In the peak shaving approach, the energy limited units are scheduled 

to meet the peak load. In the second method, an energy limited unit can be 

placed in any position of the loading order, but the allotted energy for the 

unit may or may not be consumed completely. The peak shaving approach is 

a suitable method for adequacy assessment in a system with energy limited 

units where economic aspects of system operation can not be ignored. 

A set of adequacy indices at HLI such as LOLE, frequency of deficiencies 

and LOEE have been derived for energy limited systems. It has been 

observed that the impact of energy shortfalls in a system might be more 

serious than the impact of capacity outages. A series of sensitivity studies 

has been conducted to demonstrate the effect of load level increment on CPU 

time and accuracy. The peak shaving approach is more sensitive to load level 

increment when compared to the second approach. 
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APPENDIX A 

Test Systems 

Two basic reliability test systems have been utilized in this research 

project: The Institute of Electrical and Electronic Engineering Reliability 

Test System, IEEE-RTS, and the Roy Billinton Test System, RBTS. 

The IEEE-RTS provides a relatively large power system with sufficient 

complexity and detail to make the test system representative of an actual 

utility. The generating system of the IEEE-RTS is composed of 32 generating 

units. The detail of these units is shown in Table A.1. The first loading order 

is assumed to be arranged in a descending order of unit size and the second 

loading order is taken from Reference 27. 

The RBTS is a relatively small power system which is being used 

extensively by the reliability research group at the University of 

Saskatchewan. The generating system of the RBTS contains 11 generating 

units as shown in Table A.2. 

The details of the IEEE-RTS load model are described in Tables A.3 to 

A.5. The load is presented by specifying the weekly peak loads in percent of 

annual peak load, as shown in Table A.3; the daily peak load in percent of the 

weekly peak load, as shown in Table A.4; and the hourly peak load in percent 

of the daily peak load, as shown in Table A.5. The suggested system peak 

load for the IEEE-RTS is 2850 MW. The RBTS load model has the same 

shape as that of the IEEE-RTS, but its peak load is 185 MW. Two basic load 

models, cumulative and individual state load models, in daily and hourly 

forms have been obtained from the IEEE-RTS load system and utilized in 

this thesis. 
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Table A.l. The IEEE-RTS generating unit data. 

Priority loading order Unit size Unit 
Type 

MTTF MTTR 
FOR I I II [MW] [hr] [hr] 

1,2 5,6 400 Nuclear 1100 150 0.12 
3 7 350 Thermal 1150 100 0.08 

4,5,6 8,9,10 197 Thermal 950 50 0.05 
7,8,9,10 11,12,13,14 155 Thermal 960 40 0.04 
11,12,13 15,16,17 100 Thermal 1200 50 0.04 

14-17 18-21 76 Thermal 1960 40 0.02 
18-23 1-4 & 31-32 50 Hydro 1980 20 0.01 
24-27 27-30 20 Combus. 450 50 0.10 
28-32 - 22-26 12 Thermal' 2940 60 0.02 

Table A.2. The RBTS generating unit data. 

Priority loading order Unit size Unit 
Type 

MTTF MTTR 
FOR I I II [MW] [hr] [hr] 

1 1 40 Hydro 2920 60 0.020 
2,3 2,3 20 Hydro 3650 55 0.015 
8,9 4,5 40 Thermal 1460 45 0.030 
10 6 20 Thermal 1752 45 0.025 
11 7 10 Thermal 2190 45 0.020 
4,5 8,9 20 Hydro 3650 55 0.015 
6,7 10,11 5 Hydro 4380 45 0.010 
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Table A.3. Weekly peak loads in percent of annual peak load. 

