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ABSTRACT 

This thesis investigates the effects of energy 
limitations of generating units on overall system reliability. 
A generating system may fail to supply the load demand due to 
a shortage of capacity associated with equipment outages or 
due to a shortage of basic energy resources or both. 
Traditional models usually ignore the effect of energy LL
shortages on the basis that sufficient energy resources wi'l 
be held in reserve for use in critical periods. The 
assumption of abundant energy may not, however, be valid and 
it is essential that in these cases, energy limitation 
problems of generating units should be included in 
conventional studies. The Load Modification method is used in 
this thesis to evaluate the impact of energy limited units on 
the system reliability indices and the energy production 
cost. This method is basically a combination of the existing 
Loss of Load and Loss of Energy techniques. 

This thesis presents a technique which uses the Frequ ncy 
and Duration approach and a Customer Loss Function to eval ate 
a factor that relates the customer losses to the worth of 
electric service reliability. This factor is designated as 
the Interrupted Energy Assessment Rate (IEAR). This thesis 
also estimates the economic optimum service reliability level 
and illustrates how this level is affected by the energy 
limited units of the system. The concepts involved in the 
inclusion of energy limited units in conventional generating 
capacity reliability studies, the evaluation of the system 
IEAR and the estimation of the optimum service reliability 
level are illustrated by numerical system examples. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Electric power systems play a central role in a modern 

society by providing the most important means for large-scale 

conversion, transportation and distribution of energy. The 

basic function of an electric power system is to satisfy the 

system load requirements as economically as possible with al

reasonable assurance of continuity and quality of electricity 

supply. The ability of the power system to meet its load 

requirements at any point in time is referred to as the 

"reliability" of the system. Generally, the term reliability 

is defined as the overall ability of the system to perform its 

particular function. Reliability assessment is one of the 

most subtle and complex problems in electric power system 

analysis as it depends on factors such as the component 

characteristics of the system, the characteristics of demand 

for power, the type of customers served by the system and 

their sensitivity to power supply interruptions, economic 

conditions of the country and political factors. 

Generating capacity reliability evaluation can be 

classified under two basic and functional aspects of the 

system. This simple categorization is shown in Figure 1.1 

where system reliability is divided into two distinct aspects 

of security and adequacy [1]. Security involves the ability 
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System 
Security 

System Reliability 

System 
Adequacy 

Figure 1.1 Functional Aspects of Power System 
Reliability 

of the system to respond to disturbances arising within that 

system. The concept of security can therefore be associated 

with the dynamic response of the system to whatever 

perturbations it is subjected to. This includes the 

conditions associated with both local and widespread 

disturbances and the loss of major generation and transmission 

facilities. Adequacy relates to the existence of sufficient 

facilities within the system to satisfy the consumer load 

demand. This includes generating capacity facilities 

necessary to generate sufficient power and the associated 

transmission and distribution facilities required to transport 

energy to the actual customer load points. The concept of 

adequacy therefore can be associated with static system 

conditions which do not include disturbances such as those 

considered under security. 

In assessing system adequacy, the major techniques have 

been grouped in terms of their application to basic sections 

of a complete power system. The functional sections are 

generation, transmission and distribution. These can be 
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ombined to give three hierarchical levels [1]. Hierarchical 

evel I (HLI) is concerned with only the generation 

acilities. The transmission and distribution facilities ate 

ssumed to be fully reliable and capable of transferring 

nergy from the generation points to the customer load points. 

ierarchical Level II (HLII) includes both generation and 

ransmission facilities and Hierarchical Level III (HLIII) is 

ade up of all the three functional zones in the assessment' of 

ustomer load point adequacy. The division of the system into 

hree hierarchical levels and functional groups is somewhat 

implistic. A power system is a total functional entity in' 

hich each element plays a distinct role but interacts with 

ther elements. Electrical service reliability is influenced 

y all parts of the electric utility system. Most utilitieS, 

owever, do divide their administrative and functional 

tructure into zones similar to those identified. 

This thesis work is primarily restricted to adequacy 

ssessment at HLI. Generation adequacy asessment at HLI deals 

ith the relative ability of the system to supply all loads 

t all times considering that generating units may be out of 

ervice when needed due to planned or unplanned outages. 

1.2 Objectives and Scope of Work 

A large amount of work has been done in the area of 

generating system adequacy assessment [15]. Most generating 

c pacity reliability studies assume that there are no inherent 
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energy limitations associated with the generating units 

[3,4,17] and consider only the effects of unit forced outages 

nd uncertain load requirements. The perception that there is 

bundance of energy is gradually disappearing and it is sloWly 

eing realised that shortages in primary energy supply must be 

ncluded in conventional studies. The risk of disturbances in 

omestic primary energy supply such as hydro power is mainly 

ue to energy shortages in hydro production during dry 

easons. Disturbances in imported primary energy such as oil, 

oal and gas might cause more extended consequences due to 

olitical or military actions in the primary producing 

countries or due to unpredictable decisions by international 

•odies. In view of the fact that disturbances in primary 

nergy sources can lead to a rise in electric energy price 6r 

estrictions of energy during such periods of time, the 

•rimary objective of this thesis is to perform generating 

•apacity reliability studies taking into account the energy' 

imitation problems of the primary sources. 

There is a growing interest in planning power system 

xpansion and reliability using economic theory approaches 

ich simultaneously optimize system costs and customer 

interruption costs. Power system reliability assessment has 

been a topic of much research and is in common usage by most 

u 

E 

t 

ilities. One popular adequacy index is the Loss of Energy 

pectation (LOEE). This index specifies the expected energy 

at will not be supplied by the generation system due to 
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those occasions when the load exceeds the available 

generating capacity. It therefore measures the severity of, a 

deficiency. The LOEE index is used in this thesis together 

with a customer cost function to obtain a factor which 

relates the customer losses to the worth of electric service 

reliability. The work described in this thesis also uses the 

Frequency and Duration (F&D) method and a customer damage 

function to evaluate a factor which has been designated as 

the Interrupted Energy Assessment Rate (IEAR). In addition 

:he thesis uses the system cost and customer interruption 

costs to estimate the economic optimum service reliability 

level and illustrates how this level is affected by energy 

limited units. 

The main features of this thesis are outlined as follows. 

The thesis consists of six chapters. Following the 

:ntroduction in Chapter 1, the second chapter gives a generitl 

review of the indices and the methods used to evaluate these 

indices in conventional generating capacity reliability 

studies. This chapter also describes the Load Modification 

technique [5] which is the main tool used in this thesis to 

analyze the impact of energy limited units in generating 

capacity reliability studies. Chapter 3 uses the load 

modification method to analyze the effects of energy limited 

units on certain aspects of reliability evaluation. In 

Chapter 4, an IEAR value is estimated by using the F&D meth6d 

and a customer cost function. Chapter 5 determines the 
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conomic optimum level of service reliability taking into 

onsideration energy limitation effects and the sixth chapter 

resents the conclusions of this work. 
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CHAPTER 2 

REVIEW OF GENERATING CAPACITY STUDIES 

2.1 Introduction 

Generating capacity adequacy evaluation is normally done 

using the system representation shown in Figure 2.1. The 

total system generation is assumed to be connected directlyito 

the total system load. The fundamental assumption contained 

in this model is that the prime concern is the ability of the 

system to generate sufficient power to satisfy the system ldad 

requirements and also have sufficient capacity to perform 

corrective and preventive maintenance on the generation 

facilities. 

total system 
generation 

total system 
load 

Figure 2.1 Conventional System Model of HLI 

In general, the computation of reliability indices for an 

FIJI adequacy assessment requires the development of a 

generating capacity model, the development of a load model and 

the merging of the two models to produce the risk indices. 

The forms of the generating capacity models and the load 

models are very much a function of the reliability indices to 

be computed. The basic modelling approach of an HLI adequady 

study is shown in Figure 2.2. 
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 1 

  _II 

4-- 

Generation Load
Model Model 

Risk Model 

Figure 2.2 Conceptual Tasks for HLI Evaluation 

Generation capacity models basically describe the various 

available capacity states which arise due to forced outages of 

the generating units. The commonest capacity models give the 

probability of existence of the capacity on forced outage 

states of the system and are called capacity outage 

probability tables [4]. These models may be exact or 

cumulative. The exact models give the probability that the 

capacity on forced outage is equal to the stated amount anci, 

cumulative models give the probability that the capacity on 

forced outage is greater than or equal to the stated amount.

Such models are sufficient in calculating all reliability 

indices except those of frequency and duration. The load 

model can either be the Daily Peak Load Variation Curve 

(DPLVC) which includes only the peak loads of each day or 

Load Duration Curve (LDC) which represents the hourly 

the 

variation of the load. The load curve is generally defined as 

showing the amount of time that any given overall load level.

is exceeded. The DPLVC is used to evaluate the loss of load 

indices and the LDC is used in determining the loss of energy 

indices. 
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2.2 Basic Reliability Indices 

A reliability index is defined as a quantity which 

measures and quantifies some aspect of system reliability 

performance. Reliability indices may apply to the entire 

power system from generation through distribution to the 

ultimate consumer or may apply to only a portion of the system 

such as generation. Some reliability indices measure 

attributes of reliability as seen by the ultimate consumer but 

many are designed for use by utility system planners and 

operators in comparing alternative plans or operating 

orocedures in certain portions of the power system and 

therefore do not relate directly to consumer reliability. 

leliability indices may be divided into two basic groups 

namely, deterministic indices and probabilistic indices. 

The most familiar deterministic index is the Percent 

Reserve Margin (PRM). This index is defined as the excess of 

installed generating capacity over annual peak load expressed 

in percent of the annual peak load. This is shown by Equation 

2.1. 

PRM (%) = (Installed Capacity) - (Peak Load) x 100 (2.1) 
(Peak Load) 

Other deterministic indices such as a reserve equal to the 

largest unit have also been used as adequacy indices. The 

essential weakness of the deterministic criteria is that they 

do not respond to nor reflect the stochastic nature of system 

behavior, of customer demands and of component failure. 
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Probabilistic indices are computed by using mathematical 

odels based on the theories and laws of probability and 

tatistics. These indices directly consider the uncertainty 

hich is inherent in the power system reliability problem and 

ave the capability of reflecting the various parameters that 

an impact system reliability. Some of these indices are LOss 

f Load Expectation (LOLE), Loss of Energy Expectation (LOEE) 

d Frequency and Duration (F&D) of capacity shortage events 

1,4]. The LOLE index measures the average number of days Or 

ours per year in which insufficient generating capacity is 

vailable to serve the daily or hourly peak load. The IJOLE as 

ormally evaluated does not indicate the severity of 

eficiencies nor the frequency and duration of loss of load 

t is therefore difficult to relate this index directly to 

ustomer interruption cost. However, it is still the most 

idely used probabilistic index in generation planning 

tudies. The LOEE index specifies the expected energy that 

ill not be supplied by the generating system due to those 

ccasions when the load demand exceeds available generating 

apacity. This index measures the severity of deficiencies 

ather than just the amount of time a deficiency exists. The 

omplementary value of the Expected Energy Not Supplied (EENS) 

is sometimes divided by the total energy demand to give a 

ormalized index known as the Energy Index of Reliability 

( IR) which can be used to compare the adequacy of systems 

at differ considerably in size. The F&D index pair gives 



-11-

the long term average frequency of the occurrences of system 

failures and the average duration of such events when they do 

occur. From the consumers' point of view, it is generally 

believed that this index pair is more meaningful than the 

other indices. 

