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ABSTRACT'

In the past two decades there have been increasing pressures and’
incentives for utilities to optimize their investments and operations
and .to more adequately justify plant expansions. A major aspect of the
justification and optimization of system expansion s cost-benefit
assessment of power system  reliability. Power- system reliability.
assessment has been a topic of much research and is in common usage by -
most utilities. . The assessment .of power system reliability worth is an

area of more recent concern but one where a fair degree of attentwon is =

focussed.  The melding of system rellabil1ty indices -and worth, the
application of reliabilty worth, is an area which has received m1n1ma1-
‘attention and is addressed as. the main emphasis of the thesis, -

The thesis presents -an overview of reliability worth data and of-
power system reliability assessment. Considerations and problems asso-
ciated -with "the application ‘of reliability worth ‘are -discussed -for
.generation, composite and distribution systems. The majority of studies
. were found to have been performed in the area of generation reliability
optimization. The major and more -current ones-are discussed and com-
- pared,: Major conclusions are that generation retijability worth assess-
ments result in relative indicators not absolute ones and that interrup-
tion cost data do not - adequately include the findirect effects of
generat1on_type outages. Composite system reliability worth assessment.
is discussed .with the conclusion that application of  worth data is
presently difficult because of the immature state of composite reli-
~ability assessment techniques, . The "COMREL" composite reliability pro-
gram is utilized in an example costing application. The thesis places a
strong emphasis. on the -application of reliabilty worth in distribution
system -studies. - Distribution indices are falrly absolute measures of
user re11ab111ty. .. Interruption- cost -data are maost applicable in
distribution system studies.:

- A major contribut1on of the thesis is the development of a probal-
istic simulation program which is used to obtain the probability distri-
butions associated with the re]1ab111ty indices and interruption costs
for simple radial distribution systems. Oistributions for the Load

Point Failure Rate, Outage Duration, and Annual Interruption Time and

-

v



for the SAIDI, SAIFI, and CAIDI indices are presented, It is found that
the use of the average outage duration to calculate interruption costs
can, in a significant number of cases, result in large errors as com-
pared with using the entire duration distribution.

The use of the $/KHHR'1nterruption cost coefficient form is com-
pared with the duration specific $/KW form. An analytical technique for
constructing load point outage duration distributions is presented and
s?own to be computationa]ly efficient as compared to the use of simula-
‘tions. .
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1 * INTRODUCTION

1.1 Determinatjon of‘Acceptable Power System Re1iab111ty'Lever§

Power system planners'have a1ways had‘tb consider the~question;
“How re1iab1e‘shou1§ this-power system be built?", In the'eaf]y years
of power system development‘and tonstruction, pﬁannebs had:onlyOnetﬁoI'
fo aid them in answering:: itheir pf@fesﬁiona],judgément;t-As systems
~increased in size -ahd--complexity and  as new ‘constraints _appeared,
planners came to feqﬁirei additional tools although. the. exer;ise' of
jddgementrcbntinues to beithe-prjmary one. |

An ear]y'approaﬁhato answering that basicsquestion-in.generation
heliébility planningrwas to maintain the percentage.reserve capacity at
.a ﬁonstant value (e.g. 15%). -Another early approach;waS'to=en5ure:thﬁt
the reserve margin wés as large as the largest unit ohrtheVSystem. In
;the'1930fs,,planhers;began to considef the use of'br0bab?1ity,method$
when»p]énﬁing‘their generatian'capacity'ﬁequirehents.;‘Theufirst'signi— B
ficant collection of papers on the use of this: tool wasipub1ished_1n ,
1947 {1). Since then the use- of probability methods in the evaluation
- of power system‘_reliability-'has grown immensely and is nowr:common
practice in:geheratiOn-plgnnihg‘(2) as well as-transﬁiésion and'disgri-

bution planning (3, 1, 4).

' 'Reliability,eva1uatioh-generally provides ‘a measUre'of“the'abi{ity, .

- of a power -system to provide an‘adEQuatersupp1y_of‘e]ectrica1 energy
(5). By providing answers to the question "How: reliable is this power
system?”, reliability evaluation still does not answer the question of

how reliable the system‘should be. For example, the Loss of Load



Expectation (LOLE) index has been the 'most 'pbpuTar ‘generation reli-
ability. measure, Utiliiies‘have.most commonly used .l.days/jeaf, or an
equiva]ehtf as the.critebion,for-an‘&céeptable LOLE target level, How-
ever, this may not be optlmal ‘and may never have been opt1ma1 . Indéed,
- many analysts conclude that in genergl the,.l,day/year=cr1ter10n is
probably- not economically justifi-ab]e-a;nd -shoﬁld be reduced (6, 7, 8, 9,
10). | | |
. In the past two decades, increased activity‘of‘governments,.public
utility commissions, consumer groups, . and environmentél “groups has
reéulted in a heéd-for'more-adequate jﬁstificétion by utilities for new
“system. facilities.  Similarily, for financial reasons, ‘the-‘uti1ities
" themsel ves havera‘greaterfinCentive to optimize system expansion and
.'operétiOn.ﬁ Fdétors.under]ying-these-tendenc1ES are:

1) increases in energj‘costs~and coﬁservation _

- 2) 'higﬁ-interest rates

.3) long regulatory and‘construction'lead times forrnew-faci]ifjes-

4) escalating-éonstruction cosﬁs"

5) increased-éoncern with'environmentalﬂahd Socia1‘impacts
6) load demand uncerta1nty.

/A major aspect of this Just1f1cat1on and opt1m1zat10n of system
expansion is the’ assessment of worth or benef1t of power system re11-
'ab11ity as compared with. the costs of prov1d1ng the reliabi]ity (11)/)
" As early as 1938, S.M. Dean.considered the assessment of rel1ab111ty
" worth (12). He concluded that the ideal theoretical so1ut1on is to con-
sider customer needs, complaints, and willingness to pay for reliability

but that this approach was, at that time at least, not feasible due to-



3
the-pratticai-problems;in-asking'tustomers théirrwillihgness to pay.
With the excéptioh'of.somertudies in Europe,-especia}1y 1n Swedén.(lS,-
14), there waé'little‘pdblishedyactivity”until‘a 1967 '1EE conference on
the ecbndmics-of-theféecurity'of supply (15). The pub]icationlwhich -
triggered wideSpread ihterest in NorthVAmer1Ca'is'a:197ﬁ IEEE,papér-byr
: Shibiey,lPatton;,andiDehison (6). Surveys byran IEEE-committee (16, 17)
and theoretical economic studies by Telson (7, 8) stimulated interést o
further., A rgsearch project performed by this author and others con- o
tains- a comprehensive ﬁibliography that - annotates most‘major‘pub1ica~
_ tions concerning. power system reliability worth (18, 19, 20, 21). | A
stéte~ofethe-art _ovérview :waﬁ- é]so‘ brepared ,and;,forms ‘the ~basis of

" Chapter 2 of this thesis.

1.2 - Applications of Reliability Worth

The main interest of this thesis is.the‘apptication-ofzEeliabi?ityr
worth. As' suggested above, the primary reason for determining reii-
ability worth is t0'enab1erthe=justification and optimization of system
expansion. The main modes of -applying the worth data are:

1) Specific worth data- used ‘as input into specific expansions
decisions, e.g., interruption-cost data for the users on a load
bus'woujd be used to decide whetherrextr§ fatilities*should*bes

* added ‘to enhance reliability: of thata1bad~bus.-
2) Standardized worth valqes used ‘as input into ‘specific expansion
decisions; e.g., it is decided to_uSefa certain value-aSsthé
worth of re1fab1!ity for all‘users._‘ThisrnOn-specific but con-

sistent: value would be used in expansion decisions.



| 4
3)‘_North-dat§ uéed to decjde on some general policy for future

expansion but not used in specific expanéion décisions;. Reli?

- ability worth data could be used to determine target or m1n1mal,‘

'_re]1ab111ty levels for- composite andadisinihuxion_lnaghggigig. 

The data- cou]d -aiso be used to deCIde on spec1f1c standards.

[rr——

 such as the use of one or two transformers 1n distr1but1on sub-

station-configurations.

| 4)  Load shedding policieé could'be:economicallyxoptimiZed on the
basis of:differjngrre1iability worth for different user types.

