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Overview of power system reliability analysis
U17.1
Introduction

In previous modules, we have focused on the reliability of individual components or of relatively self-contained systems comprised of a limited number of such components, such as substations (transformers) and protection systems. We studied several different approaches for assessing the reliability of such systems, including reliability block diagrams, fault trees, and Markov models. We now turn our attention to evaluation of the overall power system.

One definition of power system reliability is “the degree to which the performance of the system results in electricity being delivered to customers within accepted standards and in the amount desired.”
The North American Electric Reliability Council (NERC), however, continues to avoid explicit definition of the term “reliability,” but rather indicates that [1] “the reliability of the interconnected bulk power system is defined in two ways: 

· Adequacy: The ability of the electric systems to supply the aggregate electrical demand and energy requirements of their customers at all times, taking into account scheduled and reasonably expected unscheduled outages of system elements; and

· Security: The ability of the electric systems to withstand sudden disturbances such as electric short circuits or unanticipated loss of system elements.”
This definition focuses on the “bulk power system,” which is further defined as “The bulk electric system is a term commonly applied to that portion of an electric utility system, which encompasses the electrical generation resources, transmission lines, interconnections with neighboring systems, and associated equipment, generally operated at voltages of 100 kV or higher.”
We see then that the NERC definitions do not include reliability of distribution systems. In fact, NERC’s basic mission is focused on promoting bulk electric system reliability and security, and so one will not observe distribution-related work being performed by NERC. This is not inappropriate, given that NERC was formed in response to the 1965 blackout that affected most of the northeastern US, clearly a bulk transmission system problem.
Nonetheless, it is a fact that most occurrences of customer interruption are a result of problems at the distribution level, with a typical statistic being given that 99% of customer unavailability is caused by problems at the distribution system level [2], reflecting the fact that distribution system failures are much more frequent than bulk transmission system failures (and therefore state regulatory bodies are typically very interested in distribution reliability). This fact does not obviate the need for reliability analysis at the bulk transmission level, however, as “failures in these parts of the system affect large sections of the system and therefore can have widespread and perhaps catastrophic consequences for both society and its environment” [2]. As a result, a great deal of effort has gone into developing methods to assess bulk transmission system reliability, on which the overview of this module is focused.
In Section U17.2, we identify the fundamental issue in reliability analysis as decision and subsequently identify different reliability-related decision problems. Section U17.3 provides a convenient taxonomy for segregating types of reliability studies through the delineation of power system functional zones and hierarchical levels. Section U17.4 distinguishes between operational and planning uses of the terminology adequacy and security. Section U17.5 introduces various probabilistic indices associated with reliability analysis. Section U17.6 discusses reliability criteria.
U17.2
Reliability-related decisions
It is not uncommon for engineers to think of reliability assessment as an end unto itself. This view is motivated by organizational structures whereby the engineers just “do the analysis” and the managers “make the decisions.” This view may also be observed in many technical papers where a great deal of effort is spent on reporting a reliability analysis method without ever identifying the nature of the decision to which the method is to be applied. However, it is essential within reliability evaluation that one keeps in view the fact that the fundamental motivation and driver behind any form of reliability assessment is a particular decision. The simple question of “what is the decision to be made?” can often have dramatic influence on the nature of the evaluation.
There is, however, a common underlying relationship motivating almost all reliability-related decisions, and that is that reliability improvements, which result in fewer failures and therefore lower cost of failures, typically occurs only with increased investment or operating costs. This relationship is illustrated in Fig. U17.5. 
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Fig. U17.1: Dependency of cost on reliability improvement

Fig. U17.1 plots are further described as follows:

· Cost of failures includes cost of customer interruption, cost of equipment damage, and costs of penalties associated with violating reliability criteria. 

· Investment costs are typically in the form of costs for installing additional equipment (generation, transmission, or distribution equipment). 

· Operating costs are typically in the form of increased production costs (cost of fuel) caused by off-optimal dispatch or increased maintenance.

We refer to a reliability-related decision that corresponds to the point marked with an “X” in Fig. U17.1 as being optimal in the least-cost sense.