2.3 Basic Reliability Evaluation Methods 

The basic methods can be classified either as analytical 

or Monte Carlo simulation. The Monte Carlo simulation method 

creates histories of system operation by simulation on a 

digital computer and then computes the reliability indices ,

from these simulated histories of operation. The main 

advantage of Monte Carlo simulation is that it offers the 

•pportunity to include, theoretically at least, any random 

ariable and to include operation policies similar to the real 

•nes. The primary drawback is the usually large amount of 

omputer time required to simulate sufficient histories to 

•roduce statistically significant values. On the other hand, 

nalytical techniques represent the system by mathematical 

odels and proceed to evaluate the reliability indices using 

•irect solutions. The basic analytical methods used in 

enerating capacity adequacy evaluation are the loss of load 

ethod, the loss of energy method and the frequency and 

uration method [4,6]. In the loss of load approach, the 

pplicable capacity outage probability table is convolved with 

is system load characteristics to give an expected risk of 
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loss of load. The load model could be the Load Duration Ciarve 

(LDC) or the Daily Peak Load Variation Curve (DPLVC). The 

basic index obtained from this method is the Loss of Load 

Expectation (LOLE). The loss of energy method is similar to 

the loss of load method except that the load model should be 

the LDC. The indices obtained by this method are the Loss of 

Energy Expectation (LOEE) and the Energy Index of Reliability 

(EIR). The frequency and duration technique uses Markov 

concepts to model the generating capacity and load demand of 

the system. The risk indices are expressed in terms of 

frequency, duration and probability of encountering capacity 

shortage states. 

There are many variations of the basic techniques 

outlined above. The most commonly used method is the loss 'of 

load approach but there are indications that energy based 

techniques are becoming popular and will be used extensively 

in the future. Some work has been done at the University of 

Saskatchewan in combining the loss of load and loss of energy 

techniques into a single method. This basic approach is 

described in the next section. 

2.4 The Load Modification Technique 

2.4.1 Introduction 

The load modification technique is an analytical method. 

Basically, it is a process of modifying a given load model 
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with a generation capacity distribution to give an equivalent 

load model. The equivalent load model idea was first 

initiated by Baleriaux et al [2] and later refined in 

References 11 and 12. A solid and practical way of applyilig 

the idea to evaluate complex reliability problems was 

presented in Reference 5 in 1978. It was later proven 

mathematically that the load modification technique is a 

combination of the existing loss of load and loss of energ 

methods with additional benefits [16]. 

The concept behind the load modification technique lies 

in answering the question, "How does the load appear to the 

remainder of the system capacity when a given generating unit 

is loaded to supply energy to the system?" The solution can 

be deemed as a process of modifying the load duration curve 

with the given generating capacity distribution to produce 1,an 

equivalent load duration curve. Repeated application of this 

approach for each generating unit in the system results in a 

final unsupplied load model. A prerequisite for the load 

modification method is the knowledge of the merit loading 

order of the generating units. The indices generated by this 

technique are Loss of Load Expectation (LOLE), Loss of Energy 

Expectation (LOEE), Expected Energy Supplied (EES) by each 

unit and the system production cost. The load modification 

technique can be used effectively to simultaneously evaluat 

reliability indices and production costs in both isolated and 

nterconnected systems [16]. The fact that the individual 
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capacity models are used provides an advantage when 

considering energy limited units and pumped storage stations. 

Finally, the cpu time for computation of reliability indices 

have a linear ralationship with the number of units, thereby 

making it a powerful tool for large generating systems [191. 

2.4.2 Illustrative system example 

Reference 16 describes the various aspects of the load 

modification method in considerable detail, however, in order 

to provide continuity in this thesis, the method is briefly 

described through an example in the following paragraphs. 

Consider a small system consisting of three generating 

units. Unit #1 has the generation model as shown in Table 

2.1. Unit #2 has a capacity of 30.00 MW and a forced outage 

rate of 0.03 and unit #3 has a capacity of 20.00 MW with a 

forced outage rate of 0.04. 

Table 2.1 Generation Model of Unit #1 

Capacity in (MW) Individual Probability 

0.00 0.05 
15.00 0.30 
25.00 0.65 

The units are loaded to supply energy to the system in the 

order of increasing average energy production cost as shown in 

Table 2.2. The load model of the system is represented by a 



-15-

load duration curve for a period of 100 hours. The actual , 

load duration may not be a simple straight line as given in 

Figure 2.3, but it can be represented by its segments. 

Table 2.2 Merit loading order of the units 

Loading Unit Rated Energy Cost 
Order Identity Capacity (MW) $/MWhr 

1 #1 25.00 1.00 
2 #2 30.00 2.00 
3 #3 20.00 3.00 

rd 

80 

60 

40 

20-

0 
0 

F T V 

20 40 60 

Duration (hours) 
80 100 

Figd-ie 2.3 Load Model of the System Example 



-16-

The load modification process is initiated by considering 

unit #1 which is at the top of the loading priority list. 

When this unit is loaded to supply energy to the system, the 

Load Duration Curve (LDC) as seen by the remaining units can 

exist at three different positions depending on the operating 

capacity of unit #1. If the unit is operating at its rated 

capacity, the LDC as seen by the rest of the system will be 

25.00 MW lower than its original LDC. If the unit is 

operating at a derated capacity of 15.00 MW, the LDC will be 

15.00 MW lower and if the unit is down, the curve remains 

unchanged. These three situations are depicted in Figure 21.4. 

The basic mathematical formula underlying the load 

modification process is given by Equation 2.2 [5,16]. 

N 
D(L) = I di(L)pi

i=1 
(2.2) 

where D(L) = expected duration of load level L 

Ci = capacity of ith capacity state of the unit 

di(L) = duration of load L on the original LDC 
reduced by Ci MW 

probability of Ci MW Pi = 

N = number of capacity states of the unit. 

For instance, the duration of the 37.5 MW load level i$ a 

random variable having three possible values. It has a valOe 

of 11.111 hours, 20 hours or 73.333 hours depending on the

operating capacity level of unit #1. Hence, from Equation 2.2 
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D(37.5) = 11.111 x 0.65 + 20.0 x 0.30 + 73.333 x 0.05 

= 16.889 hours. 

If the calculation described by Equation 2.2 is carried out 

r all load levels, the resultant curve represents the 

equivalent load as seen by the rest of the units in the 

system. The equivalent load model is the "capacity modified 

c rve" shown in Figure 2.4. It must be realized that, in the 

dification process, only those load levels where an 

tersection of the line segments occur in one of the three 

ad duration curves used in the calculation are considered. 

Treating the capacity modified curve of Figure 2.4 as the 

o iginal LDC and modifying it using the two capacity states of 

u it #2 which is the second unit on the priority loading list, 

c rve #2 of Figure 2.5 is obtained. Similarly, the last unit 

the loading list, unit #3, can be used to modify curve #2 

yield curve #3 in Figure 2.5. Curve #3 is the final LDC Of 

e system. The LOLE index of the system can be determined 

f om the final LDC of the system by examining the duration of 

tie 0.0 MW load level. This index happens to be 6.862 hours 

f r this specific example. The area under curve #3 is the 

pected load energy not supplied by the generation system acid 

• s value is 64.069 MWhr. The Energy Index of Reliability 

IR) of the system can therefore be calculated as follows: 
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Energy Index of Unreliability, EIUR 

= Area under final LDC 
Area under original LDC 

EIR = 1 - EIUR 

The value of EIR is 0.985996 for this example system. 

total production cost of the system can be determined by 

summing the energy output of each unit in the system 

multiplied by their corresponding energy cost. Thus, 

Total Production Cost 

(2.3) 

(24) 

M 
= (EES by unit #K)($/MWhr of unit #K) (2 
K 

5) 

where m = total number of generating units in the system. 

The EES by unit #K in the system can be evaluated by 

subtracting the energy not supplied to the system after the 

unit is added from the energy not supplied before the unit is 

added to the system. This is equal to the area enclosed by 

the equivalent load duration curves before and after the unit 

is loaded to the system. Table 2.3 shows the production cost 

analysis of the system. 

Table 2.3 Production Cost of Example System 

Loading 
Order 
1 
2 
3 

Unit Rated EES Energy Cost 
Identity Capacity (MW) (MWhr) ($/MWhr) 

#1 25.00 2075.00 1.00 
#2 30.00 2098.00 2.00 
#3 20.00 337.63 3.00 

4510.93 

ProductiOn 
Cost ($) 
2075.00 
4196.60 
1010.89 
7284.49 
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In summary, the output of the load modification process ar : 

LOLE = 6.862 hours in 100 hours 

EIR = 0.985995 

Total Production Cost = $7284.49 

2.5 Application of the Load Modification Technique to the R$ 
Test System and the IEEE Reliability Test System 

The application of the load modification technique to 

generating capacity reliability evaluation and system 

production cost analysis have been presented in the last 

section of this chapter using a small system to illustrate 

the concepts. The method is also applicable to medium and 

large practical systems. The Institute of Electrical and 

Electronics Engineers (IEEE) Reliability Test System (RTS) 

[13] has the basic structure of a practical system. It was'

developed to provide a basic test system for comparing new 

techniques. The RB test system also represents a practical 

system adopted by the Power Systems Research Group of the 

University of Saskatchewan. This section applies the load 

modification method to evaluate the basic indices of 

generating capacity reliability using the RB system and IEEE-

RTS configurations. 

The generation model of the IEEE-RTS is shown in Table 

A-i of Appendix A. The loading order of the units are as 

given in Table A-2 unless otherwise stated in a particular 

study. The load model is represented by 100 points which b st 

represent the actual load data given by Reference 13. The 
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load points are expressed in per unit using the annual peak 

load as the base value. The suggested annual peak load is 

2850.0 MW. Table A-3 shows the basic load model used in th 

load modification study. The period of study is 8736 hours 

The generation model of the RB test system is given by Tabl 

13-1 of Appendix B. The merit loading order of this system is 

shown in Table 2.4. The units are generally loaded in the 

order of increasing energy cost. In the case of units with 

the same average energy cost, the loading is done in the order 

of decreasing capacity of the units. The load model is the 

same as for the IEEE-RTS and given in Table A-3. A peak lod 

of 185.00 MW was used in this case. 

Table 2.4 Merit Loading Order of the RB System 

Loading 
Order 

Unit Rated Energy Cost 
Identity Capacity (MW) Type ($/MWhr) 

1 #1 40.00 Hydro 0.05 
2 #2 20.00 Hydro 0.05 
3 #3 20.00 Hydro 0.05 
4 #4 20.00 Hydro 0.05 
5 #5 20.00 Hydro 0.05 
6 #6 5.00 Hydro 0.05 
7 #7 5.00 Hydro 0.05 
8 #8 40.00 Thermal 2.50 
9 #9 40.00 Thermal 2.50 
10 #10 20.00 Thermal 2.50 
11 #11 10.00 Thermal 2.50 

The load modification method was ap lied to the RB system 

using the data given in Tables B-1, A-3 and 2.4. The LOLE 

index obtained is 1.0965 hours for a period of 8736 hours. 
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The EIR index is 0.999990. The detailed production cost 

results are given in Table 2.5. 

production cost is $172,416.51. 