. This 'appliéation will  be§ame: increasingly attractive as the
abiiity to- discriminate between users-increasesfwith newldis-r 
tribution system techniques. | |

5)° Reliability worth information could aid .in the mitigation of
| interruption-effe;ts‘by,mednstother*than system re]iability;and"'
thus reduce théfoverﬁll'costs-of‘fnterruptiOns,fe.g.,'emergency,‘-

.measureé organiza;ionlactivitiesfzould'be incréased-and-madef

more effective, especially for the:largef stale interruptions.s.
Before reliability worth can be used to determine different reli- o
ability levels and load shedding priorities for 'different t}pes of uses,
‘-the controversy between equity ‘and -economic efficiency  must  be
| addressed. One view holds that targeting more load shedding and ioﬁer —
reliability for users with- lower reliabitity worth unfairly penalizes
them. 'Fﬁr example; should a wealthy residéntial‘user-experiénce higher-
reliability than a poor residential user? Should a company usingginter-,'
ruption insensitive technologynor back-up systems*expérience morefiﬁter-‘

ruptions than’ users who"have not  guarded - against interruptions? Of



-c0ursé the other view holds that thé'immense_savings possible by pro- -
viding differing levels (22) shbqu not be ignored.‘ One optionzwhich is
increasingly feasible as - the new distributiong*‘1oad_‘managemént, and. . -
billing systems evolve is to estabiish-rate-schedules_cbmmen;urate with
user réliabi]ity lévels -and to provide user selectab]elieVels(of reii-
ability (18); Such an application coq]d'bexboth gquitéble.and~econom1c~"
ally efficient. Tﬁis topic of -equity and ‘efficfentyf wi11 -ﬁof “be

addressed: in detail in this thesis but must be considered‘by utilities.

1.3 Thesis Objectives and Structure

The majority of the:applitafions'concerniﬁg-wprthfdf fe]iability‘_
'invoive‘fhree_basié.aspects:.fthe'1nterrubtion-cost‘data, the re]idbi]-
ity indices, énd.the:nethodﬁlogy:focuédmbfning,the”tﬁb 1nhan_appiica-
tion.-lChapter Z'brbyides an ovérview of'interruption effeCts:and-costs‘
and lther:ﬁeéhniqués; fof‘-determining‘ re}iabiﬂity--worth;"_-Chapter.r3‘
| provides a .brief  introduction. to generationr and - cqmposite;;ﬁystem,'
re]iability while Chapter 4 introduces distribution syﬁtem-iﬁdic95.:
" The bulk df'attentiOn on- power system reliability worth and optinﬁ--7
zation has been .fodussed ‘od _the - generation ‘system  because of ‘the
advanced -state of the art of generat1on systan*reliabi]ify eValuation:_>
‘and.the~poféntially;1arge'sayings which coufd result from optimization -
of generation réiiébility. Chapter 3 provides an overview of the more
major .generation studies and attempts to outline limitations and
problems - with present techniques. . Composite'system.re}iability'WOrth B
‘and,optfmization:have béen.virtualiy neglected to date‘beeauSe of the

immaturity of composite system reliability: evaluation. Chapter 3 also’
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discusses  the potential problemsf.1n961ved with - the ,applicétion - of
re]iabi]ity;worth in~composite‘system~p1ahnihg and briefly discusses an.
exémple composite system reliability worth,Sﬁﬁdy performed "using the
Uniiersity of Saskatchewanicombosite'réliability‘program-WCOMREL;“:

Distribution system 1réliability‘ worth. aﬁd optimizatioﬁ' has been
~gi§enra fair degree of‘attention becauﬁe distﬁibutfon re]iabi)ity,e§alhf'
ation fesu]ts in fairly absolute measures of reliability and because the
reliability indices and interruption worth data are'amenable‘td pro-
viding.re]ative1y good estfmates Qf beliabi]ity‘wnrth‘ Because of the
present dajwapplicability-in distnibutiah:System planning and. the lack:
of detaiiedtstudies;”the'thesis eﬁphasis_is-on'distributionlsystem-reli- o
ability worth. . Chapter 4-diséusses generally the:app11§ation of reli-
‘abr'ih’ty worth to aistributioh 'systems .and related considerations and
problemé. A3poténtia1 prbb1em'wh1ch is identified for the distribution-
'systemwapplicatioh—as we]]=as=the generation:and-cdmposite system éppli-
cation, is that'cohventibnally 6n1y thé average or expected  value of
indices are detgrhined and consideréd.; Interruptionrcosts-often vary
nohlinearl&'with duration. Use-of_the'index average value can result in
large errors. Knowledge of the probability;rdistributiOns‘-assocfatéd a
with the indiCeS'ﬁanbe-useqtoamore-accurately-éstimate user-interrup-
tion COStsg'.to  estimate the error 'inhéfrent in - using average index
values, and to moré.uséfuliy.apply'the re1iabi]ity mgaSures?themselVeé;"
Chaptér 5 describes a simu]ation'pfdgram deviéed-to-obtain'the-aVerage
values and.re]ated-distributionsffor the reliabi}ity‘measures'and'1nter-
ruption costs .of 'radial.-syétems. The distributidns of load po{nt

. indices, system - performance indices, and interruption costs are
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presented, The interruption coSting-errors3resulting from the u$elof
average index values are investigated. A simple ana]yti;al construction
technique 1s. presented which. can be used to obtain .the Load Point
Duration-distribution'with-only a small bOrtion of the CPU time required

'-by'a.simulation.pfogram.



2  RELIABILITY WORTH DETERMINATION AND DATA

The objective of this chapter is to provide some background con- ,"

cerning‘reliability worth‘data. The presentation in this chapter is
based mainly on an-ﬁvebvieﬂ'prepared as part-of a CEA research prbject
'with which the author was.involyed (18, 20). Some update has been
included.l |

2.1 Impacts of Interruptions

An tnitial and necessény steh in the determination of the costs of
interruptions is the understanding'of the impacts, monetary and other-
wise, on.the customers. Instea¢ 6f detailing the impacts, the review
characterizes them with the importance and the classification of the
impacts being emphasized,

The impact o a customer due to a cessation in the electrical
supply depends greatly on the customer, the fype'of customer (e.g.,
industrial or residential), what function the electricity performs
{e.9., space heating, lighting, motor drive, or computers), and on thé
attitude of tﬁé customer. Also acting to determine the impacts are the
characteristics of the interruption: the time of day, weék, or year,
the amount of advance warning, the frequency of occurrence, the physical
extent of the lfnterruption,l and others. Factors such as outside
temperature or the occurfence of the interruption during special events
all affect the impact.

An interruption of an industrial customer could result in Tost pro-

duction, damaged equfpment, spoilt materials, poor quality final pro-



9
duct, or heélth hazards. Commercial customers could suffer a loss in
sdles, démage to stock, or health hazards to employees and customers.
Interruptions to pub11c service and educational 1nstitutfons‘ cohid
reshlt in loss of production, poor quality service, or-haéIth hazards.
Emergency and corrective agencies with interruption to their power, may
not be abie to pgrform their functions, resulting in a serious hazard to |
the employees,‘public, or in the case of retention.faCilities, to the
inmates., Health fnstitutions have.many 1ife saving functions critically
dependent on a continuous electric supply. Interruptions to residential
¢ustomers are often thought to have negligible impact but long 1nﬁerrup-
~tions can cause monetary losses such as food spoilage or damage due to
adverse temp'erafur_-es;‘.for shorter interruptions the inconv‘enience caused
by loss of leisure time, fbodrpreparation and housekeeping capabilities
is significant. Myers (23, 24), Telson (7), and Corwin and Miles (25)
discuss these impacts in detail, - |

A1l the possible individual 1mpacts cannot be considered, especial-
ly in the context of power system planning, due‘to the overwhelming
'numbers and differences involved. A classification scheme must be
employed to allow for impacts to be considered in groups with similar
characterfstics. |

The most distinctive characteristic 1s whether the impact is é
direct or an indirect impact., Direct impacts are those resulting from
the cessation of supply while indirect ones result from a response to
the cessation, Dfrect impacts can be further separated into econoﬁic
and social 1mpacts; Direct economic impacts could be lost production,

food spoilage, and utility costs, Direct social impacts could be incon-
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_ venience dué to lack of transportation, uncomfortabie building tempera-
tures, or 1oss of leisure time. Most direct impacts are relatively pre-
dictable with the ebpnomic.éffetts being quantifiable in monetary terms.