Previous to deregulation movement, reliability-related decisions, although complex in their own right, generally involved only the utility company and the regulators. Today, given the industry’s organizatonal disaggregation whereby ownership of generation is generally separate from ownership of transmission and distribution, and operation of the system comprised by these organizations’ assets is heavily influenced by yet another organization – the Independent System Operator (ISO), reliability-related decisions have to entertain yet another level of complexity brought about by the increased multiplicity of decision-makers. 

This level of complexity is made even more problematic because it creates ambiguity in regards to identifying the organization(s) that should pay for the various costs involved in the decision-making. There are two potential problems that may result from this complexity:

· Given that a particular reliability-related decision is optimal in the least-cost sense, the allocation of the individual costs to the various organizations may be quite inequitable or at least perceived to be, creating significant conflict among the decision-makers.

· On the other hand, the political need to make an equitable allocation of costs may in fact influence the reliability-related decision to be made in such a way so that it is no longer optimal in the least-cost sense.
It would seem, from the above discussion, that a single decision-maker bearing all the costs would be better able to make the decision so that it is optimal in the least cost sense. Thus, one might hypothesize, the organizational disaggregation effected by deregulation would result in a series of reliability-related decisions that could not have lower total costs than what would have occurred under the traditional vertically integrated organizational structure and would likely have significantly higher total costs. We do not attempt to argue this further here, but simply recognize that this discussion does not account for efficiencies to be gained through a well-designed market where different players compete and are therefore motivated to cut their costs through innovative ways of producing their commodity, which in this case, is electric energy and the associated reliability service that comes with it.
Reliability-related decisions may be classified by problem type, according to the following:

· Operational adjustments: Identify the tradeoff between system reliability and operational adjustments such as unit commitment, redispatch, switching, or load curtailment. 
· Unit commitment: Identify the tradeoff between system reliability and unit commitment. 

· Maintenance: Maintain equipment so as to maximize the improvement in overall reliability.
· Facility enhancement: Reinforce the system through installing new equipment. 
Reliability-related decisions may also be classified by decision-horizon. The decision-horizon is the amount of time between the present and the time at which the decision is to be implemented. 

Traditional power system terminology use “operational” and “planning” to distinguish short-term decision problems from long-term decision problems. A slight refinement to this, which is not uncommon today, would distinguish short-term decision problems from mid-term decision problems, resulting in the following language:
· Operational: short-term decision horizon (minutes to days or weeks)

· Operational planning: mid-term decision horizon (days to 1 or 2 years)

· Planning: long-term decision horizon (exceeding 1-2 years, typically in the range of 3-10 years).

Figure U17.2 illustrates reliability-related decisions in terms of the four problem types and the three decision horizons.

Fig. U17.2: Reliability-related decisions: type & decision-horizon
The separation of the decision problems by type and by decision horizon is important to recognize, as they impact the nature of the corresponding reliability evaluation. To appreciate this, we compare decision problems from the two extreme decision horizons, operational and planning, in terms of features that shape the nature of the reliability evaluation.
· Performance assessment: 
· Operational: Determine what situations require operator action.
· Planning: Determine what situations will occur that are unavoidable by any operator action except load interruption.

· Assessment speed:

· Operational: Assessment must be done very fast.

· Planning: Faster assessment is convenient, but not essential.

· Information assimilation:

· Operational: The decision-maker is the operator, and this individual does not have time, nor typically the training, to evaluate complex data characterizing assessment results. Therefore assessment results must be displayed very simply and efficiently so that humans may easily assimilate them. Visualization tools are of great interest in doing this.

· Planning: The decision-maker is the analyst and/or manager, and these individuals typically have significant time, and sufficient training, to carefully assess and analyze any kind of data characterizing the assessment results.
· Treatment of uncertainty: Table U17.1 captures the differences between operational and planning decision horizons in terms of how to treat the main three forms of uncertainty within a reliability evaluation. 