The expected total 

Table 2.5 Production Cost of the RB Test System 

Loading Unit 
Order Identity 

Rated Energy Cost EES 
Capacity (MW) ($/MWhr) (MWhr) 

Production 
Cost ($) 

1 #1 40.00 0.05 342435.15 17121 76 
2 #2 20.00 0.05 172088.66 8604. 43 
3 #3 20.00 0.05 167559.50 8377. 98 
4 #4 20.00 0.05 134934.88 6746. 74 
5 #5 20.00 0.05 94142.83 4707. 14 
6 #6 5.00 0.05 17077.93 853. 90 
7 #7 5.00 0.05 14534.61 726. 73 
8 #8 40.00 2.50 46982.64 117456. 60 
9 #9 40.00 2.50 2980.10 7450. 25 
10 #10 20.00 2.50 130.37 325. 93 
11 #11 10.00 2.50 18.02 45.05 

992884.67 172416.51 

The results obtained when the load modification method is 

applied to the IEEE-RTS are as follows: 

LOLE = 9.362535 in 8736 hours 

EIR = 0.999924 

Total Production Cost = $7,004,965.00 

2.6 Conclusions 

A general review of the basic indices and methods in 

generating capacity adequacy assessment have been presented in 

this chapter. The basic indices are LOLE, LOEE, EES, EIR an0 

the F&D index pair. The main conventional generating capaci 

reliability evaluation methods are the loss of load method, 

ty 
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the loss of energy approach and the frequency and duration 

technique. A brief description of the concepts involved in 

the method called Load Modification has been presented. This 

chapter illustrates how the basic load modification techni 

can be used to evaluate the system reliability indices and 

energy production cost of a power system using a numerical 

example. Three test systems, the IEEE-RTS, the RB system a 

ue 

nd 

a simple 3-Unit system have been used to illustrate the load 

modification method. These systems are further utilized inll,

this thesis to illustrate the basic concepts developed in this 

research work. 
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CHAPTER 3 

ENERGY LIMITATION CONSIDERATIONS 

3.1 Introduction 

Generating capacity energy limitations are normally 

considered only in connection with hydraulic generating 

facilities. In the world of today, fuel restrictions to 

turbines, oil and coal fired thermal units and potential 

uranium shortages to nuclear units can be added to the list 

gab 

of 

potential energy limiters. There are two main types of energy 

limited generating units. They are: 

i) units which have no storage at all or not enough 

storage to allow the energy to be held until the next peak 

_oad times and 

ii) units which have sufficiently large storage 

facilities to allow the energy to be held and then released 

during the next peak load time. 

Units without storage make use of their energy immediately 

as it becomes available to them. The power output of such 4 

system is dependent on the unit's availability and the flow 

rate of the primary energy source. An example of such a system 

is the run-of-the-river hydro installation which utilizes the 

stream flows to generate energy with the amount of energy 

depending on the flow rate. 

The available capacity of the unit can be represented s a 

continuous distribution [5,24] corresponding to the flow 

rates. This multi state distribution of the unit capacity Can 
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then be placed on the priority loading order according to its 

operating cost. The load modification method is then applied 

to evaluate the system reliability indices and the system 

production costs. The main asset of units with reasonably 

large storage facilities is that their energy can be stored 

for a certain time and can then be used during the peak 

periods. This reduces the requirements for more expensive 

peaking units and results in energy cost benefits. An exam le 

of such a system is a hydro plant with a small storage 

reservoir which can store incoming water for a couple of dais 

or a coal fired plant with partially restricted fuel supply. 

The load modification technique permits the use of the 

capacity and energy distributions of the unit to modify the 

system load duration curve. The modified curve is then used 

in the usual manner with the remaining units of the system to 

determine the system reliability indices and system production 

costs. 

3.2 Modelling of Energy Limited Units Using the Load 
Modification Method 

The load modification method can be used to model 

generating units taking into account the limitations on the 

energy available to them. Conceptually, the load modificatipn 

process modifies the original LDC using the capacity 

distribution of the energy limited unit concerned to obtain 

the capacity modified curve. The area enclosed by the 

original and the capacity modified load curves would have been 
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the expected energy supplied by the unit with reference to i 

position of the priority loading list if it had not been 

energy limited. The second stage of the modification proces 

considers the energy distribution of the unit. The energy 

modification starts at the top of the LDC. At each value of 

load, the area between the original LDC and the capacity 

modified curve 

represents the energy output of the energy limited unit if i 

is 

above the load value is calculated. This area 

is operated whenever the system load equals or exceeds the 

value of load being considered. If the unit has that much o1: 

more energy available to it, the value of duration at the load 

point being considered corresponds to the value of duration at 

the point on the capacity modified curve. If not, then the 

value for duration will correspond to the duration on the 

original LDC. The probabilities associated with each of theSe 

two events are taken from the cumulative energy distribution 

for the unit and used to weight the two values of load 

duration. The final energy modified load duration curve is 

determined by Equation 3.1 [5,16]. 

Df(L) = dc(L) • P[E(L)] + do(L) • - P[E(L)]} (3.1 

where D
f(L) = duration of load level L on the final curve 

dc(L) = duration of load level L on the capacity 
modified curve 

do(L) = duration of load level L on the original 
curve 

E(L) = the area between the capacity modified curve 
and the original curve and above the load 
level L 
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P[E(L)] = probability of energy equalling or exceeding 
E(L) MWhr. 

In order to illustrate this, consider unit #3 of the 

example three 

limited. The operating cost is 0.5 $/MWhr and its energy 

distribution is shown in Table 3.1. The energy distribution 

assumes that there is only one possible value of stored ener 

for the period being considered with the probability of 

occurrence being one. More energy states can be added for a 

more exact model if more accurate data are available on the 

energy distribution. The new loading positions of the units 

are given in Table 3.2. 

units system to be a hydro plant that is energy 

Table 3.1 Energy Distribution of Unit #3 

Energy Available 
(MWhr) 

Cumulative 
Probability 

1200.00 1.00 

Table 3.2 Priority Loading Order of the Units 

Priority Unit Rated Operating Cost 
Order Identity Capacity (MW) ($/MWhr) 

1 #3 20.00 0.50 
2 #1 25.00 1.00 
3 #2 30.00 2.00 
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The original LDC is, first of all, capacity modified 

using unit #3 at priority loading position one to yield the 

capacity modified curve of Figure 3.1. By making use of 

Equation 3.1 and the energy distribution shown in Table 3.1, 

the impact of energy limitation of unit #3 can be evaluated 

yield the energy modified curve given in Figure 3.1. 

Consider the 32.5 MW load point. The area between the 

original and capacity modified load curves above this load 

32.5 MW is 1067.079 MWhr. From the energy distribution on 

unit #3, the probability of having 1067.079 MWhr of energy 

more is 1.0. Using Equation (3.1): 

D
f
(32.5) = 22.844 x 1.0 + 91.111(1-1) 

= 22.844 hours 

ire energy modified curve is then used in the normal manner 

with the rest of the units of the system to determine their 

reliability indices and production costs. 

to 

dr

3.3 Sensitivity Studies 

Sensitivity analysis can be used to estimate the impact 

of perturbing the data on the performance measures of the 

system. Such an analysis is particularly essential in 

supporting planning decisions in electric power systems 

because of the high variability of data resulting from 

uncertainties regarding the future due to the long planning 

horizon. Using the Expected Energy Not Supplied (EENS) as the 
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system reliability index, a series of studies have been 

performed to investigate the impact of energy limited units on 

generating capacity reliability evaluations. The example test 

system is the three unit system. The maximum energy available 

to a unit is always taken to be the product of its rated 

capacity and its period of study. 

3.3.1 The impact of energy limitations on system EENS 

Unit #3 is considered to be energy limited with varying 

energy distributions similar to that shown in Table 3.1 The 

effect of this energy limitation on the system EENS at fixed 

unit Forced Outage Rate (FOR) was investigated. The result 

shown in Figure 3.2 indicate that the system EENS increases as 

the energy available to the energy limited unit #3 decreases. 

The relationship is, however, not linear. If the energy 

available to unit #3 exceeds its maximum usable value obtained 

from the product of its rated capacity and period of study, ll 

the EENS of the system remains constant. The EENS for 

this example system can be said to vary inversely as the 

energy available to the unit #3. Finally, increasing the'FOR 

of the unit #3 increases the system EENS and the corresponding 

curve stays above that of the base case. This is also shown 

in Figure 3.2. 

3.3.2 The impact of the FOR of energy limited units on systelm 
EENS 

The FOR of the energy limited unit #3 was varied while 
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maintaining constant 

c•rresponding system 

i pact of the FOR of 

E NS when the energy 

energy available to this unit. The 

EENS was obtained. Figure 3.3 shows the 

the energy limited unit on the system 

available to unit #3 is fixed. As the 

F R of unit #3 increases, the system EENS also increases. 

r lationship between the FOR of unit #3 and 

q ite linear at a constant energy available 

t e constant energy available to unit #3 is 

corresponding system EENS increases and its 

c aracteristic curve stays above the base case as shown in 

F gure 3.3. One major observation is that, as the energy 

a ailable to unit #3 decreases, the change in system EENS as 

e FOR of unit #3 varies is quite small compared to the bas 

c se when there was no energy limitation. This observation 

g eatly enhanced if the number of energy limited units in th 

s stem is 

1 mited. 

i Figure 

e 

the system EENS 

to unit #3. If 

decreased, the 

subsequent 

The 

is 

increased. Consider units #2 and #3 to be energy 

The results which confirm this observation are shown 

3.4. Therefore, at low energy available to the 

ergy limited units, it may not be expedient to spend money 

t ying to improve the forced outage rates of the energy 

1' 

3. 

mited units since they do not significantly affect the 

stem EENS. 

3.3 The impact of the loading positions of the energy 
limited units on system EENS 

The loading procedure is the order in which the various 

its are assigned to generation to meet the instantaneous 
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demand for electric power while minimizing productio cost. 

Conventional practice is to load the units for generation in 

order of their average operating costs. The unit with the 

lowest average operating cost is loaded first and tht one with 

the highest operating cost is loaded last. This apptoach is 

quite acceptable as long as there are no energy limited units 

in the system and the system reliability indices rerrHtin 

constant irrespective of the loading order of the un ts. The 

system production cost, however, varies with the loa ing 

position of the units. This phenomenon is shown in Figure 

3.5. The system reliability indices, however, do not remain 

constant if there are energy limited units in the system. 

Consider unit #3 to be an energy limited unit. The System 

EENS variation with the energy available to unit #3 ere 

obtained while placing unit #3 at different points irk the 

loading order. Figure 3.6 shows that loading the energy 

limited unit #3 at position three gives a much smaller syste 

EENS than those obtained by loading it at the other irsitions. 

The reason for this is that, at position three, the *lit #3 

behaves as if it is non-energy limited since the energy 

available to it is most of the time greater than the energy 

demand. However, this is at the expense of higher total 

production cost as shown in Figure 3.7. 

