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Chapter 1

INTRODUCTION

1.1 Introduction

Reliability, in general, is one of the main evaluation factors in
different fields. An example is evaluating the reliability of a plant or
car life, building power supply, airplane and etc. The methods of
evaluating reliability would differ depending on the area that needs
to be evaluated. Evaluating a building structure is different from
evaluating a car life. The acceptable level of reliability is based on
the customer judgment and level of acceptance. The cost of
accepting reliability is very important in deciding whether to fix,

replace or expand the component.



One of the major fields that have to be reliable is power system.
Power system is divided into three areas: generation, transmission
and distribution. Generation and transmission have been
researched thoroughly with many reliability evaluations studies.
However, there was a less attention to the distribution system in

the last two decades.

1.2 Distribution System Reliability

Electrical distribution system is classified according to the ioad
type: industrial, commercial, residential, etc. The total cost due to
the power failure in an industrial plant is much higher than that of

in commercial or residential loads.

IEEE standard 1366 “IEEE Trial - Use Guide for Electric Power
- Distribution Reliability” was drafted to evaluate the distribution
system reliability. The existing distribution system reliability
indices can be characterized into system reliability indices and
customer reliability indices. The system reliability indices evaluate
the power system using either load or customer based indices. The
customer reliability indices evaluate the power system based on

customer as given below [1]:




1.2.1 System Reliability Indices

1.2.1.1 Customer based indices

1.2.1.1.1 System Average Interruption Frequency Index; (SAIFI)

This index is designed to give information about the average
frequency interruption per customer, which means in average how
many interruptions is one customer having.

SAIFT = Total Number of Customer Interruptions
Total Number of Customers Served

(1.1)

The lower limit for this index is zero when there is no interruption,

while there is no higher limit for this index.

1.2.1.1.2 System Average Interruption Duration Index; (SAIDI)

This index is designed to give information about the average
duration of interruption per customer in minutes that means how
many minutes of average interruptions each customer is having.

Z Customer Interruption durations
Total Numberof Customers Served

SAIDI =

(1.2)

The lower limit for this index is zero when there is no interruption

while there is no higher limit for this index.




1.2.1.2 Load based indices

1.2.1.2.1 Average System Interruption Frequency Index; (ASIFI)

This index is designed to give information about the system average

frequency of interruption.

Connected KVA Interrupted
Total Connected KVA served

ASIFI =

(1.3)

The lower limit for this index is zero when there is no interruptions
while there is no higher limit for this index. This index is normally

used for industrial plants.

1.2.1.2.2 Average System Interruption Duration Index; (ASIDI)

This index is designed to give information about the system average

Duration of interruption.

ASID] = onnected KVA Duration Interrupted
Total Connected KVA served

(1.4)

The lower limit for this index is zero when there is no interruption,
while there is no higher limit for this index. This index is used for

industrial plants.



1.2.2 Customer Reliability Indices

1.2.2.1 Customer Average Interruption Duration Index; (CAIDI)

This index is designed to give information about the average time
required to restore service to the average customer per

interruption.

Z Customer Interruption Duration
Total Number of Customer Interruptions

CAIDI =

(1.5)

The lower limit for this index is zero when there is no interruption,

while there is no higher limit for this index.

1.2.2.2 Customer Total Average Interruption Duration index;

(CTAIDI)

This index is designed to give information about the customer

average duration of interruption for those customers experiencing

interruptions only.

Y Customer Interruption Duration
Total Number of Customers Interrupted

CTAIDI =

(1.6)




The lower limit for this index is zero when there is no interruption

while there is no higher limit for this index.

1.2.2.3 Customer average interruption frequency index; (CAIFI)

This index is designed to give information about the customer
average frequency of interruption for those customers experiencing
interruptions only.

CAIFT = Total Number of Customer Interruptions
Total Number of Customers Interrupted

(1.7)

The lower limit for this index is zero when there is no interruption,

while there is no higher limit for this index.

1.2.3 Average Service Availability Index; (ASAI)

This index is designed to give information about the percentage
that a customer has been provided with power during one year or

reporting period.

ASAL = Customers Hours Service Availability
Customers Hours Service Demand

(1.8)

The minimum for this index is zero, while the maximum for this

indexis 1.



1.3 Thesis Motivation

Although the existing SAIDI, SAIFI, CAIDI, CAIFI and ASAI indices
are used for industrial plants but they are not applicable for this
purpose due to two main reasons. For industrial plants, there are
no customers, so none of the customer indices can be applied.
Other indices, that consider the kVA load such as ASIDI, ASIFI, will
not work for industrial plant reliability, since there are non-critical
loads that would not affect the plant reliability if lost; i.e. lighting,
A/C, etc.. The indices are also controlled by the KVA rating of the
tripped equipment, which would vary for one plant with fixed

shutdown duration by changing the KVA load rating.