Week I Peak Load! Weak I Peak Load 
1 86.2 27 75.5 
2 90.0 28 81.6 
3 87.8 29 80.1 
4 83.4 30 88.0 
5 88.0 31 72.2 
6 84.1 32 77.6 
7 83.2 33 80.0 
8 80.6 34 72.9 
9 74.0 35 72.6 

10 73.7 36 70.5 
11 71.5 37 78.0 
12 72.7 38 69.5 
13 70.4 39 72.4 
14 75.0 40 72.4 
15 72.1 41 74.3 
16 80.0 42 74.4 
17 75.4 43 80.0 
18 83.7 44 88.1 
19 87.0 45 88.5 
20 88.0 46 90.9 
21 85.6 47 94.0 
22 81.1 48 89.0 
23 90.0 49 94.2 
24 88.7 50 97.0 
25 89.6 51 100.0 
26 86.1 52 95.2 

Table A.4. Daily peak load in percent of weekly peak load. 

Day I Peak Load 
Monday 93 
Tuesday 100 
Wednesday 98 
Thursday 96 
Friday 94 
Suturday 77 
Sunday 75 
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Table A.5. Hourly peak load in percent of daily peak load. 

Winter Summer Spring / fall 
Weeks 

1-8 & 44-52 
Weeks 
18-30 

Weeks 
9-17 & 31-43 

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



APPENDIX B 

Load Analysis 

a) Cumulative State Load Model 

The cumulative state load model is obtained from the daily peak loads of 

IEEE-RTS over a 365 days period, based on the concepts described in Section 

2.4.3. There are 8 load levels in this particular case. Since the RBTS load 

model has the same shape as that of the IEEE-RTS, the peak loads obtained 

from the IEEE-RTS are normalized with respect to 2850 MW and then 

recalculated for the RBTS. The cumulative state load model is shown in 

Table B.1. As expected, the cumulative probability of the load levels higher 

than the peak load is zero and for those lower than or equal to the low load is 

unity. The frequencies of the load levels greater than the peak load, or lower 

than or equal to the low load are zero. This load model is described over one 

year and is used for adequacy assessments. 

b) Individual State Load Models 

I) Daily Peak Load Models 

The daily peak load as obtained from the IEEE-RTS are arranged in 

descending order and then grouped into class intervals. The mean of each 

class interval is taken as the load level and the class frequency as the number 

of occurrences of that load level [28]. 
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Table B.1. Cumulative state load model. 

No. of 
load levels 

Yearly peak load 
P(L) F(L) Percent IEEE-RTS RBTS 

% [MW] [MW] [occ/day] 

1 100 2850.00 185.00 0 0 
2 92 2622.59 170.24 0.038356 0.005479 

3 84 2395.19 155.48 0.202740 0.030137 
4 76 2167.78  140.72 0.419178 0.104110 
5 68 1940.38 125.95 0.704110 0.098630 
6 60 1712.97 111.19 0.879452 0.087671 
7 52 1485.56 96.43 0.997260 0.065753 
8 52 1485.56 96.43 1 0 

The daily load has been formulated based on the alternative load model 

described in Section 2.4.1. and shown in Table B.2. In this case, neither 

exposure factor nor low load level are assumed. 

Another load model may be created as described in Section 2.4.2. by 

assuming the exposure factor, e = 0.5 days and a low load level of 54.68%, i.e. 

101.15 MW for the RBTS and 1558.26 MW for the IEEE-RTS. This load 

model is shown in Table B.3. Since the load models shown in Tables B.1 to 

B.3 are obtained on annual basis, they are used for adequacy assessment. 

II) Hourly Peak Load Models 

The hourly peak loads obtained from the IEEE-RTS load level has been 

analyzed based on the concepts described in Section 2.4.1. The total of 8736 

hours is divided by 24 hours to make an hourly load model separately for 
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Table B.2. Individual state daily load model, alternative. 

Load RBTS IEEE-RTS No. of occ P1 X+ X-
% MW MW Days occ/day occ/day 

100 185.00 2850.00 12 0.032968 0 0.969697 

90.57 167.55 2581.18 82  0.225274 0.033058 0.743802 

80.73 149.35 2300.80 107 0.293956 0.258953 0.449036 
71.05 131.45 2025.04 116 0.318681 0.553719 0.129477 
59.26 109.63 1688.89 47 0.129121 0.873278 0

Table B.3. Individual state daily load model, (low load = 90% and e = 0.5 days). 