It can be concluded that if there are energy li ited 

units in the system, then the conventional practice Of loadi 

units according to their average operating cost has to be 
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adopted with caution. It may be expedient to load the energy 

limited units at times when the energy available to them 

exceeds the energy required by the system. This may be at tie 

expense of their lower operating costs and calls for a trade 

off between the system production cost and system EENS. 

3.4.4 The impact on system EENS of considering the energy 
limited units as joint or separated generation sources 

Conventional adequacy assessment combines all units of 

the system into a single capacity outage probability table 

Which is then convolved with the load model to yield the risk 

indices. The load modification technique has the ability to 

accept the total system capacity outage probability table or,

the individual unit capacity outage probability tables in th 

evaluation of system indices. If the units of the system or a 

particular subsystem are combined to give a single system or 

subsystem capacity outage probability table, the application 

can be referred to as a JOINT case. If the capacity outage 

probability tables of the individual units are used then the 

application is referred to as a SEPARATED case. If all unit s 

in the system are non-energy limited, then the system 

reliability indices are constant irrespective of whether the, 

joint or separated case is considered. 

Consider units #2 and #3 to be energy limited. 

units are combined to give a single capacity outage 

probability table as shown in Table 3.3. The total capacity 

These tAvo 

of these units is 50.0 MW and the maximum energy required by 
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the combined units is 5000.0 MWhr for a study period of 100. 0 

hours. The amount of energy available to this new multi-st to 

unit was varied and the corresponding change in system EENS 

obtained. The system EENS was also obtained by considering 

each unit as a separate generation source as the amount of 

energy available to these separated units was varied. 

Table 3.3 Combined Capacity Outage Probability Table of 
Units #2 and #3 

Capacity Out 
(MW) 

0.00 
20.00 
30.00 
50.00 

Individual Probability 

0.9312 
0.0388 
0.0288 
0.0012 
1.0000 

The results for this study are shown in Figure 3.8. If the 

energy available to these units is between 50% and 90% of the 

maximum value required, then the joint case gives a lower 

system EENS for this system example. The general observatioh 

is also the case if all the units in the system are energy 

limited. Figure 3.9 shows the situation where all the units 

in the system are considered to be energy limited. It can bp 

concluded from this study that, for hydro units at the same 

plant, the joint model should be used in a generating capac4y 

adequacy assessment and if the units are at different 

stations, then the separated case should be employed in the 
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analysis. 

3.4 Energy Limitation Effects on the RB and IEEE Test System 

The sensitivity studies conducted under Section 3.3 are 

repeated in this section using the RB and IEEE test systems. 

The generation model data for the RB system is given in Table 

B-1 and that of the IEEE-RTS is shown in Table A-1. The loa 

models for these test systems are the same as that shown in 

Table A-3. The peak load for the RB system is 185.00 MW and 

that for the IEEE-RTS is 2850.00 MW. All the hydro units in 

both test systems are deemed to be energy limited. The 

cumulative probability is taken to be 1.0 for any percentage 

of the maximum energy available to an energy limited unit. 

3.4.1 The effects of energy limitations on system EENS 

The energies available to the energy limited units were 

varied while keeping the unit FOR values constant. The 

corresponding change in system EENS was noted. The results 

for the RB test system are shown in Figure 3.10 and those for 

the IEEE-RTS are given in Figure 3.11. The observations whi4th 

can be drawn are basically similar to those of the small 

system example. The system EENS varies fairly inversely as 

the energy available to the energy limited units and 

increasing the FOR of the energy limited units increases the 

system EENS. 
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.4.2 The effects of the FOR of the energy limited units on 
system EENS 

The forced outage rates of the energy limited units wee 

aried for constant energy available to these units. The 

ssociated system expected energies not supplied were 

alculated for the two test systems. The results for the RB 

ystem are shown in Figure 3.12 and those for the IEEE-RTS in 

igure 3.13. In the case of the RB system, the change in 

ystem EENS as a function of the FOR is 124%, 101% and 6% 

hen the energy available to the energy limited units are 

00%, 70% and 40% respectively. It can be again concluded 

hat the impact of the FOR of the energy limited units is n8t 

ignificant if the energy available to these units is much 

ess than the maximum required. In the case of IEEE-RTS, a ll 

100% increment in the base FOR of the energy limited units 

ields only about a 3% change in system EENS for the cases 
9f 

100%, 70% and 40% energy available to these hydro units. The 

system EENS is also the same for the 100% and 70% cases. 

T erefore, the FOR of the energy limited units of the IEEE-47S 

not significantly disturb the system EENS, even for the 

c se when there are no energy limited units in the system. 

3.4.3 The effect of the loading positions of the energy 
limited units on system EENS 

The energy limited units were loaded at different 

positions and the effect of loading the units at these 

positions on system EENS and production costs were observed. 
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In the case of the RB system, sequence 1 refers to the 

situation when the energy limited units are loaded in 

positions 1 to 7, sequence 2 when loaded in positions 3 to 9 

and sequence 3 when loaded in positions 5 to 11. With the 

IEEE-RTS, sequence 1 is the situation when the energy limit d 

units are loaded in positions 1 to 6, sequence 2 when loaded 

in positions 15 to 21 and sequence 3 when 

27 to 32. The system EENS and production cost results 

obtained for the RB test system are shown 

loaded in positions 

in Figures 3.14 and 

3.15 respectively and those for the IEEE-RTS are given in 

Figure 3.16 and Figure 3.17 respectively. 

In the case of the RB system, loading the energy limited 

units at sequence 2 and 3 do not significantly affect the 

system EENS. They act as non-energy limited units. However, 

the energy available to the energy limited units greatly 

affect the system EENS if they are loaded at sequence 1. The 

production cost results indicate that loading the units at 

sequence 1 yields the smallest production cost and loading 

them at sequence 3 gives the highest production cost. This 

indicates that there is need for some form of trade-off between 

the system EENS and the system production cost. A similar 

observation and conclusion can be deduced for the IEEE-RTS as 

shown in Figures 3.16 and 3.17. Loading the energy limited 

units at sequences 2 and 3 give the same system EENS for these 

two test systems. There is a very definite impact on the 

production costs due to the loading of the units at these two 
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sequences as shown in Figures 3.15 and 3.17. Loading such 

units at sequence 3 leads to a higher production cost than 

loading them at sequence 2 even though the implications in 

terms of system EENS are the same for both cases. 

3.4.4 The impact on system EENS of considering the energy 
limited units as joint or separated generation sources 

The total capacity of the energy limited units available 

to the RB system is 130.0 MW and that in the IEEE-RTS is 300.0 

MW. The maximum energies available to the RB and IEEE test 

systems are 1135680.0 MWhr and 2620800.0 MWhr respectively or 

a period of 8736 hours. The impact of joint and separated 

cases were investigated. The results obtained for the RB 

system are shown in Figure 3.18 and those for the IEEE-RTS are 

shown in Figure 3.19. 

The RB system results indicate that the system EENS in 

the separated case is higher than that obtained in the joint 

case. The IEEE-RTS results show that there is virtually no 

difference between the system EENS obtained for the joint aid 

separated cases. This is due to the fact that the hydro 

generating facilities represent only a small portion of the 

total generating capacity in the IEEE-RTS. 
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3.5 Conclusions 

Load Modification is a powerful technique which has t1e 

ability to maintain the individual indentity of each unit in 

the reliability evaluation process. The method can also 

successfully incorporate the characteristics of energy limited 

units into a study. The modelling of energy limitation 

:haracteristics in a conventional generating capacity adequacy 

assessment has been examined in this chapter using the load, 

modification method and a series of sensitivity analyses to ll

investigate the impact of energy limited units on capacity 

reliability evaluation. In those studies which involved the 

variation of system EENS due to the energy available to theI

energy limited units, the results indicate that generally Utley 

are inversely related within certain ranges of available 

energy. In the 3-unit system study, the variability exists 

from 0% to 100%, from 0% to 70% for the RB system and from 0% 

to 40% when the IEEE-RTS is considered. The effect becomes 

less pronounced in large systems in which the energy limited 

units are a relatively small component. 

The variation in the system EENS due to changing FOR 

the hydro units was examined using the three test systems. In 

this study, the hydro units were considered to be non-energy 

limited, The results indicate that the system EENS is not 

affected by the loading positions of such units even though 

the system production cost is affected. The results for the 

case when the hydro units were deemed to be energy limited, 
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however, show changes in both the system EENS and the 

production cost. The effects on system EENS of joint and 

separated cases for the energy limited units were also 

studied. In the case of the IEEE-RTS where the capacity o 

the energy limited units is only 9% of the total generating 

apacity, the results are basically the same for the joint and 

eparated cases. The joint cases for the RB system and th4 

-unit system give a lower system EENS than the separated 

ases. 
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CHAPTER 4 

ESTIMATION OF AN INTERRUPTED ENERGY ASSESSMENT 
RATE OF A SYSTEM 

4.1 Introduction 

Electrical utilities have always endeavored to satisfy 

their customers as economically as possible and at a 

reasonable level of service reliability, The specification of 

what is a reasonable level of reliability has been based 

largely on past experience and judgement. However, recent 

significant increases in energy costs and impacts of 

government and environmental groups have resulted in the need 

for more adequate justification of new system facilities and, 

operating reliability levels. A major aspect of this 

justification and the optimization of system expansion is 

cost-benefit assessment of power system reliability. 

Conceptually, this implies that the benefit of having 

increased levels of electric service reliability can be 

related to the costs of providing that service at the 

increased reliability levels. 

Actual or perceived costs of interruption can be used tb 

evaluate the benefit or worth of reliability and a variety of 

approaches have been used to investigate the cost of power 

interruptions [14,21,23]. One of the most common methods used 

to establish reliability worth is to survey electrical 

consumers, sector by sector, to determine the costs or losseS 

resulting from electric service interruptions. The Standard 
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Industrial Classification (SIC) system facilitates the 

identification of the consumers into major sectors such as 

residential, commercial, etc. Studies of this type provide 

data which can be used to create a specific or general 

customer damage function. 

4.2 Generating A Customer Damage Function 

Conceptually, the generation of a composite cost-of-

interruption function or customer damage function for a 

particular service area is an attempt to define the total 

customer costs for that area as a function of the interruption 

duration. The interruption costs ($/KW) are a function of the 

various customer groups and other variables such as standby 

equipment, etc. These costs are weighted in proportion to 

their respective energy or demand utilization within the area. 

Weighting by annual peak demand is used for short duration 

interruptions and weighting by the energy consumption is used 

for interruptions longer than one-half hour [8]. These 

weighted costs are then summed to provide the total cost for 

the area for each specified duration. The variation of this 

total cost with duration is considered to be the composite 

customer damage function for the service area. 