Table U17.1: Treatment of uncertainty in reliability evaluations

	Type of uncertainty
	How uncertainty is treated

	
	Operational decision horizon
	Planning decision horizon

	Operating conditions
	Small variations about a forecasted operating condition
	Large variations about a forecasted sequential trajectory

	Contingencies
	Weather-dependent probabilities
	Static probabilities

	Operator action
	Part of the decision; not modeled in the evaluation.
	Modeled in the evaluation.


We have emphasized up to now the features and characteristics of the different decision problems which distinguish them one from the other. We must also point out that these different decision problems all share the common feature that they are heavily influenced by the failure likelihoods (failure probabilities, failure rates) of each piece of equipment. These probabilities are dictated by the equipment condition. There are two interesting things to say about equipment condition.
· Equipment condition can be assessed. Similar to human health, we can use a variety of measurements to make the assessment, e.g., diagnostic measurements (a direct method), operating histories, and maintenance histories. Thus, equipment condition assessment is highly data-driven.

· Not only does equipment condition affect decision, but decision affects equipment condition. The operating conditions, maintenance policies, and replacement policies all influence equipment condition. 
So the different decision problems are inextricably linked through the data. Figure U17.3 attempts to illustrate this linkage.
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Fig. U17.3: Linkage of different decision problems
U17.3
Functional Zones and Hierarchical Levels [2]
It has grown to be traditional within the field of power system reliability evaluation to divide the power system into 3 functional zones: generation, transmission, and distribution. It has been convenient to do so because utilities have traditionally been divided into these functional zones for purposes of organization, planning, operations and/or analysis. Although deregulation has effected the disaggregation of the traditional utility into many separated organizations, most of these organizations still have these corresponding internal divisions or are solely dedicated to the oversight of one of these functional zones. 
· The main purpose of the functional zone division, in terms of reliability evaluation, is to provide a succinct means for identifying the part of the power system being analyzed. It seems that we could evaluate any one functional zone, any combination of two of them, or all three simultaneously. 
Fig. U17.3 illustrates an organization of the functional zones by what are referred to in the literature [2, 3] as hierarchical levels, where the levels increase according to analysis complexity.
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Fig. U17.3: Hierarchical levels [2, 3]

U17.3.1
Hierarchical level I

One observes from Fig. U17.3 that hierarchical level 1 (HL-I) corresponds to analysis of the generation function only; this was the earliest power system reliability problem addressed, with the first work dating to 1933-1934 [5-8], with a later seminal contribution in 1947 [9]. The so-called “Calabrese” method forms the basis of the loss of load approach which is still the most widely used probabilistic technique in the reliability evaluation of generating capacity [10]. In HL-I evaluation, the reliability of the transmission is ignored, and the only concern is in estimating the necessary generating capacity to satisfy the system demand and to perform corrective and preventive maintenance on the generating units [2]. Traditionally, this problem was handled in one of two ways:

· Require the reserve to be equal to or greater than a fixed percentage of either the installed capacity or the predicted load.

· Require the reserve to be equal to the capacity of the largest connected unit.
These deterministic methods for HL-I are still used today but have also been supplanted by probabilistic methods.

The above discussion applies to what is called single-area HL-I evaluation, which considers a single control area. 

This approach can be extended to what is referred to as multi-area HL-I evaluation, where multiple control areas are considered together with the capacity of the transmission linkage between them. It is important to distinguish multi-area HL-I evaluation from HL-II evaluation:
· Multi-area HL-I: Model only the transmission links between areas. Account for the capacity of these links but not their possible failures.

· HL-II: Model entire transmission systems, including the capacity of each circuit and their possible failures.

U17.3.2
Hierarchical level II

From Fig. U17.4, we see that hierarchical level II (HL-II) involves evaluation of two functional zones: generation and transmission. HL-II evaluation is commonly referred to as G&T, composite system, or bulk transmission system evaluation.
HL-II evaluation has been an extremely challenging problem for three basic reasons:

· Modeling: Models are required for 

· failure/repair processes associated with generators, transformers, lines, and protection equipment, 

· load

· effects of weather on failure/repair processes and load

· remedial actions including those of the operator

· Computations: It is necessary to achieve acceptable tradeoff between speed and accuracy. A particularly intensive part of the computations involves determination of whether each state is a failure state or not.