Indirect impacts can be further divided 1nt0-ecoﬁom1c, soctat, and
organizatiqﬁal ihbacts.. Indirect éconbmic effects are those that result
from the syhergistic interplay between economic units {e.g., factory B
production being reduced because factory A was interrupted yesterday)'
and from other factors such as possible tendency for firms to relocate.
Indirect social impacts..cou1d include social disorder, rioting, or
vandalism. In the New York Blackout of 1977 over 200 million dollars of
costs resulted from this.impact alone, Organizational impacts include
the alteratfon in plans and procédures of emergenqy organizations or of
organizations affected by fhe 1nterrupt10n; A comprehensive analysis of
_these and other possiblé categbrizatidns and impacts is contained in the
“study of the New York -blackout by Corwin and Miles {25). Another
important indirect response is the long term adaptation of customers to
interruptions; A§ discussed by Myers (23, 24) and others, this adapta-
tion would tend to decrease the long ﬁerm costs due to the mitigatidn of
- the impacts; however this adaptation involves a cost in redirected
| resources and effort.

.Direct impacts are relatively easy to determine and are con-
sistent, Indirect economic and social impacts are much moré difficult
to determine and are much less consistent. The blackout in New York in
1965 resulted fn felatively little damage due to social disorder unlike
the 1977 one,. showing the inconsistency in these types of impacts. In

spite of the difficulties, indirect and social impacts cannot be ignored
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as they can eveh be much greater than the diréct ones (e.g., the 1977
New York blackout'study (25) reported that the indirect costs were at
Teast 290 million dollars while the direct costs at least 55 million
dollars), ' | | -
knqwledge of the impacts resulting'froml1nterruptions 1s‘necessany
to determine the costs associated with unreliable power systems and to
determine thé most effective schemes to. reduce and mitigate the
‘effects, The degree'to‘which power systems shouid be made reliable must-
be compared against the effectiveness of other means to reduce the
1mpact$; Direct impacts may be best reduced by improved system reli-
ability while iadirect effects may best be reduced by emergency measures

planning and preparatibn.

2,2 Determination of the Customer Costs of Interruptions

Methods to determine the customer costs of interruptions are dis-
cussed under the'following headings, Surveys of customers are discussed
last for the sake of convenience, | |

| 1) Price of Electricity

2) Implicit Valuation of Reliability Used in the Past

3) Gross Economic Indices

4) Price Eiasticity

5) Customer Subscription

6) Blackout Impact Studies

7) Customer Surveys
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2.2,1 Price of‘E1ectr1c1'tx

An . intial ré5ponse,to the question of how much does an interrupt1dn
cost is that 'the 1oss'equals the price of the electrical energy not
supplied. This approach 'is' not economically or practica11y"sound
because the va]ue 6f a product is not necessarily the price of the pro-
"duct. The product price itself depends on the available supply. In
that sense, since the supply is non-exi stent during an interruption, an
alternate supply could be priced much hjgher than fhe norma1 price; if
one was available. A chemical plant which loses a day"s.p_r'dduction of
product'worth-sloo,odn for a 10 minute interruption would value the
electricity not supplied at much more than its nominal pfice of a few
dollars, A more reasonable appfoac’n would be to use the price of

electricity as' a lower bound estimate of the cost (26).

2.2.2 Implicit Valuation of Reliability Used in the Past

This approach is based on the principal assumption that society and
individuals‘haye determined, by means of experience, acceptab}e levels
of reiiabiiity related to the-cost of electricity and expenditure by the
utilities. This -émp1rica1 approach is based on a2 more general one
suggested for use in the determination of social preferences by Starr
{27). In this approach the historical level of interruptions and the
historic expenditurgs,on ré11ability are compared, yielding some esti;
matg of the costs per KWHR unsupplied. While data are available for.
such a calculation, the approach suffers from two main problems: |

1) historic levels of reliébility may hot ‘have been optimally

established, o
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2) valuatlons change with txme, i.e., what was once acceptable may

no longer be acceptable.'

2.2.3 Gross Economic Indices

Many attempts. atfdeterminingrthe interruption;costs3ahe,based on
the use of a ratio of gross~économi¢ measure (e.g‘;=GNP) and a suitable
energy consumption to yield a figure (e.g, $/KNHR),'wh1ch is aséumed to
be the cost of unsupplied-energy during‘interruptiohs. Ship]ey,‘et al.
~ {6) divided the USA‘GNP-for‘1967.by the total naﬁional:electrical energy
consumption. This estimate of $.60/KWHR is multiplied by the estimated
energy- not,supplied'due:fo‘all system interruptions-and'COmpdred‘with'
;he total expendftures on . generation, tfansmission, and dfstribution,
with the cdnclUsiOnrfhat the reliability is gregter,thanueconomica11y
justifiable. = Telson (7, 8), considers the GNP divided by the non-
residential. energy. consumption to . be Pén.;upperﬂ'bOUnds‘for' the dosts.r
TelsOn-a]so-considers a more reasonable upper‘bound to be the wages paid
divided by non-residential - energy consumpfion.--For Newf-York, ‘this‘
results in an-.estimate of $1.22/KWHR and for the USA $.57/KWHR. Many
other Studies;obtain similar results when using the above appfoach-or
other methods such as value added/KHHR.

Sh1p1ey s and: Telson s application of the cost f1gures are funda-
‘menta1]y different: Shipley uses statistics concerning -the actua1'
occurrences. of interruptions for one year while Telson- uses: the pre-
dicted occurrence of jnterruptions in only the generationnsystan for a
number of years; Both use the‘éame appreoach in estiméting the costs and

arrive at the same conclusion, namely that prasent system reliability is
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too high. . _ |
The usé of this approach,13~suppdrted'by the fol1owing.argumentsif-
1) Not all of the GNP would cease dur{ng.an interryption, -
© 2) Some productﬁon‘can-be-made upionqerfhe.supp]y~i$ restored.
3) Resigeﬂtialrenergy consumption contribﬁtesllittlé ecohomi;ally :
| and‘w0u1dwtend to lower thé;averagefcost/KNHR. |
4) Interruption cost/KWHR increases with the duration of interrup-
tion. Since most interruptions. are -of short duration,‘the-
rfigures would be overestimategl' | | |
The studies recognize.that for'some-firms'thé-loss.couid be;greater '
~than that assumed dué:tO‘damaged-equiphent 6r spoiled-prqduct.' This
-.fac;or ﬁSaaésumed.to be'compeﬁéated for'by the above factors.
 There is little evideﬂcé. supporting the assdmption of a linear.
relationship:betweénithe:gross.measures‘and energy-not supplied, While
aggregating. the cost‘OQer-anny“custdmefsrwithin~a region wiTl;ténduto”
average out the variatians among customers, the GNP/KWHR figure may not
lbe a ‘good estimator df the'trué-average. The -factors cédsing an over-
estimate may'nbtrbe équa]ly compensated by the~fattors-causing’under?
estimétion. . This gross aggregation s ‘a disadvantage {n;'that the
-esfimates,cannotvbe-applied»tOJa specific consumer type-or.regibn.‘
'As:hés Beén pﬁinted“oﬁt by,Samsé (28), surveys of customer costs
- indicate that argqment—4) listed.above éoncerning‘the increase in cost/
'KWHR with- duration is erronédus:  the cost/KWHR tends:to decrease with
duration., Thus'the'GNP/KNHR:estimAtes'wOuld underestimate the cost.
An  1nherent,'pfob1em”'with this approach is that gross. economic

- measures do not -take into account indirect economic or.social effects.
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These indices measure economic activity, they are not a comprehensive or
adequate measure of societal valuation.

Another problem is that the cost]KNHR form itself may result in

error, This is discussed in detail in Sectioh 5.6,

‘2.2.4 Price Elasticity )

| The'use of average price elasticity of the demand for electricity
~as’ a means td'obtain thé loss in consumer welfare due to interruptions
has been discussed ny Myers (23), Higgins (29), Webb (26), Shew (30),
and others, This .approach would result in an economically sound
measurement of the costs, especially for residential consumers for whom
the cost is difficult to ascertain. The currently available estimates
of customer price elasticity arelunfortunately inappropriate fer.this
_purpose; they are for long run changes in the customer demand rathér
than the very short - term needed 1in these studies, -The use of price
elasticities does not take into account the unexpected nature of the

interruptions.