The procedures involved in developing a composite 

customer damage function are discussed in detail in Reference 

22 and only a brief summary of the procedure is presented in 

this thesis. Table 4.1 gives a listing of the applicable 



-62-

interruption cost estimates as a function of duration and b 

user category. The load composition by both energy 

consumption and 

in Table 4.2. The data presented in these two tables were 

obtained from studies conducted by Ontario Hydro (OH) and t 

Power System Research Group [21,22,23] at the University of 

Saskatchewan (U of S). The farm sector values are from the 

latest U of S study conducted in 1985. The other sector 

dollar values were updated from their 1980 values to 1985 

dollar values using the Consumer Price Index (CPI) obtained 

from Statistics Canada. 

peak demand for the service area is presented 

Table 4.1 Interruption Cost Data Deemed Applicable to the 
Service Area under Study (1985 $/KW) 

User Interruption Duration Data 
Sector 1 min 20 min 1 hr 4 hr 8 hr Source 

Residential 0.004 0.09 0.56 5.17 15.47 U of S 
Large Users 1.47 3.52 5.68 12.91 18.97 OH 
Small Users 0.72 3.38 5.27 19.66 29.37 U of, S 
Gov't. & Inst. 0.04 0.36 1.45 6.35 25.23 OH 
Commercial 0.86 5.29 16.54 58.66 148.00 U of S 
Office Buildings 4.65 9.61 20.50 67.00 116.12 OH 
Farm 0.03 2.80 14.00 116.80 326.80 U of S 

U of S - University of Saskatchewan 
OH - Ontario Hydro 
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Table 4.2 Distribution of Energy Consumption and Peak Dema d 

User Sector Energy (%) Peak Demand (%) 

Residential 31.00 34.00 
Large Users 31.00 30.00 
Small Users 19.00 14.00 
Govt. & Inst. 5.50 6.00 
Commerical 9.00 10.00 
Office Buildings 2.00 2.00 
Farm 2.50 4.00 

The user sector costs taken from Table 4.1 were weighted 

according to the load composition of Table 4.2, using demand 

values for weighting 1 and 20 minutes durations and energy 

values for longer durations. The weighted costs were summed 

for each duration and the results are shown in Table 4.3. 

This information is presented graphically in Figure 4.1. 

Table 4.3 Composite Customer Damage Function 

Interruption 
Duration 

Interruption Cost 
(1985 $/KW) 

1 minute 0.73 
20 minutes 2.42 
1 hour 5.27 
4 hours 19.22 
8 hours 41.45 

Despite the uncertainties affecting the development of 4 

composite customer damage function, it is the most suitable 

tool available for determining monetary estimates of 

reliability worth. The composite customer damage function can 
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b. tailored to reflect the individual nature of the system, 

a region within it and in the limit, any particular 

c stomer. 

4.3 Mathematical Formulation Using the Frequency and Durati,n 
Approach 

By far the broadest application of a customer damage 

ction is its use to relate the composite customer losses to 
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the socioeconomic worth of electric service reliability for an 

entire utility service area. Reliability worth can be 

evaluated in terms of expected customer interruption cost. In 

order to assess the costs of customer losses, it is necessary 

to estimate the reliability indices for the system in a form 

that can be applied to the customer to derive a total 

interruption cost to customers. The traditional Loss of Load 

Expectation (LOLE) index is not satisfactory for this purpoe.

In order to calculate customer losses, it is also necessary to 

know the severity of failures. The information can be 

estimated by a Frequency and Duration (F&D) [4,17] techniquel 

which can compute the average frequency, duration and 

magnitude of interruptions. The product of these three 

qaanitities is the Expected Energy Not Supplied (EENS) of the 

load loss event. The EENS is a relatively simple factor that 

is closely related to customer losses and provides a useful 

indicator of system adequacy. A customer interruption 

monetary cost estimate can be obtained by multiplying the 

system EENS by a suitable monetary factor. This factor is 

designated as the Interrupted Energy Assessment Rate (IEAR) 

and it is expressed in $/KWhr. 

In summary, the severity of load loss events at HLI can 

be evaluated using the F&D approach. This method in 

combination with an appropriate customer damage function can 

be used to estimate the IEAR. 

The basic models required in the estimation of IEAR are 



-66-

as follows: 

a) Generation Model The generating units are 

characterized by their capacity, forced outage rates, failUre 

rates and repair rates [4]. 

b) Load Model The exact-state type of load model is used 

in this study. This model represents the actual system lod 

cycle by approximating it by a sequence of discrete load 

levels [4]. 

c) Cost Model This is represented either by the 

composite customer damage function or by the sector costs of 

interruption with their distribution of energy and peak dem'nd 

for the service area. 

Using the F&D method, the exact-state load model can be 

combined with an exact-state capacity model to yield the 

frequency, duration and magnitude associated with each load 

loss event. The EENS for each load loss event is given by: 

EENS = m.1f.1d.1 (KWhr/day) (4.1) 

where: m. = margin state in KW of load loss event i 

f. = frequency in occ/day of load loss event i 

d. = duration in hours of load loss event i 

The probability, pi of a load loss event i is given by 

the product of the frequency, fi (occ/day), and duration, di 

(days) of this load loss event. The total expected unserved 

energy within the period considered for all the load loss 

events is as follows: 
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N 
Total EENS = Z mipi

i=1 

where N is the total number of load loss events. 

(4. 

In deriving the cost associated with this unserved 

energy, attention should be drawn to the units ($/KW) of th 

composite customer damage function [7,20]. A major assumpt 

2) 

e 

ion 

in the estimation of the cost component is that the magnitude 

Of each load loss event is taken to be related to the annua1 

peak load of a particular customer load point within the 

service area. The total expected interruption cost for all 

the load loss events of the system is given by Equation 4.3: 

N 
Total Expected Interruption Cost = Z m.f.c,1(di) ($/day) (1h3) 1=1 1 1 

where c.I.(d.3.) is the interruption cost in $/KW for a duratioall 

d.1 in hours of a load loss event i. 

The F&D method is used to evaluate the probability, 

frequency, duration and magnitude of each load loss state. 

The corresponding cost for each interruption duration is 

obtained from the costs of interruption data or from the 

composite customer damage function. The estimated IEAR is 

given by Equation 4.4: 

N 
Z mif.1c.1(d.1) 
i=1 

Estimated IEAR =   ($/KWhr) 
N 
Z mifid. 1 
i=1 

(4.4) 
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4.4 Illustrative Numerical Example 

The RB test system and the IEEE-RTS are used as the 

illustrative system examples. The generation data of the Rp 

system is shown in Table B-1. The generation model for the 

IEEE-RTS was developed by converting the hourly data of Table 

A-1 into daily data. The daily peak loads as obtained from 

the IEEE-RTS were arranged in descending order and then grou ed 

into class intervals. The mean of each class interval was 

taken as the load level and the class frequency as the numbe 

of occurrences of that load level. This load model for the 

IEEE-RTS is given in Table 4.4. The load model for the RB 

system is similar to that of the IEEE-RTS and was obtained by 

converting the discrete levels of the IEEE-RTS to per unit 

using the peak load of 2714.0 MW. The exact load levels of 

the RB system were obtained by multiplying the per unit valus 

of the IEEE-RTS by 185.0 MW which is the peak load of the RB 

system. The actual model is shown in Table 4.5. 

Table 4.4 Exact-State Load Data for the IEEE-RTS 

Peak load level (MW) No. of Occurrences (days) 

2714.00 12.0 
2458.00 82.0 
2191.00 107.0 
1928.50 116.0 
1608.30 47.0' 
1485.40 364.0 

Exposure Factor = 0.5 [4] 
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Table 4.5 Exact-State Load Model for the RB System 

Peak load level (MW) No. of Occurrences (days) 

185.00 12.0 
167.55 82.0 
149.35 107.0 
131.45 116.0 
109.63 47.0 
101.25 364.0 

Exposure Factor = 0.5 [4] 

The cost model used is the same for both test systems. The 

various sector costs of interruption data used in these 

studies are given in Table 4.1 and the distribution of energy 

and peak demand are shown in Table 4.2. The composite 

customer damage function used is presented in Table 4.3. The 

interruption duration was extended to 16 hours to cover all 

expected interruption durations. This extension was assumed 

to be of the same slope as that between 4 hours and 8 hours. 

Figure 4.1 shows the composite customer damage function with 

the extension. The costs resulting from interruptions of 

intermediate duration are computed using linear interpolatio. 

It should be noted, however, that interruption costs often 

vary non-linearly with duration. 

4.4.1 Using the composite customer damage function 

The composite customer damage function shown in Table 43 

was used as the cost model. The generation models for the RB 

and IEEE test systems are given in Tables B-1 and A-1 
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respectively and their load models are also shown in Table 

4.4 and 4.5 respectively. The F&D method was used to generate 

the variables m, p, f and d of Equation 4.4 for each load 1 

event. Using the duration d, the cost associated with the 

load loss state was obtained from the composite customer 

damage function given in Figure 4.1. Equation 4.2 was used 

evaluate the total expected unserved energy. The total 

expected interruption cost was also evaluated by Equation 4 

Equation 4.4 was then applied to estimate the value of syst 

IEAR. The detailed results from the F&D method and the 

oss 

to 

.3. 

em 

customer damage function for the RB system are presented in 

Table 4.6. The concepts involved can be illustrated by 

considering the first load shortage event shown in Table 4.6. 

The output from the F&D technique for this load loss event Ore 

as follows: 

Magnitude of this load shortage event m = 1251.06 KW 

Exact-state probability of this event p = 7.31702 x 10-7

Exact-state frequency of this event f = 2.93629 x 10-6 occ 

Exact-state duration of this event d = 5.98062 hours 

= 358.837472 minutes 

From Figure 4.1, the cost of interruption corresponding to 

this duration d is obtained by interpolation to be 30.02 $/FtW. 

Applying Equation 4.1, 

EENS = m.f.d. 
1 1 1 

= 1251.06 x 2.93629 x 10-6 x 5.98062 

= 0.0219697 KWhr/day. 
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Table 4.6 

Exact-
State 
Capacity 

(KW) 

-4251.06 
-1453.78 
-2550.06 
-4351.99 
-5000.00 
-6251.06 
-7550.06 
-9351.99 
-9627.11 
10000.00 
11251.06 
11453.78 
12550.06 
14351.99 
15000.00 
16453.78 
17550.06 
19351.99 
20000.00 
251.06 

'1453.78 
50.06 
111.00 

-,7550.06 
-►'351.99 
:14mM 
-41453.79 
-42550.06 
-; 351.99 
-45000.00 
- 7550.06 
-;•351.99 
49111.00 
5000.00 
755011.06 

49351.99 
-list.00 
2550.06 
5000.00 
7550.06 
111.00 

• 550.06 
: 01..00 

Detailed Results for 

Exact-
State 

Probability 

p 

Exact-
State 

Frequency 

(occ/day) 

0.731702E,06 0.293629E,05 
0.521085E-06 0.211616F-05 
0.270660E,06 0.111329E-05 
0.121283E-06 0.506425E-06 
0.960733E-IY4 0.292768E-03 
0.147814E-07 0.672759E-07 
0.225412E-03 0.701043E-03 
0.234356E-01 0.827488E,04 
0.911781E-07 0.379137E-06 
0.194083E,05 0.695936E-05 
0.150069E-07 0.681783E-07 
0.338165E-05 0.123199E-04 
0.155136E-05 0.166147E-04 
0.473434E-06 0.1926568,05 
0.197043E-05 0.701926E-05 
0.681150E,07 0.285667E--6 
0.162383E-05 0.168300E-04 
0.480656E-06 0.1951988,05 
0.396087,07 0.162920E,06 
0.238081E-07 0.105753E,06 
0.693571E-07 0.289452E,06 
0O29461E-07 0.388102E-06 
0.329914E-01 0.102591E,03 
0.179600E-01 0.634150E-04 
0.311928E-05 0.113641E,04 
0.666490E-06 0.243141E-05 
0.233179E-06 0.935710E-06 
0.362819E-06 0.147643E-05 
0.630148E-07 0.263503E-06 
0.676657E-06 0.246292E-05 
0.368351E-06 0.149591E-05 
0.639760E-07 0.266995E-06 
0.136018E,07 0.567953E-07 
0.262829E-05 0.928023E-05 
0.239048E-05 0.870892E-05 
0.215098E-06 0.863140E-06 
0.530951E,07 0.216063E-06 
0.482917E-07 0.201937E-06 
0.539064E-07 0.218914E-06 
0.490284E-07 0.204613E-06 
0.319825E-06 0.127447E-05 
0.164834E-06 0.661473E-06 
0.241220E-07 0.968007E-07 