· Data: This is an issue for any probabilistic analysis, but it is particularly troublesome for HL-II because data is required for characterizing failure rates of all equipment, and there are many difficulties associated with the related collection procedures.

Review of the literature reveals that most HL-II evaluation procedures are characterized by two attributes:

· Method of representing stochastic nature of the operating conditions: By “operating conditions,” we are referring to the basecase network configuration (topology and unit commitment) together with the loading and dispatch.

· Nonsequential: The nonsequential approach assumes a particular network configuration to be evaluated. Then several loading conditions are selected based on their occurrence probability (as indicated by a load duration curve), and for each chosen loading condition, the dispatch is developed through an economic dispatch calculation (or an equivalent market-dispatch tool). The evaluation is performed once for each loading condition, and then indices are computed as a function of the loading probabilities.
· Sequential: The sequential approach assumes a particular network configuration to be evaluated together with an hourly or daily peak load forecast for an extended time period (e.g., year or several years). The method then steps through a series of sequential-in-time operating conditions, evaluating the reliability indices at each step, with final indices an accumulation of those evaluated at each step. Each sequential evaluation performed is called a trajectory. It is possible to compute indices based on a single trajectory [11, 12] or based on multiple trajectories [13]. In the latter case, Monte-Carlo simulation may be used to select the trajectory.
The advantage to non-sequential simulation is it is typically faster than sequential simulation. The advantage to sequential simulation is that it captures the effects of inter-temporal effects such as hydro-scheduling, maintenance, and unit commitment. 

· Method of representing stochastic nature of contingencies: 

· Contingency enumeration: Here, the “contingency states” corresponding to different numbers and combinations of outaged components are evaluated one by one, usually with some sort of intelligence to eliminate evaluation of some states. 

· Monte-Carlo: Here, the “contingency states” evaluated are chosen as a result of random draw where the chance of drawing a particular state is the same as the probability of that state. 
The possible HL-II evaluation approaches are illustrated in Table U17.2.
Table U17.2: HL-II Evaluation approaches

	Contingency selection
	Operating Conditions

	
	Non-sequential
	Sequential,

single-trajectory
	Sequential,

multi-trajectory

	Enumeration
	Non-sequential, with contingency enumeration
	Sequential, with contingency enumeration
	Sequential, multi-trajectory w/ contingency enumeration

	Monte-Carlo
	Non-sequential, with Monte-Carlo contingency selection
	Sequential, with Monte-Carlo contingency selection
	Sequential, multi-trajectory w/ Monte-Carlo contingency selection


A basic algorithm of HL-II evaluation that applies independent of the approach is given is Fig. U17.4.
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Fig. U17.4: Generic HL-II Evaluation Algorithm
The above discussion should not mislead readers into thinking that Monte-Carlo techniques are used only for selecting load levels or contingencies. Monte Carlo is known to be a powerful technique, and the literature indicates its use within power system reliability evaluation for the following forms of uncertainty as well:

· Weather conditions that impact failure rates
· Load uncertainty
· Generator startup success
· Hydro conditions
· Fuel price fluctuations that may impact generation dispatch
U17.3.4
Hierarchical level III

Again, from Fig. U17.4, we see that hierarchical level III (HL-III) involves evaluation of all three functional zones, with modeling requirements starting at the generating points and terminating at the individual consumer load points [2]. HL-III evaluations have not yet been carried out to any significant degree because 

· There has been no decision problem with enough significance and occurrence frequency to drive its development, and

· Reliability assessment at HL-III poses significant challenges in modeling and computations.

Normally, therefore, the distribution functional zone is analyzed as a separate entity [2]. 

This should not be interpreted as an indication that procedures for evaluating HL-III will not be available in the future, since changes in power system technology (e.g., distributed generation) and in computational technology (e.g., 10 GHz laptops!) may in fact provide the incentive and the means to perform reliability evaluation of all three functional zones simultaneously.