2.2.5 Customer Subscription

Nordin (31) suggests a scheme in which customersrwculd subscribe
and pay for the amount of peak reserve capacity they desire; during
capacity shortages yheﬁe customers would have priority in beiﬁg supplied
before non-subécribers.. As discussed in the bibliography, this method
would not result in optimum reliability choices and is impractical. The
concept of relying on customer actions and decisions a$ a means of com-

- municating their preferences and thus determining the target levels of
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supply reliability ‘would pef attrattive"only if some 'acceptable and
-practica1-heans_of doing so could be devised.,.. This concept is sfmilar‘-
to insurance typé schemes discussed‘in'the SWédish'Customer Interruption. B
. Cost. survey report (14) and by Higgins of Ontario Hydro in- personal
commun1cat1on.. The Swedes found that customers. were not part1cuTar1y-

interested in such a scheme.

2.2.6 Blackout Impact Studies_
~ The above qpproachesremp]qy;indirect méan'tordetefmine thé‘costs-
of 1nterruptions;  A ‘more di%ett.approach_is:to-ihvestigaté;the.effects, .
@f intefruptions'£hat haVE~ac£ua]Tyoccufred.'In'thisway_assumptions
can be avoided. o H
An 1nterrupt1on which has been studTed most extens1ve1y is the 1977]
New- York City blackout. Two major  invest1gat1ons- (25; 32) of the
effects have been undertaken as well as lesser ones,  The‘Library‘of
Cbngress study‘provides~11ttle-jnform;tfon; relying heavily-on‘éecondary
sources and variations in‘grdss business'activity measures. - The study -
prepared by Corwin and Miles provides detailed information on the
effects as well as-prépOSingvaltategorizhtion scheme discussed -earlier.
AThESé studies do not provide informationlwhiqh cbuid.be used to dériﬁe{
“an estimate of:tHe ﬁbsts of future interruptions. |
A few reports have discussed the effects of other- blackouts but-
' have not provided suitable interruption cost ‘figures, (30, 33, 34, 35).-
Studies “into the effects of smaller -inferruptions such 'as_:would-_be_
caused by distribution outages. haQe not  been Qndertaken due to “the

difficulty of obtaining information on the relatively small effects.

-
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~ Attempts to do so would resemble customer surveys. ‘A set of impact
studies by Jack Faucette Associates which use surveys will be discussed
in the following section (36; 37, 38). |

- Blackout impact .studies can provide' qualitative information
" necessary fn the determination bf the effects of 1nterrupt10n$. The
quantitative informatieﬁ 1srusefu1lfor the same reasons but does not
proque cost figures that can be Qsed to est1mate.the costs 6f interrup-

tions in general.

2.2.7 Customer Surveys

A less direct method to determine the costs of interruptions than a
blackout impact study is the‘survey of customers concerning their esti-
mates of the 1mpacts and their.prefefences; Thé'surveys.have been of
three types, each enquiring‘of the &ustomer one or more of the following
aspects: |

a) monetary losses sustained by the customer,

b) customer willingness to pay for aversion of interruptions,

¢) perceptions of the customers concerning the quality of life and

envifonment as affected by interruptions.

The first two {nvolve the determination of mohetanylestjmates of
the impacts while the third attempts to determine‘non-monetary‘measures
of the quality of life.

The first extensive survey attempting to determine monetary esti-
ﬁates of the impacts is the Swedish survey in 1969 (14). Industrial
customers were surveyed directly while est1mates of the costs to resi-

dentia],'commercjal, and other sectors were detgrmined by means of dis-



cussions uﬁthrrepresehtative groups and worked examﬁles.‘ Estimates ﬁere
reported as $/KW and $/KWHR for various durations of interruptions..
Residential costs were Eeported'to‘be even greater than industrial costs
but this conclusion 1s dubibﬁs'in therlight of the'different approaches
used for the two sectors. | | I
In 1974 the IEEE sponsored a series of surveys.(16) of the costs of
interruptions to industria]rblants in the USA and,Caﬁéda. Estimates were
reported as $/KW. peak demand and $/KHHR without any specific considera-
tion of the duration of the interruption, The effect of frequency is

| taken into account by-the first figure but cost is assumed to 1ncre§se
in a linear fashion with duration. The times required to restart plants
after complete st0ppager was quite long (median of 4 hours) and the
critical duration before production would be seriously effectedrwas very
.short (median of.IO Secoﬁds). "The 6osts, restart times, and critical
loss durations we?e reported to vary gfeat1y bétween custdmers. Small

plants were reported to have greater cost than large plants.

More recently, Ontario Hydro has carried out an extensive

‘series of surveys of the Vimpacts of interruptions to the customer
sectors. Large users, small industrial, agricultural, retail commer-
cial, institutional, and office building customers were surveyed- for
their losses incurred with various durations of interruptions (39 -
46). The effect of time of day, week, and year, of advance warning, and
standby genebation was investigated., The surveys afso investigated many
other characteristics of the customers and their sensitivity to . inter-
ruptiohs. The estimates were reported as $/KW peak demand as a function

of duration.
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A most sighificant conclusion is that the cost varied with
customer and with category by orders of magnitude. For ihis reason, the
. customers are further divided into subcategories based on their activity
énd'their usage of electricity. As the IEEE survey 1ndicatéd, small
industrial costs were greater than large industrial costs, For sﬁort
and med1hmr&drations, the comﬁercial costs were much lower.

The Ontario Hydro Large Users Survey report depicts the rate of
chaﬁge of fnterruption cosﬁ with duration for large users, The cost
estimates saturate at,approxfmate]y-$.55/KNHR. This value is Eoughly
equivalent to the values for all customers aggregated, derived by use of
the gross economic indices. These results indicate that the assumption
_made'of the gross economic estimates being conser#ative is erroneous
since the cost/KﬁHR is greater for short interruptions, not less. See
also Section 2.2.3 above, |

Ontario Hydro has also surveyed the rgsidential market to-
obtain estimates of customer-willingness to pay to avoid interruptions
-(40), The resultant estimates ($.03/KW for 1 hour interruptions) appear
to be quite Tow. Repeat surveys have resulted in similar results, . As
discussed in a CEA reSearch report (18, 19) these estimates may be
realistic but there are some factors which could have adversely affected
the validity of the results.

. Munasinghe (47) presents a methodology for measuring residen-
tial interhuption willingness to pay and reports results of some inter-
view surveys in Brazil, -The main cost is hypothesized to‘be the loss of
evening leisure time which was evaluated at the household earning rate.

Certain assumptions made in the approach apply to developing countries
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rather than developed countries such as Canada. Because of this and
other factors the rgsu1ts are not directly comparable,

thvéraju and Billinton (48) point  out that .the presently
available data derived from surQeys is only abplicable to Tocal random
interruptions rather than large wide éca]e ones; f{.e. distributioh
rather than generation interruptions. The survey estimates do not take
into account 1ndiréct economic and social effects which would tend to be
Significant for the large interruptions.' The Ontaria Hydro generétion
expansion study, SEPR (10), takes this partially into account by using
macroeconomic models to-determine indirect economic costs in addition to
the customer survey es;imates of direct effects.

General Public Utilities has surveyed customers to obtain their
psychological perception of the impact of interruptions (28). GPU's
intention was to correléte these results with socioloagical indicators of
the degree of well being of the public but this may be impractical.