Exact-
State 
Duration 

d 
(hours) 

the RB System 

Inter-
ruption 
Cost 
c 

($/KW) 

Expected Expect 
Unserved Cost f 
Energy Interru tion 

mfd mfc 
(DEr/day) ($/day) 

0.598062E+01 
0.590977E+01 
0.50181E+01 
0.574773E+01 
0.787572E+01 
0.527312E+01 
0.771791E+01 
0.679714E+01 
0.598062E+01 
0.669312E+01 
0.528270E+01 
0.658767E+01 
0.657879E+01 
0.589778E+01 
0.670856E+01 
0.573942E+04 
0.659371E+01 
0.590977E+01 
0.583481E+01 
0.540311E+01 
0.575077E+01 
0.574773E+01 
0.771791E+01 
0.679714E+01 
0.658767E+01 
0.657879E+01 
0.598062E+01 
0.589778E+01 
0.573912E+01 
0.659371E+01 
0.590977E+01 
0.575077E+01 
0.574773E+01 
0.679714E+01 
0.658767E+01 
0.598062E+01 
0.589778E+01 
0.573942E+01 
0.5909/[h+01 
0.575177E+01 
0.658767E+01 
0.598062E+01 
0.598062E+01 

30.02 0.219697E,01 0.11 
29.63 0.181810E-01 0.09 
29.21 0.165648E-01 0.08 
28.73 0.126677E-01 0.06 
10.74 0.115288E+02 59.63 
26.11 0.221759E-02 0.01 
39.83 0.408504E+02 210.83 
34.60 0.526007E+01 26.78 
30.02 0.218292E-01 0.11 
34.01 0.465798E+00 2.37 
26.16 0.405221E-02 0.02 
33.42 0.929583E+00 4.72 
33.37 0.137178E+01 6.96 
29.56 0.163073E+00 0.82 
34.10 0.709356E+00 3.61 
28.68 0.269770E-01 0.13 
33.45 0.194757E+01 9.88 
29.63 0.223240E+00 1.12 
29.21 0.190122E-01 0.10 
26.83 0.121427E-01 0.06 
28.75 0.357113E-01 0.18 
28.73 0.503026E-01 0.25 
39.83 0.197949E+02 102.16 
34.60 0.118752E+02 60.45 
33.42 0.219737E+01 11.15 
33.37 0.479873E+00 2.43 
30.02 0.176025E+00 0.88 
29.56 0.283435E+00 1.42 
28.68 0.519524E-01 0.26 
33.45 0.568392E+00 2.88 
29.63 0.331961E+00 1.66 
28.75 0.604220E-01 0.30 
28.73 0.130578E401 0.07 
34.60 0.283855E+01 14.45 
33.42 0.272802E+01 13.84 
30.02 0.254761E+00 1.28 
29.56 0.637145E-01 0.32 
28.68 0.609056E,01 0.30 
29.63 0.7115518-01 0.36 
28.75 0.677181E,01 0.34 
33.42 0.515728E+00 2.77 
30.02 0.267229E+00 1.34 
30.02 0.492089E-01 0.25 

106.407162 546.49 
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The expected interruption cost for this event is obtained by 

applying Equation 4.3. 

Expected Interruption Cost = mif.lc.l(d.3.) 

= 1251.06 x 2.93629 x 10
-6 

x 30. 

= 0.11 $/day 

The same procedure is applied to evaluate the expected energ' 

not supplied and the expected interruption cost for all the 

load loss events. The total system EENS equals 106.407162 

KWhr/day and the total interruption cost is 546.49 $/day. 

estimated IEAR is then obtained from Equation 4.4. 

Estimated IEAR = 546.49 
106.407162 

= 5.14 $/KWhr. 

The IEAR value obtained in a similar way for the IEEE-RTS is 

5.02 $/KWhr. 

The exact-state load model [4,17] is a function of the 

peak load and the exposure factor. Studies were conducted to 

examine the impact of these variables on the estimated IEAR. 

The peak load was first varied at a constant exposure factor 

of 0.5. The results obtained for the IEEE-RTS are presented 

ir. Figure 4.2. It can be observed that a 125% change in peak 

load leads to only about a 5% change in the estimated system,

IEAR. 

Similar results and observations were obtained for the 

RB system and is shown in Figure 4.3. It can be concluded 
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Figure 4.2 Variation of IEAR with the Peak Loads 
for the IEEE-RTS 

that the estimated IEAR for a particular system in an HLI 

study does not vary significantly with the peak load. 

The results of the study concerning the variation of the 

system IEAR as a function of the exposure factor are shown in 

Figures 4.4 and 4.5 for the RB and IEEE test systems 

respectively. In the case of the RB test system, a 350% 

change in exposure factor produces only about a 10% change in 

th e estimated IEAR. The results and observations for the 
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Figure 4.3 Variation of IEAR with the Peak Loads 
for the RB Test System 

IEEE-RTS are similar. The estimated IEAR can be deemed to be 

relatively constant with variations in exposure factor at a 

fixed peak load. 

The value of 5.02 $/KWhr is therefore a good estimate (4 

the overall system IEAR for the IEEE-RTS using the composite 

customer damage function shown in Figure 4.1. 

for the RB system is 5.14 $/KWhr when the same composite 

customer damage function is used. 

The estimate 
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4.4.2 Using the cost of interruption data 

The cost model used in the previous section is the 

composite customer loss function for the whole service area. 

The analysis can also be conducted using the customer sector 

interruption cost data with their distribution of energy and 

demand within the service area. The generation and load model 

data for the RB system and the IEEE-RTS are the same as those 

given in Section 4.4.1. In order to illustrate this approach, 
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llconsider the residential sector. If the service area is mad 

up of only the residential sector, then the residential 

interruption data given in Table 4.1 becomes the composite 

customer damage function of the service area. A residential,

sector IEAR can be evaluated by applying the same procedure 

described in Section 4.4.1. A similar approach is employed io 

calculate the IEAR of the other sectors within the service 

area. The IEAR of each sector is weighted by its percentage' 
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of energy consumption to give the expected sector IEAR. Thy 

sum of the expected IEAR of the various sectors gives the 

composite IEAR of the service area. The results for the 

IEEE-RTS are given in Table 4.7. The estimated IEAR for the 

entire service area is 4.98 $/KWhr. Table 4.8 gives the 

results for the RB system in which the composite IEAR is 5.11 

$/KWhr. 

Table 4.7 Sector IEAR of the IEEE-RTS Using an Exposure 
Factor of 0.5 

User Energy Sector IEAR Expected Sector 
Sector (%) ($/KWhr) IEAR ($/KWhr) 

Residential 31.0 1.64 0.51 
Large Users 31.0 2.71 0.84 
Small Users 19.0 4.61 0.79 
Govt. & Inst. 5.5 2.39 0.13 
Commercial 9.0 16.79 1.51
Office Buildings 2.0 15.43 0.31
Farm 2.5 35.54 0.89 

4.98 

Table 4.8 Sector IEAR of the RB System Using an Exposure 
Factor of 0.5 

User Energy Sector IEAR Expected Sector 
Sector (%) ($/KWhr) IEAR ($/KWhr) 

Residential 31.0 1.85 0.57 
Large Users 31.0 2.46 0.76 
Small Users 19.0 3.80 0.72 
Govt. & Inst. 5.5 2.92 0.16 
Commercial 9.0 18.01 1.62 
Office Buildings 2.0 14.76 0.30 
Farm 2.5 39.29 0.98 

5.11 
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4.5 Conclusions 

The theory behind the estimation of IEAR from the F&D 

method and a customer damage function has been presented in 

this chapter. The IEAR value for the RB system is 5.14 $/KWhr 

using the composite customer damage function and is 5.11 

$/KWhr when the sector costs of interruption data were used. 

In the case of the IEEE-RTS, the IEAR values are 5.02 $/KWhr 

and 4.98 $/KWhr respectively. The IEAR values obtained from 

the two cost data are slightly different due to interpolation 

of the customer losses. One advantage associated with the 

approach using the sector costs of interruption data is that 

the IEAR for the various sectors within the service area are 

also available. These values can be used to assess the 

customer interruption monetary costs for any particular sect r 

and can be used to analyze the consequences associated with 

different load shedding policies. 

The IEAR values obtained from the composite customer 

damage function using the RB and IEEE test systems are 5.14 

$/KWhr and 5.02 $/KWhr respectively. In spite of the fact 

that the total installed capacity of the IEEE-RTS is about 

fourteen times larger than the RB system, the IEAR for both 

systems are approximately the same. The estimated IEAR value 

is only slightly affected by the generation data and is 

basically dependent on the customer cost data within the 

service area. 

The estimate of the system IEAR for the RB system of 5.)4 
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$ KWhr and for the IEEE-RTS of 5.02 $/KWhr are used in the 

bsequent sections to evaluate customer monetary costs. 
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CHAPTER 5 

ING GENERATION SYSTEM EXPANSION AND RELIABILITY 

widely recognized for many years, that in 

against excessive power shortages and deliver 

quality of service, the generating capacity of a 

ystem st exceed the expected peak load demand by an 

dequate reserve margin. The reserve is a safety margin to 

rovide for the day-to-day variations in the available 

apacity and deviations of customer demands. The simplest 

ethods of estimating the reserve margin are based on 

eterministic criteria such as relating the reserve to the 

ize of the largest generating unit or to some percentage of 

he peak demand. As systems get bigger and more complex, ti-e 

eterministic criteria are no longer adequate. It then 

ecomes necessary to use probabilistic criteria. The most 

p•pular probabilistic criterion has been the LOLE index and a 

1 vel of a one-day in ten-years has often been adopted. The 

lection of this level has been based on judgement and past 

perience. While the use of this criterion has generally led 

generating systems having adequate reliability, it has been 

ggested that the criterion leads to unduly expensive systems 

w th unnecessarily low probability of failure to meet the 

ad. This reliability criterion does not attempt to relate 

t'e specification of power supply adequacy to economic 
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parameters such as system costs and customer losses due to 

power deficiencies. 

There is a growing interest in planning power system 

expansion and reliability using the economic theory approach 

which simultaneously optimizes system costs and customer 

interruption costs. From the economic theory perspective, the 

optimal system should be defined by that level of investments, 

in capacity and energy capability at which the marginal cost 

of providing another unit of capacity and energy is equal to 

the incremental social cost of not undertaking that 

irvestment. Figure 5.1 depicts the underlying trade-off 

irvolved in such an optimization. 