U17.4
Adequacy and security

As indicated in the introduction, power system reliability is typically discussed in terms of adequacy and security. These terms should be used with care, however, because they can have different meanings within different contexts. From [2], for example, it is stated that
1. “Adequacy is therefore associated with static conditions which do not include system disturbances.”

2. “Security is therefore associated with the response of the system to whatever perturbations it is subject. These include the conditions associated with both local and widespread disturbances and the loss of major generation and transmission facilities.”

The above statements do NOT imply that component (generator, line, transformer) failures are relegated to only security evaluation. Rather, they imply that adequacy assessment is concerned with the evaluation of the static or steady-state conditions following a component failure, where related problems are:

· Circuit overloads and

· Bus voltage violations

and that security assessment is concerned with the dynamic or transient conditions following a component failure, where related problems are:

· Voltage instability

· Transient voltage dips

· Early swing loss of synchronism

· Multi-swing loss of synchronism

· Oscillatory instability due to negative damping

Since dynamic analysis of power systems requires representation of the transmission system, it is clear that HL-I evaluation can only be done as an adequacy assessment. However, since HL-II has both the generation and transmission system represented, it is conceivable that it could be done both as adequacy and security evaluations. 

There has been some effort to perform HL-II probabilistic security assessment, with a representative (but not exhaustive) sample being [11-17], with many of them focusing on probabilistic treatment of early-swing transient instability assessment. Yet, most of these efforts have resulted in only conceptual results and/or research-grade applications, and there are today no known commercial products for doing this. This is partly a result of the difficultly of the problem, and partly a result of the fact that the industry appears to be satisfied with the deterministic security analysis methods it has employed, where decisions are driven by reliability criteria based on worst-case, credible contingencies and operating conditions.
It is appropriate that we pause here to consider the phrase “HL-II probabilistic security assessment.” In much of the reliability literature [3, 21-24], the term “security” has been used as previously described – to identify reliability evaluation that is concerned with system dynamics. 
It is important to note that this literature, indeed, reliability evaluation itself, has been developed by individuals that were mainly from planning backgrounds. However, it has been the case, and still is, that personnel concerned with operational issues (operators, operational engineers, and EMS software vendors) tend to use the term “security” to cover both aspects of reliability, i.e., both static and dynamic. 
This is because their central concern is to identify the limits of acceptable operating conditions, and they need an umbrella word to capture the failure conditions that motivate the necessity for the limits. These include both static and dynamic failure conditions: overload, undervoltage, voltage instability, transient (early swing) instability, transient voltage dip, and oscillatory (damping) instability. 
Tables U17.3 and U17.4 provide a conceptual comparison of the “planning” and “operating” ways of thinking about the difference between G&T adequacy and security. 

· The basis for Table U17.3 is that G&T adequacy is distinguished from security assessment by the failure modes treated and the tools used to treat them. 
· The basis for Table U17.4 is that G&T adequacy is distinguished from security assessment by the decision-horizons.

Table U17.4 is preferred by the author because the different evaluation requirements are better delineated by time frame rather than by failure modes. For example, an operational evaluation tool should not model operator action, independent of the particular failure mode being analyzed.
It is common among traditional planners to distinguish between security and adequacy by asking questions like:

· is it probabilistic (adequacy) or deterministic (security)

· is it planning (adequacy) or operational (security)

· do you use power flow (adequacy) or time-domain simulation (security)

Table U17.4 suggests that the most important distinguishing characteristic is the time-frame – is it short-term decision or long term decision? Then the appropriate amount of uncertainty should be represented in the best way.