There are many industrial plants in Saudi Arabia and all over the
world using the old IEEE-Std1366 reliability indices in evaluating
the plants reliability. The IEEE-Std1366 indices are applicable for
commercial and residential but not for industrial plants. So the
industrial plants need reliability indices that match their needs and

criteria to evaluate real plant reliability.

Measuring the plant shutdown cost index and plant modification

cost index will help industries to study different options for plant



substations modification. All the cost indices are based on the KVA
rating which might work for generation company but not for
industrial plants. The industrial plants production shutdown cost
is much higher than the equipment KVA rating cost, which is not

considered in the existing indices.

The industrial plants reliability indices assist in determining the
acceptable level of service reliability to industrial plants. The
comparison of the performance of alternative system configurations
in the planning process helps to determine the most suitable

configuration for a plant.

There is a need to evaluate the industrial plant reliability in a
logical way that calculates the real plant reliability indices. Most of
the industrial plant equipment are mechanical, such as pumps,
compressors, fans those are normally operated electrically. To
evaluate the industrial plant reliability the process equipment
reliability need to be evaluated. If the process equipment fails, the
plant product would be lost. This figure would vary, depending on
whether a back up equipment is installed for the process

equipment or not.



1.4 Thesis Objective

Guided by the above motivation, the present work proposes to do
the following:
e Propose seven industrial plants reliability indices.
o Compare the existing indices with the proposed industrial
plants reliability indices.
* Apply the proposed industrial plant reliability indices to
different substation configurations.
e Study the effect of re-arranging the loads in the industrial

plants reliability indices.

1.5 Thesis scope

Chapter two of the thesis presents a literature survey on reliability
indices. New reliability indices taking the process equipment into
consideration are proposed in chapter three to calculate the

industrial plants reliability.
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The proposed industrial plants reliability indices compared with the
existing reliability indices as shown in chapter four. The effect of
rearranging the plant loads on the reliability indices studied in
Chapter five. The cost saving index based on different upgrading
options studied in chapter six. A conclusion and recommendations

for future work is given in chapter seven.
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Chapter 2

LITERATURE SURVEY

Several indices for distribution system, which includes industrial
plant reliability have been developed and calculated in IEEE Std
1366. The indices based on either number of customers or the
connected kVA loads. Some of the well-known reliability indices are
system average interruption frequency index (SAIFI) and system
average interruption duration index (SAIDI). SAIFI is designed to
give information about average frequency of sustained
interruptions per customer over pre-defined area. SAIDI referred to

customer minutes of interruption[1].
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Other known indices are customer average interruption index
(CAIDI), Customer total average interruption duration index
(CTAIDI) and customer average interruption frequency index
(CAIFI). CAIDI represents the average time required to restore
service to the average customer per sustained interruptions. CTAID
give the average duration of sustained interruption for those
customers experiencing sustained interruptions. CAIFI gives the
average frequency of sustained interruption for those customers

experiencing sustained interruptions[1).

Other known indices are Average service availability index (ASAI),
Average system interruption frequency index (ASIFI) and Average
system interruption duration index (ASIDI). ASAI give the
percentage that a customer has power provided during one year or
the defined reporting period. ASIFI gives information on the system
average frequency of interruption based on load rather than
number of customer. ASIDI gives information on the system

average duration of interruption based on load [1].

A survey was carried on 100 utilities in 1990 and on 205 utilities in

1995 for the purpose of gathering information on reliability and
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incorporating it into the IEEE-Std1366 Trial use guideline for
distribution reliability indices draft guideline [2]. The survey result
shows that most commonly used indices in the utilities were the
SAIFI, SAIDI, CAIDI, and ASAI. The two basic categories of
reliability indices are customer-based indices and load-based
indices. The customer based indices records the frequency and the
duration of outages for individual customers and mostly
informative in mainly residential areas. Load based indices were
helpful in monitoring the frequency and duration of interruption of
load and are relevant for circuits that are mostly

industrial/commercial feeders [2].

If a feeder serves one plant, then the customer-based indices may
be misleading. When companies use load based indices, the
average peak load or transformer connected capacity is used to
calculate the values. Often these indices are used solely due to a
lack of customer information. In 1995, only 5-8% of responding
utilities reported using load based indices. This is likely to change
in the future [2]. Although the survey done in large number of
utilities, it shows that there is a lack of evaluating industrial plants

reliability. Most of the plants depend on conventional methods
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using the mentioned reliability indices in IEEE-Std1366. This
support a need for new reliability indices that evaluate the
industrial plant reliability based on process equipment

interruption.