Load RBTS IEEE-RTS No. of occ P1 ?.+ X-

% MW MW Days occ/day occ✓day 

100 185.00 2850.00 12 0.016484 0 2 
90.57 167.55 2581.18 82 0.112637 0 2 

80.73 149.35 2300.80 107 0.146978 0 2 

71.05 131.45 2025.04 116 0.159341 0 2 
59.26 109.63 1688.89 47 0.06456 0 2 

54.68 101.15 1558.26 364 0.5 2 0 

each day. Therefore, the number of load models is equal to 364, i.e. 

the number of days in the entire year. Each load model is supposed to have 

24 levels but the identical states are merged and the number of load levels is 

reduced to 15 in this case. As an example, one of the 364 load models is 

shown in Table B.4 which is the load model for 10th day in the year. The 

summation of 15 state probabilities is equal to one, as expected. 

The previous load model can be analyzed in another approach discussed 

in section 2.4.2. by assuming e = 0.5 hours. The low load is also assumed to 

be 90% of the lowest load level of each day, i.e. 46.8% in this case. The 



165 

Table B.4. Individual state hourly load model, alternative. 

Hourly peak load 
PL X+ X-Percent IEEE-RTS RBTS 

% WW1 WW1 [occ/hr] [occ/hr] 
0.956522 88.2 2513.70 163.17 0.083333 0 

87.3 2488.56 161.54 0.041667 0.086957 0.913043 
84.7 2413.15 156.64 0.125000 0.130435 0.782609 
83.8 2388.01 155.01 0.166667 0.260870 0.608696 
82.9 2362.88 153.38 0.041667 0.434783 0.565217 
82.0 2337.74 151.75 0.041667 0.478261 0.521739 
80.3 2287.47 148.48 0.041667 0.521739 0.478261 
75.9 2161.78 140.33 0.041667 0.565217 0.434783 
73.2 2086.37 135.43 0.041667 0.608696 0.391304 
65.3 1860.14 120.75 0.041667 0.652174 0.347826 
64.4 1835.00 119.11 0.041667 0.695652 0.304348 
59.1 1684.18 109.32 0.041667 0.739130 0.260870 
55.6 1583.63 102.80 0.083333 0.782609 0.173913 
52.9 1508.22 97.90 0.083333 0.869565 0.086957 
52.0 1483.08 96.27 0.083333 0.956522 0 

resulted load model of 10th day is shown in Table B.5. This model has 

obviously one more state than the previous one because of low load state. 
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Table B.5. Individual state hourly load model, 

(low load = 90% and e = 0.5 hours). 

Hourly peak load 
PL X+ X.-Percent IEEE-RTS RBTS 

% 

, 

WW1 [MW1 rocc/hrl (occ/hrl 
88.2 2513.70 163.17 0.041667 0 2 
87.3 2488.56 161.54 0.020833 0 2 
84.7 2413.15 156.64 0.062500  0 2 
83.8 2388.01 155.01 0.083333 0 2 
82.9 2362.88 153.38 0.020833 0 2 
82.0 2337.74 151.75 0.020833 0 2 
80.3 2287.47 148.48 0.020833 0 2 
75.9 2161.78 140.33 0.020833 0 2 
73.2 2086.37 135.43 0.020833 0 2 
65.3 1860.14 120.75 0.020833 0 2 
64.4 1835.00 119.11 0.020833 0 2 
59.1 1684.18 109.32 0.020833 0 2 
55.6 1583.63 102.80 0.041667 0 2 
52.9 1508.22 97.90 0.041667 0 2 
52.0 1483.08 96.27 0.041667 0 2 
46.8 1334.77 86.64 0.500000 2 0 
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