Table U17.3: Distinguishing between adequacy and security in terms of failure modes and tools used (planning approach)

	
	Failure Mode
	Decision-Horizon

	
	
	Operational
	Operational

Planning
	Planning

	Static analysis using power flow
	Circuit overload
	
	
	

	
	Bus voltage violation
	
	
	

	
	Voltage instability
	
	
	

	Dynamic analysis using time domain simulation
	
	
	
	

	
	Transient voltage dip
	
	
	

	
	Early-swing loss of synchronism
	
	
	

	
	Multi-swing loss of synchronism
	
	
	

	
	Oscillatory instability (undamping)
	
	
	


Table U17.4: Distinguishing between adequacy and security in terms of decision horizons (operating approach)

	
	Failure Mode
	Decision-Horizon

	
	
	Operational
	Operational

Planning
	Planning

	Static analysis using power flow
	Circuit overload
	
	
	
	

	
	Bus voltage violation
	
	
	
	

	
	Voltage instability
	
	
	
	

	Dynamic analysis using time domain simulation
	
	
	
	
	

	
	Transient voltage dip
	
	
	
	

	
	Early-swing loss of synchronism
	
	
	
	

	
	Multi-swing loss of synchronism
	
	
	
	

	
	Oscillatory instability (undamping)
	
	
	
	


It is the case that all available commercial HL-II reliability evaluation products today are devoted to adequacy analysis only. Table U17.5 summarizes a number of today’s available commercial products.

Table U17.5: Available G&T (HL-II) Reliability Evaluation Products
	Developer 
	Gen Adequacy
	G&T Adequacy
	Distribution
	Sub-stations
	Operations

	BC Hydro
	MCGSR
	MECORE
	
	RISK_A
	

	General

Reliablty
	GENREL
	TRANSREL
	DISREL
	SUBREL
	

	EPRI
	
	TRELLS

CREAM
	DRIVE
	
	

	PTI
	MAREL
	TPLAN,
LARA
	
	SRA
	

	ABB
	
	NETREL
	RELINET
	
	

	ABB
	
	
	Performance Advantage
	
	

	GE
	MARS
	
	
	
	

	Powertec
	
	CRUSE
	
	
	

	Milsoft
	
	
	Windmil
	
	

	CYME
	
	
	CYMDIST
	
	

	OTI
	
	
	ETAP
	
	

	PG&E
	
	
	DREAM
	
	


It is of interest to note from Table U17.5 that there are no available commercial products for operational reliability evaluation, either in terms of adequacy or in terms of security. The implication is that all of the products identified in Table U17.5 are planning products. 
U17.5
Reliability indices

The main result of almost all power system reliability evaluation applications is to compute indices characterizing the reliability level of the system under study. There are a large number of indices, and they are not always used consistently in the literature, creating what can be, at times, a great deal of confusion. There exists a series of IEEE papers, however, that serve well in clarifying some of the confusion, and readers would do well by reviewing these papers [24-27]. Even so, it is always advisable to check the definitions of the indices being used and the units in which they are given.
U17.5.1 Indices for HL-I analysis

Common indices for HL-I analysis include basic and severity-based indices. The basic indices reflect the probability, frequency, or duration of losing load but not the amount of load lost. The severity-based indices reflect the probability, frequency, or duration of losing load and the amount of load lost. It is typically advantageous in any given study to obtain at least one basic index and at least one severity-based index.
· Basic indices: 

· Probability of system failure: This is the proportion of time, in the long-run, when a system failure condition exists, denoted by PF as in module U16.
· Expected frequency of losing load: This is the frequency of stays in, or entries into, a system failure state, denoted as fF as in module U16.
· Average duration of losing load: This is the expected amount of time per stay in the failure state. 
· Loss of load expectation: The LOLE gives the expected number of days in a year in which a loss of load occurs. Note that whereas average duration gives time per stay, the LOLE gives cumulative time per year.
· Probability of losing load (loss of load probability): The LOLP is the probability of system failure under the assumption (by convention) that the peak load of each day lasts all day. It is often expressed as the number of days per year that the load will not be met, which is denoted as LOLP0 (and given by LOLP*365).
· Severity-based indices:
· expected unserved demand per year
· expected unserved energy per year
· system minutes

The last severity-based index, system minutes, is perhaps the only one of the three that is not self-explanatory. This index gives the 

· total energy not served per year in terms of 

· an equivalent number of minutes per year for which a demand equal to the peak load would be interrupted.
Example: 