Broadly speaking, higher levels of reliability can be 

achieved by relatively higher levels of income as shown by tlle 

system cost curve of Figure 5.1. On the other hand, customer 

interruption costs initially reduce rapidly with increases in 

reliability and more gradually at higher levels of 

reliability. Figure 5.1 displays the optimal balancing of 

system costs and customer interruption costs. The system 

costs of providing more reliability from the customers' 

perspective increases and finally become asymptotic at R=100 

i.e. perfect reliability. It should be realized that a 

perfectly reliable system, one with no interuptions, is not 

acnievable. The customer interruption costs decrease as the 

reliability of electric service increases. The total cost 

curve is the sum of the system costs and customer costs. The 
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optimum solution is defined by a reliability level, Ropt, at 

which total cost to both the system and customers is 

minimized. At this level of reliability and investment, the 

incremental increase in reliability is exactly offset by the 

incremental reduction in customer interruption costs. In 

contrast, the traditional approach pre-selects a level of 

reliability, R, and the planner's task is to identify the 

plan with the least capital and operating cost to meet this 

reliability. This is characterized by point A in Figure 5.11 

System EENS is a reliability criterion for generation 

planning which can be used to account for the customer 

interruption costs as well as the conventional cost of 

The system EENS as 

power 

an absolute value is not entirely suitable 

as a reliability criterion because it does not take into 

account the effect of the system size. The expected frequen y 

of one hour rotating load cuts experienced by the average 

customer, for the same amount of unsupplied energy, is 

relatively smaller in large systems than in small systems 

since there are more customers to spread the interruption 

over. The measure must be related to the system size. In 

order to relate the index to the size of the system, the EENS 

can be normalized by dividing it by the total energy required 

by the system. This factor is called the Energy Index of 

Reliability (EIR) and is given by Equation 2.4. 
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5.2 The Optimum Reliability Level for the IEEE-RTS 

The economic concepts required in estimating the optimum 

vel of service reliability are applied to the IEEE-RTS in 

t is section. The generation data for this system are given 

Table A-1 and its load model is shown in Table A-3. The 

s ggested peak -load for the IEEE-RTS is 2850.0 MW. The total 

c•st of power to consumers consists of the annual operating 

d maintenance costs and customer interruption costs. Other' 

costs such as environmental costs and costs of emergency 

tions in the form of purchasing electricity from interties 

could be added to the total cost of power in a detailed study. 

For this example system, the total cost of power is the sum 

• the production costs, fixed costs and the customer 

terruption costs. Production costs are determined by 

m ltiplying each unit's expected energy supplied by its 

variable operating cost and summing these costs for all the 

g nerating units of the system. The load modification method 

used to evaluate the expected energy supplied by each unit. 

e variable operating cost for the units are shown in Figure 

A 2. Customer cost is evaluated by multiplying the system 

EONS by its IEAR. The IEAR value for the IEEE-RTS has been 

estimated to be 5.02 $/KWhr in the previous chapter. The 

fixed cost data for this test system are also shown in Table 

A- The additional generating units to be used with the 

IE E-RTS in order to generate the least-cost reserve margin 

presented in Table 5.1. All other data for these units ar 
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are assumed to be identical to the existing gas turbines of 

the IEEE-RTS [10]. 

Table 5.1 Additional Generating Units 

Unit Size (MW) FOR MTTF (hr) MTTR (hr)

25 0.12 550 75 

The effect of varying the target generation reserve on 

the expected costs to consumers including both the costs of 

power production and the losses due to interruption is shown 

in Figure 5.2. As the planning reserve margin increases, the 

interruption costs diminish rapidly as the system reliabilit 

is improved, production costs increase slightly and the fixed 

costs increase since a larger investment in new plant and 

equipment is required. The original data as obtained from 

Reference 12 has a total generating capacity of 3405.0 MW with 

a 19.5% reserve margin. The cost at this reserve margin is 

about 32.1 million dollars per year. Based on the economic 

theory approach and the input data, the range of least-cost 

planning reserve margin varies about 33% to 37% and centers on 

35%. For this optimum planning reserve margin of 35%, the 

corresponding expected total cost of power to consumers is 

about 27.7 million dollars per year. Figure 5.2 illustrates 

three essential observations. First, planning for a reserve 

margin above or below the range of least-cost margin can lead 
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significant additional costs. Second, the cost associat e 

th planning a given level below the "optimum" range can 

e ceed greatly the cost of planning for a similar level abov 

t' at range. Thirdly, the total cost curve is relatively fla 

its minimum. As the planning reserve margin changes near 

t is point, the resulting changes in fixed costs, production 

costs and customer interruption costs tend to be mutually 

c mpensating. Thus, using a planning reserve margin 10% 

higher or 5% lower than the optimum margin would cause only 4 

s all increase in cost to consumers. 

Figure 5.3 is derived from Figure 5.2 by replacing the 

p rcentage planning reserve margin scale with a scale of 

u supplied energy in the form of EIR. The EIR index 

c•rresponding to the least-cost planning reserve margin of 34% 

0.99999579. It is important to note that the least-cost 

range may be affected by changes in the data assumptions. The 

lative importance of such changes can be investigated 

t rough sensitivity analysis and some of these sensitivity 

c ses are summarized in the following sections. 

sh 

mo 

re 

Effects of Demand Uncertainty on Planning Reserve Margin 

Demand uncertainty implies that the actual margins may 

n out higher or lower than planned. Prudent planning 

uld protect against low reserve margins because these are 

e costly to consumers than high reserve margins. For this 

son, explicit considerations of demand uncertainty tend td 
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increase the least-cost planning reserve margin. In looking 

at the impact of load forecast uncertainty on the planning 

reserve margin of the IEEE-RTS, the load levels are assumed 

to be forecasted with an uncertainty represented by a normal 

distribution having a standard deviation of 5%. This is 

equivalent to a load difference of 142.5 MW at the peak load,

of 2850.0 MW. The discretized peak loads are shown in Table' 

5.2. 

Table 5.2 Data for Load Forecast Uncertainty (LFU) 

Standard Deviations 
From Mean 

Load Level 
(MW) Probability 

-3 2422.5 0.006 
-2 2565.0 0.061 
-1 2707.5 0.242 
0 2850.0 0.382 
1 2992.5 0.242 
2 3135.0 0.061 
3 3277.5 0.006 

1.000 

The results of this study as shown in Figure 5.4 reveal 

that the IEEE-RTS is sensitive to demand uncertainty. The 

least-cost planning reserve margin changes from 35% for the 

case when no demand uncertainty was considered to 44% for the 

case when load forecast uncertainty was explicitly included i 

the study. The increment due to the uncertainty in demand is 

9% and the increment in total cost of power supply is 2%. 

Even though demand uncertainty increases the optimum planning 
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reserve margin, the change in total cost is relatively small 

5.4 Effect of System IEAR on Planning Reserve Margin 

When customer interruption costs are not considered, the 

sum of the fixed and production costs (system costs) increases 

steadily with increasing reserves. However, when the customer 

interruption costs are added, a cost curve emerges whose 

least-cost planning reserve margin depends critically on the 

cost assigned to unserved energy. The nominal IEAR value for 

the IEEE -RTS as estimated from Chapter 4 is 5.02 $/KWhr. Thy 

sensitivity analysis shown in Figure 5.5 highlights the 

sensitivity of these results to the IEAR value. If the IEAR1 

is increased from 5.02 $/KWhr to 7.03 $/KWhr, then the least-J,

cost planning reserve margin increases from 35% to 37% with .n 

increment of 0.40% in the total cost of power. In addition, 

decreasing the IEAR value to 3.01 $/KWhr causes the optimum 

planning reserve margin to decrease to about 32.5% with a 

decrement of 0.63% in the total cost of power supply. 

5.5 Effect of Energy Limitations on Planning Reserve Margin 

The least-cost planning reserve margin depends on the 

particular system characteristics. In Chapter 3, it was 

observed that energy limitation problems associated with 

generating units have significant impacts on the system 

reliability and energy production cost. This study 

investigated the effects of energy limitations in the hydro 
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its of the IEEE-RTS on its optimum reserve margin. The 

three cases considered were 100%, 70% and 40% of maximum 

energy available to the hydro units. The total cost 

corresponding to each case is plotted against the percentage 

of planning reserve margin. These results are represented ii 

Figure 5.6. In this system example, energy limitation on the 

hydro units do not affect the least-cost planning reserve 

margin and it is still centred at 35%. Figure 3.13 showed 

that there is no difference in system EENS when the energy 

available to the hydro units were 100% and 70%. There is, 

however, a clear impact due to energy limitations when the 

tctal cost of power is considered. When the energy available 

to the hydro units is 70%, the total cost of power supply is 

28.3 million dollars per year and for the case of 40% energy 

increments in the base case total cost for the 70% and 40% o 

available, it is 28.9 million dollars per year. The 

maximum energy available to the energy limited units are 1.94% 

and 4.1% respectively. The impact of energy limitation on the 

IEEE-RTS is quite significant and obvious when measured in 

terms of total cost of power supply to consumers. 

5.6 Conclusions 

The basic concepts used to estimate the optimum planning 

reserve margin have been described in this chapter. The 

concepts have also been applied to the IEEE-RTS. The results 

give the optimum planning reserve margin for the IEEE-RTS to 



-94--

34 

T
o
ta

l 
C

o
st

 (
$
 M

IL
L

IO
N

S)
 

33 - 

32-

31-

30-

29-

28 - 

27 - 

28 

Legend 
100% Energy Available 

70% Energy Available 

40% Energy Available 

\ \ • 
\ik ir4.-

v****

so 4.-

so 

o-7-

s")-0-o-
044-°' 

10 20 30 40 

Planning Reserve Margin(%) 
50 

Figure 5.6 The Impact of Energy Limited Units on 
the Planning Reserve Margin 



-95-

be 35% of total installed capacity and the total cost of pow r 

supply is 27.7 million dollars per year. The optimum 

reliability level measured in terms of EIR is 0.99999579 and 

can be used in conjunction with the optimum planning reserve 

margin as the justifiable service reliability targets for loMg 

term planning of the IEEE-RTS. 

A series of sensitivity studies on the optimum planning 

reserve margin was also carried out. The results of the study 

which looked at the impact of demand uncertainty on the 

least-cost reserve margin indicate a 9% increment in the 

optimum planning reserve margin. The increment in the total 

cost of power supply is 2%. Another study considers the 

impact of IEAR variation of the total system cost and optimuM 

reserve margin. The conclusions from this study are that when 

the IEAR value is lower than the base value, the optimum 

reserve margin and total cost decrease and an increment in the 

base IEAR leads to an increase in the total cost of power and 

the least-cost planning reserve margin. The last study of the 

chapter investigates the impact of energy limitation problemS 

on the optimum reserve margin. The results obtained for the 

IEEE-RTS indicate no change in the estimated optimum planning 

reserve margin. This observation can be quite deceiving if 

the impact of energy limitation is looked at in relation to 

the optimum planning level alone. 

of power to consumers is, however, quite appreciable. The 

The increment in total cost 

impact of energy limitations on the system cannot be ignored 
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in generating capacity adequacy assessment. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The primary objective of this thesis was to investigate 

he implications of energy limitations of generating units 

onventional generating capacity reliability assessment. 

hree test systems have been used in this thesis to illustrate 

he various concepts. The hypothetical 3-unit system 

epresents a small size system, the RB system is deemed to $e 

medium size system and the IEEE-RTS represents a large

ractical system. The Expected Energy Not Supplied (EENS) as 

onsidered to be the most suitable adequacy index in these 

studies and was adopted as the major criterion. 