A set of_ impact studies that was performed by Jack Faucett
Associates has made a ﬁignificant contribution to costing methodology
and provides interruption cost estimates (36, 37, 38). The methodology
uses as the meésure_of interruption cost the wiliingnes§-to-pay to avoid
the intefruptions or rétioning 'during capacity or energy shortages.
Users affected are grouped into fourrcategories: producers, emplﬁyees,
consumers, and the general public. Surveys are used to elicit the
information. . The effects of a natural gas shortage in the Y,3.A. in
‘1976-77 and an eleétfical‘ capacity shortage in Florida in 1978 are
studied. As is fypica] for case studies, the results cannot in genera)

be used to predict interruption costs because the results are limited to



situatfons with fhe same set of characteristics as the one studied., The
methodology however can be utilized in a'more general survey. The
questionnaires themselves would need to be drastica]ly revamped to put
them into a predictive setting and to include a coi1ection of scenarios,

A CEA research prbject that the author was extensively involved in,
developed a methodoiogy énd a set of questionnaires which were used to
perform én extensive survey of usefs (18). Becadse of rate related'
hosti]ities and user'suspicions, willingness-to-pay was not used as the
main measure of intefruptionr.cost. It was decided that as in the
Ontario Hydro surveys, ndn-residentia] users cbuld adequately estimate
their losses without reference to rate increases. Residential users
could not 'pfoyidg a simple loss or worth estimate. | A methodology
related to the costs of actions thét residential users predicted they
‘would take;in brepafation for interruptions was developed to estimate
costs. Rate Eelated estimates were also utilized. Figure 2.1 depicts
cost estimates obtained for winter peak day 1ntérruptiens; Table 2.1
presents thé avaiiab11it& -of Ontario Hydro and University of
Saskatchewan (CEA Research Project) data and questionnaires for a break-
down of all user groups, The Ontario Hydro and University of
Saskatchewah data tended to be in agreement with the notable éxception ‘
of the residential sector for which the University of Saskatchewan pro-

Ject resulted in significantly higher cost estimates.
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Figure 2:}- Comparison of Sector Interruption Cost Estimates ($/KW)
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Table 2.1 availability of ';n:eriug;gon Cost Data
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. 1. s Consumption. | Applicable Apolicable
Uszer Grouns _ Cateqories - GRHR (%) " ‘Data Questionnaires '
Bulk - Large Users. . - ‘ 1. 1200 (12.5%) - Data. not - U. of 8.
' ) directly -
. } useable
Residential 2999 (31.28) | U. of S. U. of .
| , R o o
Mriculture - small farms (321 | 1000 (10.4%) | nodata | . o
© .= large farms 321 '
. (>S0 KVR) . 123 (1.39) o o
Forestry and Mines 31-99 220 (2.3%) | U. of S. O. of S.
Manufacturing 101-399 1425 (14.8%) o o
Construction 401-421 96 (9% | modata |U.ofSsCH
. ‘ T . ' industrial
|Wholesale Trade 602629 .| 130 (l.4%) | modata | U.of S. & OH
1 ’ i : o . commercial -
I Retail Trade & Services 631699 |.. 785 . | w©. ofs. U. of S.
| - 841-899 o oH o
Real Estate Operators 737 66 {.7%) s ; S e ;| :
\ , Office Bldgs.
Transportation & Storage - 501-527 455
Communication 543=549 42
Utilities 572-579 68 od o -
‘1Finance & Ingsurance 701-735 45 Gov't. &
Education , L 801-809 - | 309 Industrial
Health and tielfare 821-831 | 188
Public Administration 902-991 61
Sub-total 1368 (14.3%)
Miscellanecus 250 no data : o
eg. Street Lighting, - Questionnaire
Cottages, urmetered _ (2.6%) ‘
Total 9602 (100%)
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3 GENERATION AND COMPOSITE SYSTEM RELIABILITY WORTH

In reliability studies the generation systeﬁ is usually comprised
of the total generating capaéity with no consideration of the associated
transmission or-distribution‘facilities. The main exception to this
occdrs‘in interconnected system studies wherein the tie line capacities
and availabilities 5fe usua]]j_included. This includes situations such
‘as studies of the Manitoba system which must include the effect of the
HVDC ties in non-interconnected generation studies.

Transmission systems can be functionally divided into two cate-
'gories; those including the actual generating facilities and those
which can be decoupled from'generation facilities and treated aﬁ_series,
parallel or simple.networked configurations (5). The first category can
be designated as bulk power facilities‘and the problem of assessing the
. adequacy of the combined-gehérat1on and transmission elements designated
as composite system_adequacy evaluation (4). -The second category can be
designated as sub-transmission facilities and in this thesis is con-
Sidered to be part of the distribution system. Studies of terminal
stations and substatiohs can also be considered to be part of the dis-
tributibn System excepﬁ when they are studied as part of the bulk power
transmission system in which case the study would be a composite system
study. - | |

The next section considers the evaluation of generation and compe-
site sysfems-reliabiiity. The following sections consider the applica-

tion of reliabilty worth,
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3.1 Géneration and Cémpoﬁite Reliability Indices
| Power system reliability can be considered to consist of two
aspects: system adequacy and system security. Adequacy is defined.as
relating to the existence of sufficient facilities within the-system to
satiéfy the. customer loéd demand whf]e sécurity is défined as reiating
to the ability of the system to respond to disturbances within that
system (5). Reliability studies aﬁd 1ndices‘have for the most part been
concerned with the static aspect of power systems: system adequacy.
Probaﬁi]istic methods to aséess system security have recently begun to
be developed but are still very much in their infancy. For this reason
the thesis only considers adequacy indices.

The présent generation and composite reliabilty indices are rela-
tive rather than abso]ﬁte measures of system reliability because they do
not §uff1c1ént1y and faithfully take into account factors such as system
security considerationé, load uncertainty, re]iability data distribu-L
'tioné and'efrOrs, and system complexity (5, 48). Becadse of the form
and the lack of qomp]eténess; the generation indices are more of a rela-
tive and less an absolute measure than composite indices.‘ The indices
do provide an essential and‘good indicator of system adequacy variation
with parameters of interest such as‘1oad growth or sysfem capacity, The
indices do not provide; an absolute measure of the interruptions
associated with the generation and transmission systems and experienced
by the users. Interruption costs calculated usihg thése measures can
not then be absolute or even reliable measures;

In generation studies, the system can be simply modelled as in

Fig! 3‘0‘1.
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SYSTEM
LOAD

L ]

- ‘Figure’B.i Generation System and Load

The basic approach is to form a generation capacity model and a
Yoad model and then combine them (4). The capacity modél uses informa-
tion such as generation unit capacities, outage rates, repair rates,
unit derating,'mainténance outages, water flow or fuel availabiiity, and
other factors to produce'a generation capacity unaVailébi]ity table or
model. The model of system_]oad can take on the form of peak curves,
hourly load duration curves, or more dynamic Markovian type models. The
Loss of Load Expectation (LOLE), loss of Load Probability (LOLP), and
the Loss of Energy Expectation (LOEE) indices are obtained by combining
the capacfty outage table with the load curve. The Frequency and
Duration indices are obtained by combining a frequency and probability
of outage capacity state table with a !oad model. Most utilities use
the LOLE and LOEE as their main generation indices and only some
utilities supplemenp‘them with the F & D indices. The LOLE and LOEE
Indices have the advahtage of requiring only a moderate amount of data

and computation and of being able to provide easily a measure of energy



not §upplied;

27

"~ The F & D indices have the advantage of'providjng_more

information concerning -the system reliabi]ity, Monte Carlo simulations

of - the generation system-are also pebformed and have the advantage of -

more flexibi]ity iﬁ.mode1ling-end of yielding‘morefreliabi]ityrinforma-

-tion but-the-diSadvantage of requiring a-greatxdea]—OfTcompufatjong The

indicee'caﬁ,be summarized: as in Table 3.1.{5):

Table 3.1

Standard Techniques end Indices.

for Generation Capacity Evaluation

Method

Loss of Load Expectation (LOLE)}
(Loss of Load Probability LOLP
. is sometimes. used) :

Loss of Energy Expectation (LOEE)

- Frequency and Duration (F & D)

Monte Cah1o'or Simylation

Indices'

' Expected number of. days (hours)

in the périod that the daily

. peak load- (hourly Toad) exceeds -
- the available capacity.

Expected 1oad energy curta11ed
or not supplied during the
des1gnated period. :

Expected frequenCy, probabi]1ty -
and duration of distinct genera--

tion-load margin states during
-the designated period.

A1} of the above indices plus
distributiona]:1nf0hmat10n. -

Composite-generation—transmissidn reiiab11ity.assessment is'a rela-
t1ve1y recent phenomenon and 15 st111 ev01v1ng into a mature technology
(49 - 55).
techniques is that-transmrsszon Tine capacities and unavailabilities are
included fn' the' composite fechniques; Beceuse simple continuity
‘modelling is'inadequate SOmerfonm ofrtransmiésiOn‘line loading eva1ua-.