Distribution system and industrial systems reliability evaluation
program (DISREL) for power distribution system reliability
assessment and value based distribution system resource analysis
were used to study the distribution system reliability [3]). DISEREL
uses the mentioned reliability indices in IEEE-Std 1366 and relate
them to total cost index based on KWHr. The outage and system
costs were proposed where the total cost is the summation of the

outage and the system costs [3].

Adding more components, both customer and system reliability
improved significantly, proving increased system cost and reduced
outage cost will achieve the optimum Total cost. Two case studies
with different configurations were evaluated using the cost formula
trying to reach the optimum total cost and to select it as the best

option in modifying the substation [3].
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Two examples applied to continuous process plants were described
[4]. The first example shows how the power system upgrades have
been justified bases on reducing the risk of plant power system
failure. The cost to re-start the process can be as high as $100

million[4].

The four most popular reliability indices used in reliability analysis
are SAIFI, CAIFI, which measure the frequency and SAIDI, CAIDI
that measures the duration [5]. There are some industries where a
five minute outage is nearly as damaging to productivity as a one-
hour outage - for computer and robotic equipment requires hours
to re-set and restart or they have such a long production process so
sensitive to power fluctuations that they have to start over from the
beginning if there is even a slight interruption. So for these
customers five-five minute outages are far more damaging than a

single, five-hour outage [5].

Reliability evaluation deals with how adequately the distribution
transformers, secondary circuits and customer service connections
perform their intended function [6]. The basic indices normally
used to predict reliability of a distribution system are; the load

point failure (A), average outage duration and annual unavailability
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(U} and the most common system indices SAIFI, SAIDI, CAIDI,
ASAI, Average Service Unavailability Index (ASUI), Average Energy
Not Supplied (AENS) [6]. The ability to evaluate the cost in addition
to the traditionally reliable indices has several potential
applications in distribution system planning (6]. The IEEE-Std
1366 reliability indices used with cost index based on KW to

evaluate different circuit configurations [6].

Simplified procedure to determine the reliability indices of radial
distribution system with branches used failure rate, average outage
and network reduction technique to calculate the mentioned IEEE-
Std 1366 reliability indices SAIFI, SAIDI, CAIDI, ASAI, and ASUI. A
network reduction technique is illustrated to simplify the analytical

process [7].

Considerable attention has been devoted in the last few years to the
reliability evaluation of composite generation and transmission
systems, with relatively little effort applied to the distribution
domain, particularly low voltage distribution systems [7]. Data on
utility failure statistics show that the distribution system failures

are approximately 80% of the total customer interruption [7].
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A new active failure simulation for electric power distribution
systems reliability assessment was studied [8]. The main principle
depends on the first and the second order groups established for
the nodes existing in basic minimal cut sets. The proposed
algorithm is applied to a sample distribution network and three

basic reliability indices are calculated [8].

A power system is expected to supply the customers with electric
energy as economically as possible and with acceptable degree of
reliability. Continuously available, 100% reliable, electric power
supply is not physically possible due to failures, which are
generally outside the control of engineers. Availability of the supply,
however, can be maximized by increased investment during either

the planning phase, and/or operating phase [8].

A method to adjust recalculated data to the historical data by using
a parameter of multipliers after comparing the calculated data to
the adjusted data were studied [9]. The method to calculate the
optimal values of reliability indices for electric distribution systems

were used [9]. Once the optimali reliability indices SAIFI and SAIDI
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are determined, the modification of existing systems or
establishment of future systems can be done following these

determined indices.

To many customers with sensitive electrical loads, reliability as well
as the cost of energy may drive decisions such as where a new
plant is to be located, whether an existing plant will be re-located,

or whether a switch to a new energy provider will be pursued [9].

Distribution transformers reliability based on unscheduled outage
per year and average unscheduled outage duration is given [10].
The multi-level hierarchical optimization method was used [10]. It
starts by dividing the system into several sub-systems, and finds
the optimal reliability indices for subsystems. Finally, the failure
rate and the duration for all the substation components are
optimized, so it will tell the plant owner not to exceed those values

if he wants to keep the availability required [10].

Eighty percent of all the interruptions are due to failures in the
distribution system [11]. The reliability assessment can be divided

into two fundamental segments of measuring past performance and
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predicting future performance. Both applications involve in the
collection of system outage data [11]. Evaluation of distribution
system reliability based on failure rate and interruption duration

using a multi-level hieratical procedure was studied [12].

The evaluation of reliability of worth index can be used to make
decisions in distribution system planning and design [13]. The
reliability worth index is termed the interrupted energy assessment
rate (IEAR) and is obtained by relating the reliability indices to the
customer cost of interruption data. The IEAR used both the
unnerved energy and system cost formulas. Different examples

were presented for different bus configurations in [13].