Chapter 2 of this thesis presents a general review of tlhe 

b sic indices and methods used in conventional generating 

pacity adequacy assessment. The basic concepts of the Load 

Modification method are described in this chapter. The method 

w s tested using the three test systems to evaluate their 

liability indices and energy production costs. 

In Chapter 3, the Load Modification technique was applied 

the small example system to illustrate how the energy 

mitation characteristics of generating units can be 

corporated in a conventional generating capacity reliabili t y 

study. This chapter presents the results of the various 

s•udies carried out on the three test systems. The results of 

e study involving the variation in the system EENS with the 
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e ergy available to the hydro units reveal that generally the 

s stem EENS and energy available to the hydro units are 

versely related. The impacts of forced outage rate of the 

e ergy limited units on the system EENS at constant energy 

a ailable to these units were also investigated. The results 

dicate that as the FOR increases, the system EENS also 

creases. A significant observation from this study is that 

w en the energies available to the energy limited units are 

latively small compared to their maximum, the system EENS 

✓ mains fairly constant with change in the FOR of these units. 

I such a situation it may not be a judicious decision to 

i vest in the improvement of the forced outage rate of these 

u its since that will not lead to improvement in the system 

EONS. A study to investigate the effects of the loading 

p•sitions of the energy limited units on the system EENS at 

constant FOR for these units was also carried out in this 

Chapter. The principal observation from this study is that, 

I ding the energy limited units last on the priority order 

gi es the smallest system EENS compared to loading them at any 

of er position and consequently gives the smallest monetary 

in erruption costs to consumers. In the cases studied, the 

pr•duction cost for the system is, however, greatest if such 

un ts are loaded last on the priority loading list. This 

chapter of the thesis ends with a study which examined the 

ects on the system EENS of combining the energy limited 

ts to give a multi-state unit. The results indicated that 

of 

un 
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the separated cases give higher system EENS than the joint 

cases when the RB and the 3-unit test systems are studied. 

There is relatively no difference in system EENS for the cas 

of the IEEE-RTS. This is due to th 

capacity of the energy limited unit 

compared to the total installed cap 

Chapter 4 presents a procedure 

e fact that the total 

s is relatively small 

acity of the IEEE-RTS. 

for estimating a factor 

which has been designated in this thesis as the Interrupted 

Energy Assessment Rate (IEAR). The 

utilizes the Frequency and Duration 

suitable customer function. It is 

developed procedure 

(F&D) method and a 

lso shown in this chapte 

that the IEAR values for the RB system and the IEEE-RTS do not 

depend significantly on the exposur factors and peak loads Of 

the systems. 

Chapter 5 illustrates the uti4zation of economic theory 

concepts to estimate the optimum pl 

Energy Index of Reliability (EIR) o 

results of sensitivity analyses con 

indicate that the demand uncertaint 

change the optimum reserve margin a 

energy limitations, however, show n 

optimum planning reserve margin eve 

the total cost of power to consumer 

this study, the fixed costs were ma 

costs incurred during operation and 

generating units. 

nning reserve margin and 

f the IEEE-RTS. The 

ducted on these indices 

y and IEAR variation do 

d EIR. The impact of 

change in the estimated 

though the increment in 

is quite appreciable. In 

e up of only the fixed 

maintenance of the 
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In conclusion, it can be seen from the results of the 

s udies conducted in this thesis that the effects of energy 

1 mited units on system capacity adequacy assessment can be 

q ite significant and should not be ignored. Energy 

1 mitation characteristics associated with generating units 

n ed to be carefully examined and whenever these limitations 

e ist, they should be an integral part of a conventional 

g nerating capacity reliability assessment. 
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APPENDIX A 

IEEE RELIABILITY TEST SYSTEM (1979 Version) 

Generation System: The IEEE-RTS consists of 32 generating 

u its of various types and sizes. The total installed 

capacity is 3405.0 MW. The system capacity composition is 

g ven in Table A-1. 

Table A-1 

IEEE-RTS Generation System Data 

Unit 
Size 
(MW) 

Number 
of 

Units 
Unit 
Type 

Forced 
Outage 
Rate 

MTTF 
(hours) 

MTTR 
(hours) 

12 5 Oil 0.02 2940 60 
20 4 Turbine 0.10 450 50 
50 6 Hydro 0.01 1980 20 
76 4 Coal 0.02 1960 40 

100 3 Oil 0.04 1200 50 
155 4 Coal 0.04 960 40 
197 3 Oil 0.05 950 50 
350 1 Coal 0.08 1150 100 
400 2 Nuclear 0.12 1100 150 

Th- loading order of the units with their respective operatin0 

cots and fixed costs are presented in Table A-2. 
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Table A-2 

The Priority Loading Order and Generating 
Unit Operating Cost Data 

Priority Unit Rated Fixed Costs Operating 
Order Identity Capacity (MW) ($/KW/yr) Costs ($/MWhjr) 

1 #1 50 0.05 
2 #2 50 0.05 
3 #3 50 0.05 
4 #4 50 0.05 
5 #5 50 -- 0.05 
6 #6 50 -- 0.05 
7 #7 400 5.0 0.30 
8 #8 400 5.0 0.30 
9 #9 350 4.5 0.70 
10 #10 197 5.0 0.70 
11 #11 197 5.0 0.70 
12 #12 197 5.0 0.70 
13 #13 155 7.0 0.80 
14 #14 155 7.0 0.80 
15 #15 155 7.0 0.80 
16 #16 155 7.0 0.80 
17 #17 100 8.5 0.80 
18 #18 100 8.5 0.80 
19 #19 100 8.5 0.80 
20 #20 76 10.0 0.90 
21 #21 76 10.0 0.90 
22 #22 76 10.0 0.90 
23 #23 76 10.0 0.90 
24 #24 12 10.0 0.90 
25 #25 12 10.0 0.90 
26 #26 12 10.0 0.90 
27 #27 12 10.0 0.90 
28 #28 12 10.0 0.90 
29 #29 20 3.0 5.00 
30 #30 20 3.0 5.00 
31 #31 20 3.0 5.00 
32 #32 20 3.0 5.00 

Load Model: The suggested annual peak load for the IEEE-RTS 

is 2850.0 MW. The weekly, daily and hourly load peaking 

factors are given in Reference 12. By arranging the 8736 
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ourly peak loads data in descending order of load magnitud 

a load duration curve is obtained. 100 points that best 

represent this hourly peak load variation curve are used as 

t e load model data. This load data is expressed in per uni 

w"th the annual peak load as the base. Table A-3 gives the 

data. The period of study is 8736 hours. 

Peak Load = 2850.0 MW 

Study Period = 8736.0 hours 

Expected Load Energy = 15295943.00 MWhr. 

Loss of Load Expectation = 9.362535 in 8736 hours 

Energy Index of Reliability = 0.99992436 

ese indices were evaluated using the load modification 

chnique. 
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Table A-3 

100 Points Load Data for the IEEE-RTS 

Study 
Period 
(p.u) 

Peak 
Load 
(p.u) 

Study 
Period 
(p.u) 

Peak 
Load 
(p.u) 

Study 
Period 
(p.u) 

Peak 
Load 
(p.u) 

Stl 
Period)
(p.u) 

1 COCO 0.00000 0.9933 0.0002 0.9866 0.0003 0.9800 0.0004 
0 9733 0.00106 0.9666 0.0006 0.9599 0.0010 0.9532 0.0015 
0 9466 0.0024 0.9399 0.0034 0.9332 0.0040 0.9265 0.0058 
0 9199 0.0076 0.9132 0.0061 0.9065 0.0100 0.8998 0.0137 
0 8931 0.0160 0.8865 0.0189 0.8798 0.0239 0.8731 0.0290 
0.:.. 0.0333 0.8597 0.0401 0.8531 0.0464 0.8464 0.0517 
0.: 97 0.0614 0.8330 0.0718 0.8264 0.0623 0.8197 0.0906 
0.:130 0.1004 0.8063 0.1122 0.7996 0.1254 0.7960 0.1353 
0. 863 0.1452 0.7796 0.1574 0.7729 0.1704 0.7662 0.1823 
0. 596 0.1918 0.7529 0.2005 0.7462 0.2114 0.7395 0.2232 
0.'329 0.2339 0.7262 0.2436 0.7195 0.2561 0.7128 0.2670 
0.'061 0.2773 0.6995 0.2909 0.6928 0.3030 0.6861 0.3163 
0.'794 0.3300 0.6727 0.3448 0.6661 0.3616 0.6594 0.3769 
0.0527 0.3934 0.6460 0.4094 0.6394 0.4260 0.6327 0.4420 
0.1,260 0.4591 0.6193 0.4771 0.6126 0.4932 0.6060 0.5089 

*3 0.5242 0.5926 0.5390 0. 59 0.5501 0.5792 0.5625 
0. 726 0.5742 0.5659 0.5869 0.5592 0.5992 0.5525 0.6134 
0. 59 0.6265 0.5692 0.6415 0.5325 0.6544 0.5259 0.6706 
0.'191 0.6881 0.5125 0.7043 0.5058 0.7218 0.4991 0.7410 
0. 924 0.7603 0.4857 0.7810 0.4791 0.7992 0.4724 0.8158 
0. •57 0.8302 0.4590 0.8473 0.4523 0.8599 0.4457 0.8758 
0. 90 0.8880 0.4323 0.9029 0.4256 0.9159 0.4190 0.9293 
0. 23 0.9420 0.4056 0.9549 0.3989 0.9347 0.3922 0.9721 
0. :56 0.9783 0.3789 0.9827 0.3722 0.9867 0.3655 0.9905 
0.3.:: 0.9949 0.3522 0.9977 0.3455 0.9991 0.3388 1.0000 
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APPENDIX B 

ROY BILLINTON (RB) TEST SYSTEM 

The RB test system is a practical system adopted by the 

Reliability Section of the Power System Research Group at the 

University of Saskatchewan, Canada. The generating system is 

made up of 11 units with a total installed capacity of 240.0 

MW. This generation model is shown in Table B-1. 

Table B-1 

RB System Generation Data 

Plant 

Unit 
Size 
(MW) 

Number 
of 

Units 

Forced 
Outage 
Rate 

Unit 
Type 

Failure 
Rate 

(f/yr) 

Repair 
Rate 

(f/yr) 

1 40 2 0.030 Thermal 6.0 194.0 
10 1 0.020 Thermal 4.0 196.0 
20 1 0.025 Thermal 5.0 195.0 

2 5 2 0.010 Hydro 2.0 198.0 
40 1 0.020 Hydro 3.0 147.0 
20 4 0.015 Hydro 2.4 157.6 

The Load Model is assumed to be the same as that of the 

IEEE-RTS given in Table A-3. The suggested peak load is 185. 

MW and the period of study is 8736 hours. The expected load 

energy is 992894.438 MWhr and the base LOLE using the Load 

Modification method is 1.096507 hr/yr. The energy index of 

reliability is 0.99999017. 

0 
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