“tion such as lead flow analysis is usually integral in the composite

The main difference between the compos1te and generation:
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reliability studies. | Criteria for acceptable bus voltage levels,
selective load curtatlment, generation rescheduting, common mode out-
ages, and station or 'protection failures are aspects of the present
techniques. Two main types of indices are compﬁted:' systeﬁ ‘wide
~indices and bulk load point indices.

A set of techniqueé‘and computer program for performing composite
re]iabi]fty' assessment‘ has been deve}oped at the \University of
Saskatchewan (52, 53, 54, 55). The progbam, "COMREL", simulates the
outage states of the combined generation and transmission system model
and performs an AC load flow analysis for each contingency., If the
loads cannot be supplied without overloading the lines, a decoupled line
overload a]leQiation. technique is -used to determine a new generation
schedule and the need for shédding bus loads. ‘Because the computational
requiremenfs of considering multiple outages. for even small system
models is large, the progrém uses the Fast Decoupled Load Flow and
sparse matrix rtechniques for computational efficiency. While the
earlier versions of the,pfogram consider only sets of 1ndep§ndent Tine
and generation outages, récent versions consider common mode and station
related oufages in order to perform a more faithful simulation of the
system and obviate lthe need to comsider more than second order
independent outages. |

Indices have been calculated for medium sized practical configura-
tions such as a 30 bus, 56 line model of the SPC system. The major

indices are listed in Table 3.2.
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- Table 3.2 Composite System Indices

Load Point Indices .

Probability of Failure

Expected Frequency of Failure
Expected Duration of Failure

Expected Number of Voltage Violations
Expected Number of Load Curtailments
Expected Load Curtailed

Expected Energy Not Supplied

System Indices

Bulk Power Interruption Index (MW/MW-yr)

Bulk Power Energy Curtailment Index (MWhr/yr)

Bulk Power Supply Average MW Curtailment Index (MN/D1sturbance)
Energy Index of tUnreliability Including Transmission
Severity Index (System Minutes)

3.2 ‘Generat1on System Reliability Worth

‘There are three basic aspects to determining the worth of genera-
tion system relability: the reliabi]ityrindices, the 1nterruptioh cost
data, and the methodology fof combining the two in an application, The
indices are discussed in the previous section while the cost data and
underlying theory are discussed in Chapter 2. This section dichsses
~ the methodology associated with some of the more significant attempts
that have been hade to assess generation reliabi]ity worth,

A.genebal comment that appiies to all the specific approaches-is
that the presently available interruption cost data is less applicable
in generation sysfem studies than in distribution system studies (48).
Interruptions due to generation shortagés tend to be widespread and of
lohg duration as opposed to distribution induced interruptions which are
more localized, random, and probably shorter duration. Large widespread
interruptions can result in a large amount of indirect effect which is

not adequately included in the present cost data,
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One of the first attempts fo assess and compare power system reli-
ability cost and worth is the paber by Shipley, et al, (6) and is not
strict1y related to generation re11abi11ty because it is concerned with
the past historical re1fability pefformance of the entire system rather
than the predicted reliabflity of fhe generation system, It is included
because it initiated the pub1fc discussion on this topic., In it the
total energy-not-suppliéd in the USA is estimated from public records of
bulk'supply disturbanqe§ aﬁd an estimate that the unavailability of dis-
tribution was four times that of the bulk system. This is multiplied by
an interruption cost estimate of $.60/KWHR and compared with the total
expenditures on generation, transmiﬁsion, and distribution for that
year, The study concluded that the reliability waé_ greater than
economically justifiable, while interesting and provocative, this con-
~clusion cannot be readily accepted because of the admitted crudeness of
-~ the réliabi]ity estimate and the inadequacy of global ‘estimates of
interruption cost.which has ﬁlready been discussed in Cﬁapter 2.

of thé generation reliabilty indices, LOLE (and LOLP) is the most
widely used but unfortunately it is.often misapplied. While useful as ar
relative indicator of adequacy; it is not related to the physical conée-
quence 6f interruptions and should not be used to obtain even relative
predictions of the costs due torinterfuptions.

An example of the misuse of LOLP is a study of the power supply in
New York by Kaufman (9). In it, LOLP and various assumptioné‘are used
in an attempt to ca1culdte the system interruption costs for various
LOLP levels with the conclusion that the system is built too reliable.

Target LOLP levels and the judgement of utility engineers are used to
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estimate 'the”~fréquency, 'probabilit),; and magnitude of interrUptfohs.
The resultant:KNHRenot-suppl1ed estéﬁate has little valid basis.‘_ThisV
' estimate is combined with a global -interruption COst”estimate (vatlue
added/KNHR).ih.a'rigor6u$ cost-benefit énalysis.‘ The?conciUSionrthat*

. the'systém,is bu1}t5t00 reliable is also one that. obviously cannot be

o trusted; -

.LOEE (and LOEP) is another popular index and it, as a measure of
unsupplied energy, bears more relationship than LOLP does to the inter-
ruption impacts on users. "It does not give the frequencyror duration of -
interruptions_&nd islstiil veby much a relatiye indi;aton of adéquacy.r
This - index cannot be'usednfdr-makingfan absoiute estiﬁate.of‘intérrupa

‘tion costs but can be_usedwin conjunttion«with‘globa1.$/KwHR data to-

obtain a relative indicator of costs. . Again thisllimitatioh is often
not rECoghiZed.>.Telson, in a much quoted  pubiication :(7) studies. the
écoﬂomics uf*bower-éupply-reliabilityaj'Like:thfman,fhé.concludes that
power systems are built much too reliable. Telson uses a Monte Carlo.
simulation program to study several- optimized  expan#ion plans of a.
system baséd.oﬁ the'ﬂew York Power Pool (NYPP), He derives relation-
. ships bét#een‘LOEP (Loss of Energy ProbabiTity),-LOLP,~Expansfoh Costs,
and- interruption-costs, “He concludes that for Systems~su¢hvas‘NYPP-the
economically optimum LOLP: criterion is in the order of 100 days in 10
years instead: of the cOhmon]y-Used 1 day'in lﬁ'years, _Sémsa; in his

- excellent critique‘of Telson's study,‘deﬁehminesQSeveral technical and

assumptiona] errors - (28). The.corfected‘resultsz1ndicate that présent :
generation system reliability is oﬁ1y ten times greater than ;he optimum

~ instead of ong hundred times as the original results indicated. In.



another stuqy Telson uses a slightly different approach based on the
reduction of unsuppTied energy due to marginal additions of-generatiﬁg
capacity (8).. His conclusions are similar to the ones obtained in his
eérlier but corrected work. Hh11e both studies further the understand-
~ ing of fe]iabi1ityoptimization, they are limited by ultimately being
based on LOLP and'gloﬁal measures of interfuptidn cost, |

Shew.a1so.est1mates,energy-not-SUpplied from LOLP‘and useS global
interruption cost measures (30). A contribution 6f his work is the use
of an optimal mix of user rationing and lowered reserve levels to handle
situations of insufficient cap&city.: This is a significnt step away
from the more crude approach of simply multiplying a $/KWHR factor with
the total energy-not-supplied. -In operating a generation system, capa-
city shortages can be dea]f with by a combination of many pfocedures,
each with'its own associated effects and costs. Planned user rationing
and.aIIOwing Idwgr resefve levels (and the consequent unplanned inter-
ruptions) are two of these emeﬁgency operating procedures.

A sophisticated approach involving LOLP and optimal expansion plans
is reported by Sanghvi et al. (56, 57). System ,re1§abi11ty is con-
sidered to consist of peak and strategic reliability. Peak reliability
is defined as the abiiity of a power system to meet peak 1oad. Strate-
gic re]iabf]ity is defined as the ability of the power system to with-
stand uncertain extended disruptioﬁs such as fuellsupply shortages or
unexpected load growths. Sucha differentiation may prove useful but
the conéepts associated with strategic reliability. can be incorporated
with the conventional reliabiiity'indices.