The basic function of an electric power system is to meet its energy
and load demand at the lowest possible cost to its customers while
maintaining acceptable levels of quality and continuity of supply
[13]. What contributes an acceptable level can be examined in
terms of costs and the worth to the customer providing an

adequate supply [13].
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Initial interruption cost, cost proportional to failure rate and cost of

the modification have been evaluated using the kVA [14].

Reliability indices have begun to be standardized in the industry.
However, the definition of means of establishing reliability indices
is not universally accepted [15]. An individual utility may select
indices that reflect its own operations in the most positive light.
This may or may not take into account the best interest of the
individual customer or reflect their requirements. Those needs may
vary from one customer to another even though they are on the

same feeder [15].

The cost per peak demand and the cost per annual energy
demanded using the well-known reliability indices in meshed

networks have been evaluated [16].

Although distribution systems have received less attention than
generation systems, analysis of customer failure statistics shows
that the distribution systems contribute as much as 90% towards
the unavailability of supply to customers [16]. A sustained

interruption can cost certain customers hundreds of thousands of
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dollars per hour. Even a momentary interruption can cause

computer systems to crash and industrial plant processes to be

ruined.
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Chapter 3

Industrial Plants Reliability Indices

3.1 Introduction

In Chapter one the existing reliability indices and their respective
equations were shownUsually in Industries, the kVA load indices
such as ASIDI, ASIFI are used. These will not work for industrial
plant reliability, since there are non-critical loads that would not
affect the plant reliability if lost. Those indices are also controlled
by the KVA rating which would vary with fixed shutdown duration.
This might lead to unnecessary plant upgrade due to inaccurate

figures of the plant reliability indices.

The proposed industrial plant reliability indices consist of seven

new indices based on the critical equipment. The critical equipment
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can be defined as the equipment that would shutdown the plant if
tripped. Based on these indices, the industrial plants with different
substation configurations can be evaluated. These indices will help
the plant management to asses and decide whether the plant
requires a modification or not, based on different studies supported
by cost analysis. Moreover, the plant engineers can use these

indices to evaluate the plants and propose required modifications.

3.2 Plant Equipment Average Interruption Frequency
Index: (PEAIFI)

PEAIFI will give the average frequency of critical equipment

interruption per critical equipment over a predefined period. The

objective of this index is to show the number of average

interruption of critical equipment in the plant. PEAIFI can be

defined with the following equation:

PEAIFT = Total Numberof Critical Equipment Interrupted
Total Number of Critical EquipmentConnected

PEAIFI = 2 CEI (3.1)

. CEC
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The total number of critical equipment interrupted can be defined
as the total number of equipment that would affect the plant
production if interrupted. The total number of critical equipment
connected can be defined as the total number of equipment that

would affect the plant product if interrupted.

The existing index, ASIFI is based on the kVA of the equipment
regardless of the type of the load that may or may not shut down
the plant. The ASIFI value will be changed if kVA rating of the
tripped equipment is changed, while the plant is interrupted for the
same duration. Proposed PEAIF] relates with the interrupted

critical equipment.

The lower limit for this index is zero when there is no interruption
while there is no higher limit for this index. This index, with the
help of other indices, will show the evaluation of the whole plant.

This is a dimensionless index.
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3.3 Plant Individual Equipment Average Interruption
Frequency Index: (PIEAIFI)

PIEAIFI is the average frequency of individual critical equipment

interruption per critical equipment over a predefined period. The

objective of this index is to show the total average number of

critical individual equipment interruption in the plant. PIEAIFI can

be defined with the following equation:

PIEAIFT = Total Number of IndividualCritical Equipment Interrupted
Total Number of Critical Equipment Connected

> ICEI

Y CEC (3-2)

PIEAIFI =

The total number of individual equipment interrupted can be
defined as the total number of individual equipment that would
affect the plant product if interrupted. So, if there is any equipment
interrupted twice will be counted only one time while in PEIFI will
be counted twice. The total number of equipment connected can be
defined as the total number of equipment connected that would

affect the plant product if interrupted.
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The lower limit for this index is zero when there is no interruption
while the higher limit for this index is one when all the equipment

in the plant is interrupted. This index is dimensionless index.

3.4 Plant Average Interruption Frequency Index: (PAIFI)

The PAIFI will give the average frequency of the plant interruption
per critical equipment over a predefined period. The objective of
this index is to show how many, in average, the plant interrupted
per critical equipment. The equation can be defined as follows:

Total Number of Plant Interruptions
Total Number of Critical Equipment Connected

PAIFI =

patrt = 2 (3.3)

> CEC

The total number of plant interruptions can be defined as the total
number of plant shut down due to the interruption of critical
equipment. The total number of critical equipment connected can
be defined as the total number of critical equipment that would

affect the plant production if interrupted.