Consider total energy not served per year, for a system having 6000 MW peak load, is 1000MW-hr. Then the system minutes are:
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which means that 1000MWhr unserved energy over 1 year is equivalent to a situation where the system has a complete blackout for 10 minutes during its peak load period.
U17.5.2 Indices for HL-II analysis

Common indices for composite (G&T) reliability include the same ones for HL-I analysis together with a set of “load point” or “delivery point” indices seen by each individual network node. The presence of the network model allows the computation of load-point indices. Common load point indices are similar to the basic and severity-based indices identified for HL-I analysis, except that they are computed on a per-bus basis rather than a per-system basis.
The use of the term “load point” in describing these indices should not be interpreted to imply that these indices are computed at the point of delivery to the customer. In most G&T (bulk transmission) studies of any nature, the load is represented at a transmission or subtransmission system substation. Connections to the distribution system through the step-down transformer are typically not represented in such studies.

Another type of index that is unique to HL-II analysis are the failure probabilities, frequencies, and duration associated with specific network conditions such as circuit overload and bus voltage out of limits.
U17.5.3 Indices for Distribution analysis
Although we will not focus on distribution system reliability in this module, it is of interest to identify the typical indices used, especially since it is not uncommon for individuals to mistakenly identify these indices as representative of G or G&T adequacy. 
As in HL-I and HL-II analysis, indices used for quantifying distribution system reliability include failure probability, frequency and duration. Yet, as before, these indices do not reflect severity, and therefore the industry has developed other indices to do this. 
The other indices include customer-oriented indices and load and energy-oriented indices. 
Customer-oriented indices [3]
· SAIFI, system average interruption frequency index:
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where (i is the failure rate at load point i and Ni is the number of customers at load point i.
· CAIFI, customer average interruption frequency index:
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where this index differs from SAIFI only in the denominator, where here, we count only those customers affected rather than total customers. In application of this index, customers affected should be counted only once, independent of the number of times they are interrupted.

· SAIDI, system average interruption duration index, given by:
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where Ui​ is the annual outage time at load point i.
· CAIDI, customer average interruption duration index:
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· ASAI, average service availability index:
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· ASUI, average service unavailability index:
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Load or energy-oriented indices [3]
· ENS, energy not supplied index:
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where La(i) is the average load given by:
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Lp is the peak load demand, LF​ is the load factor, Ed is the total energy demanded in the period of interest t.
· AENS, average energy not supplied index:
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· ACCI, average customer curtailment index:
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where this index differs from AENS in the same way that CAIFI differs from SAIFI.
U17.6
Reliability criteria
Much of the material in this section is adapted from reference [25]. 

Reliability indices of the sort identified in Section U17.5 may be used in two basic ways; they may be used in an absolute sense or in a relative sense:
· Relative use: Using the indices to compare one alternative to another is using them in a relative sense. For example, we might compare one operating condition to another in terms of the LOLE. Or we might compare one facility plan to another in terms of the system minutes.

· Absolute use: Determining a threshold value of an index and then “passing” or “failing” an alternative based on the relation of the index for that alternative to the threshold is using the index in an absolute sense. For example, we might establish that the system LOLP0 must be less than 1 day per year, and any facility plan must satisfy this requirement.
The relative use of indices, although not as powerful as the absolute use, is in many cases sufficient to facilitate the decision-making, as it can indicate the desirability of one alternative over another. 
One would, however, prefer to be able to use indices in an absolute sense. The main impediment to doing so is the difficulty in deciding what the threshold value should be. There are three basic methods for doing this.

1. Previous acceptable system performance: A reliability criterion can be selected by judgment based on experience. System performance considered satisfactory in the past may help to identify such criteria.

2. Another criterion: A criterion can be calculated for a given index by relating it to other indices for which criteria are already established.

3. Optimization: Through a cost/benefit analysis, optimal values of reliability indices may be determined.
The last approach is the one that is most likely to achieve the reliability/economics balance of being optimal in the least-cost sense (as we used the term in Section U17.2). 
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