Sanghvis' approach consists of a linear programming optimization
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model used to choose expansion plans that _cost-effectively‘ provide
. appropriate levels of stratégic and peak reliability. Thg brobabilitiés
| of uncertainty ,factoré-.such as fuel supply' availabilities and load
Qrowth Eafes are explicit inputs. Capitai,'operatihg,‘and interruption

costs are compﬁted &nd;cohpared for each hlan*and‘SCenarTo; The least .

- cost expansion plan is-:thus determined. = Global -1nterrqption - cost
estimates ($/KHHR)'are used and ‘are adjusted to be é,hon-iihear functidn;
of the'energy-notesubblied.'{neach-run of the program, the'péak reli-
“ability is not optimized but is limited to being no less than  an
inputted constraint.  LOLP is not ca];uiated‘for.eaih-year[ With ‘a
"bdotstrap",technique,rthe‘thanges‘in LOLP'ffom‘one-year to‘ﬁheinext are -
estimated as a function of changes in capacity and peak: Joad. While
suéh an arrangement has a significant.-advaﬁtage of - felatively.'10w',
computing~costs; there -is loss. of accuracy in the:LOLP calculation.

‘The frequency. and dqration indices are more.bhysica11y significanﬁ
than LOLE or LOEE but are still relative indicators of reliability,
Either global cost data ($/KWHR) or user-duration specificrdata can. be
used in tonjunction‘with.these-indices;z Tﬁé'user-duratidn data:sééms
more approphiateuthan the $/KWHR data because information about expected
oﬁtage‘duration.is avaiiable'and'mény;studies,have ihdicatedxthat cost
is not ‘1inearily related to duration. -

The application of user-specific data is made somewhat difficult by -
. the fact that in generation adequacyzeva1uation.litt1e information con-
cerning ‘which customers are interrupted- is available. Often it is
assumed that customers are interrupted equal]y‘ but a more reasonable

approach is to determine the re1a;ive likelihoods from system history.
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There have been many suggestions that utilities should make known
the priorities they place on which c}assés of users are-khéd‘during,
-periodé of under capacity and how tﬁeée priorities are determined (7,
11, 28, 58, 59, 60, 22, 36, 37, 38).  These -sdggestions maimy-empha.é.ue
‘that the use of 1nterrupt1on cost 1nformat10n to establish. 10ad shedding
-pr1or1t1es wou}d result in an econom1ca11y~~more efficient - Operat1on.
However, the-~setting of priorities. would also need to consider. non-
economica?rfactors such'as the:negds of hospitals’ and ot&er institﬁ-
tions. Another . consideration s that it may be deemed 1ﬁequitab1e‘to
shed residential loads fn'—favour--of;iinduSthial' or éommercial.-loads.'
‘ 'Rate'compensation;mayzbe‘needed-to-ensure equitability. The;anplication
of inierruption cbst'data;in‘the determination of 1oad‘shedding_po1i§ies;'
will become more;impoftant=inlactua1 system,operationsand‘in reTiability :
worth §tudiessbecéuse,of the potentially large cost savings to soctety
. that-have“bqen shown. to occur {22). | 7 |
| Anoﬁher prob]emlwith:the-app]icatiﬁn-in:generation syStem-studies‘r
. of present]ywavajlébTe interruption cost data is that.indirecﬁ'effécts,
and -costs tend to be excluded. The indfrect costs can be many times
greater than the direct costs {18) but can and have been involved ‘in
_ systeﬁ studies'by the*use.ofvmacrde¢on0mjc teChniques'(IOQ 36;f37,;38).'
| An excellent study  which uses F- & D indftes was performed by
- Ontarianydro'in.a‘comprehensive-assessmentibf its - generation - system. -
expansion:plahs-(IO); - This study was an application of the practical
state of the art in generation reliab111ty assessment and an advance ‘in
the state of the art of reliability worth.assessment.

The effect on the people and ‘province of Ontario, and Ontario Hydro
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“of changes in load growth, nuclear-coalrcapacity.h1¥,;generating unit
size and ahOunt of reserve generation capacity.is jnvestigated. The
effects stud{ed'incTude'utility financing requirements, capital avail-
ability,:co§trof.electric power, social-economic éffectS‘andvenvironmen-
: ﬁal effects. The éosts of interruptions.to customers, as determined
_'from a most extehsive set of:Ontario'Hydro-surveys,.1s used to estimaﬁe
~the impact of interruptions. .Generation reliability is evaluated using.
the Ffequen;y and bufation method with untertainty.of load forecast and
equipment.additions_included as_we11=as many othéf,factof§.‘_intercon? n
nected system assistance is not considered. ‘Althpﬂghatransmission and
.distribution re\iabfiityris eva}uatédfandtihcorporated;in the cdsting .
procedure, variation in their reliability is not considered.

;'The amount df 1oadf-shedding (1 “hour rotating éutoff#)_ and - the
amounp-ofﬂpgnfial }éad reductioﬁ (1ntéfnuptible and?manageﬂ Toad cut-
ting; voltage reductjoh, Qo]dhtary*industrial-]oad reduction, -and y61Qn--u:
tary,public_ioad_feduttion) is evaluated as a function of'tafget;genera-J
tion reSehve,leQels.- The study attempts to deal with'uncertainty in
fesérve by -calculating the emergéncy-meaéure‘féeQuency'for therﬁorst to
the beﬁt years in ten yearly increments. _ |

The OptimUmfbdlancing'of costs and benefits of generation reliabil-
ity indicates that the target reserve level could be 3 to 7 percentage -
points less than theupreseht'30%"resu1t1ng-from use of the LOLP ;riQ
terion of 1 day/2400. -The total cost of. electricity, ihcluding‘inter;
‘ ruption costs, would be reduced by as much as 2% ff the reduﬁed‘resenve
level webe.used; | N

- A most significant conclusion for the application of customer cost



| 36
estimates is the relative lack of sensitivity of the optimum reserve
level or the total system cost to variation in the cost estimates. It
has been ackhow]edged that there is great uncertéiinty in the cost "est'i-
mates; but that sensitivity studies and the"flatness of the total cost
curve fn the -optimum r'egion' prevents the uncer‘traintly from significantly
decreaéi"ng the confidence in the results. As will be discussed later,

studies have shown that th'e‘ flatness of the curve and seansitivity to
cast éstimate errof's varies with the type of system being studied (61).
Ihe expected number of interruptions to customers is not deter-
mined. The reliability assessment only considered the generafion
system, separate from the transmission and distribution -system. Thus,
customer load point reliability is not asséssed. The 1 hour rotating
load shedding scheme is only an l-approximatiqn to actual System opera-
tion, The Frequency e'md Duration technique, while being the practiéa]
state‘ of the art is a relative measure not an absolute me'asur'e of reli-
ability. It should be 'recognized that the use of generation adequacy
evaluation and inferruption cost data yields estimates of system inter-
'ruption cost which, while qguite useful, can only be assumed to be
reasonable, |
In a book by Khatib (62), genération’ adequacy asséssment, marginal
cost of reliability, and the marginal worth of reliability are investi-
gated. He émp‘loys F&bp heHabthy techniques and $/KWHR interruption
cost estimates. A few of his suggestions are of specific interest. One
is hi's attempf.-to include time of day variation in the reliability worth
assessment. As has been shown (18), his approach of using demand Qar'ia-

tion as an indicator of interruption cost variation is -not a viable
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one. He develops the concept of a composite ré1iability'1ndex which can. 
be used to aggregate interruptions of the generation system with the
transmissions and distribution system .in order to enable an efficient _
optimizatioh of the combined bower system reliability. -Nhiie such an
abilit& would be extremelylﬁalﬁﬁble, much research must first be per-
formed intd the équiva1en§e of re]iébi]ity 1nd1ces'and 1hterrupt10n-cost .'
measures for the different systmm‘levels and into approbriate aggre-
gating‘multfpliers. : |

Recent interest in oﬁtimiziﬁg the USA power system has stimulated
much research., One project sponsored by the National Electric Reliabil-
fty Study developed and applied a procedure for use 1in power System
retiability worth e§a1uation (22)., Important improveménts incorporated
in this procedure are that the variation of interruption cost by
duration, user type, oﬁ peak and off peak pért of the day, and season is
included in the cost estimation and that emergency operating procedures
(EOP) are modelled. Whereas the earlier approach.of Shew (30) considers
 two procedures: rationing and interruptions, this project by Poore, et
al, considered a broader and more comprehensive set of prbcedures.

.Therf1r5t.step in the approach is to perform a fairly conventional
calculation of the fréquenqy and duration of the exact reserve margin
states fqr defined on and off peak periods in the ddy and for each
season., The modelling of the system can be as complex as 15 required
because the procedure is not limited to being performed by any particu-
lar F & D program, The utility must then compose a suitable 1ist of EOP
and the anticiﬁated load relief for each one. Table 3.3 1ists the EQP

used in the quoted study_.
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Table 3.3 Emergency Operating Procedures Used in Poore's Study

Number - Procedure _ MW Relief
1 Curtail nonessential utility system load . 50
2 Industrial/public appeal for reduced consumption - 50
3 5% system voltage reduction ' 50
4 - Curtail interruptible contract load 50
5 Utilize customer generation not covered by contract .= 50
6 Generation increase to emergency full load 50
7 Obtain capacity from interconnected systems (interties) 50
8 Load Interruption - A
A = Balance of deficiency,

The third step is to determine the curtailment strategies in the
event that load intefruptions are to take place, The priorities as to
which users are to be interrupted must be established, Also to be
determinéd is whether rolling blackouts are to be used and the asso-
ciated durations. The fourth step is to determine the interruption cost
estimates or coefficients to be used for each EOP, each user class, each
season, and each.dn peak off peak day period., The last step is to com-
pute the fota1 cost for the given set of conditions.

This technique was applied to four representative regions in the
USA. A m&jdr‘finding ﬁas that if the curtailment strategy'was to give
preference to residential users andrinterrup; industrial or commercial
'users; the calculated interruption coﬁts apprdach-the supply costs at .
reserve marg1ns just below 10%. However, if the curtailment strategy‘is
to 1nterrupt the users in an economically efficient fashion (ie. the low
cost residential users first), then the total interruption costs are

much Tower, It was concluded .that cost effective interruption
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strategies have great potential for Towering the societal cbst asso-
~ciated with the-e]ectrical-subply ﬁystem. o | 7.: -
Decision Focus has developed under EPRI ccntratt a methodology and
computer prdgram whieh estimates.;he éost to canumers'of interrubtioné‘
and utility ;rates as a function of piannjng reserve margin (63,._64, ‘
61). This method takés 1ntq account uncertainty of’demand,rp1ant éddi-
tion léad times; cost of interruptions, and environmenfa}-and'economic
,impacté of generating capacity additions. These studies are. based on
the use of”dgcision frees-in-which the_probabiiities and customer inter-
—.ruption cost coefficients aré'assigned:by7the ytilities. ' System reli-
' fab11ity'1s not computed ana1ytica]ly_But obtained'from simﬂiatiohs.l'The
brobabi1ities and costs of EOP afercalcu1ate&., Becaﬁse‘oﬁly energj-not-'
supplied fis calcu!ated,‘the-variatiOﬁ in interruption cost due to fre-
quency, duration, or magnitude of interruptions must‘be‘aCCOUnted-for by
fncorporatingrinterruptibn cﬁaracteristics into thg*system wide~average-
.interruption cost coefficient (64). The,program*was,usgd;torstudy the .
generation éxpansion“plans for a number -of major USA utility SerQiCe
afea;. “The studies found that a méjor factor affecting the sensitivity
-of the optimum reserve to the ihﬁerruption tqst estimates wés the rela- .
' tiﬁé.néed»fof the\uii]itjes to-rep]ace'obsd}ete equipment.. |
| Presently there abpear{fo.bé at least three major approaches avail-

able which utilities can utilize when investigating generation]eXpanSion :

plans and performing cost/benefit studies of réiiabiljty.‘ They are: - -

Sanghvi's-LOLP and linear programmingloptimizatibn program, the Decision
- Focus Over/Under simulation program, and Poore's Frequency and Duration

and EOP approach. A fourth approach which could be used but does not:



_ 40
appear to have been used for that purpose (57) is the Optimal Generation
Planning Program by General Eleﬁtric.(sﬁ). This approach is not dis-
cussed here because it does not ihﬁerently include the calculation of
1nterruptioﬁ>costs. | A

Sanghvis' approach aftempts to perform an overall general optimiza-
tion of the generation system expansion and considers many factors such
as capita].' operating, and‘ interruption costs and uncertainty of
resource availability. While thé pragram has the distinct advantage of
being computationally efficienﬁ, it is of limited dependability Secause
of its use of $/KWHR interruption cost coefficients and use of LOLP as a
reliability measure, His approach does not explicitly consider the
effects of EOP whilg the other two approaches do.

The Decision Focus Over/Under approach uses a somewhat more abso-
lute prediction of re]iability (based on simulations) and also considers
the'effects of uncertainties. It does not perform an optimization with
respect to resource mix and does not adequately incorporate the effects
 of 1ﬁterruption characteristics such as frequency and duration,

-Poore’s approach uses as it's basis a more appropriate and more
absolute predictor of reliability (F & D) than the other two‘approaches
and incorporates fairly adequately the factors which effect interruption
cost_(ﬁuch as interrupﬁion duration or on'peak/off peak times). This
approach is not preseﬁtly available és part of a convenient package
which can be used by utilities to perfonm.aﬁ optimization study which
calculates capital and operating cdéts in addition to {interruption
costs. Neither does it consider uncertainties such as of resource avail-

ability. - This approach can readily utiiize a utility's present F & D



41
reliabilty assessment pdckagefand provide good estimators of interrup-

tion costs as a function of reserve margin.

3.3 _Composite System Reliability Worth
- Calculating interruption cost by combinfngcohpoSite.system-in¢1Cés-
‘withrinterruption=609t data-sufferS'from-muéh fhe'séme'problems‘és'in'
'the generation?case:except that the reliability estimates can be more
absolute because the transmission limitations are also included. Inter-
ruption;cest'éstimates ai composite system individua1.1qad-points‘are
- more reasonable. The indices are more‘c1ose1y'rejated:to the actual
physical phenomena experienced:-by the users. By focussing on individual
'Ioad boints instead of fhezentire-system, the composition of ¢u$£omers.
which.are shed during an interruptﬁon‘is*more well_defined;f Usua11y
composité.Systémwload points- are comprised of nmny'feeden lines, each .
with:itSiown{sét of customérs;' Thus. same uncertainty st111‘§Xists as'to
‘what types of customers would be interrupted during 10ad shedding.
Eitherﬂgloba] $/KWHR -or user-duration specificvcost'factérs can be |
~‘combineq'with the indices. Use of the global factors ignores much of
the phyéicalrsftuafion.such as‘interruptionﬁduration and customer mix, -
' while'apblying‘USer-dﬁEétiOn Spécific data requiresfinformatiOn ﬁhat may
”'hot”beﬂévailable*(e.g;sldad-sheddin@*cuStOmer-mix).ﬂ‘Anyfattempt*toﬁ-‘
estimate*co§ts:however, sti1l results in relative. meéasures bécéuse the
composite adeqﬁacy indices are relative indicators not abso]ute'measures
. of adequacy. .Compdsite,system security must be considered in conjﬁnc- ‘
tion with adequacy to predict the actua) reliability of a system. -

. Presently however, composite system adequacy assessment is an dimmature



techhology while security assessment 1s even less-develdped.

- No publications or references could be found which 1nd1caté that
there has been a'significant study of the cost/benefit aspects of reli-
abiiity at the composite system-leveT. Shipley's paper (5)‘whi;h was
| discussed in Section 3.2, did deal with the reliability bf the. combined
generation, trahsmission,rand-distribution_systems but did not make use
of‘predicted'composfté-re1iab111ty'measures. pntario quro's SEPR study
(10) did .incdrponate tranﬁmission reliability as well as generation
‘ re]iability  1n. the 1nterruption costing, but did not consider the
effects of varying transmission reliability as well as generation reli-
ability.

It has been suggested that Poore's approach (22) to estimate inter-
ruptioh cost using F & D rel{ability indices could be applied to the
composite system, A majdr problem is that this approach,requires margin
state probabilities to'determine EOP occurrences., Composite reliability
techniques based on simuiaﬁion of the contingency states, load flows,
and al1e;iat10n of line overioads by load shedding do not readily yield
the required margin state probabilities.

In order to gain some practical fnsight into the estimation of
interrubtion costs ﬁt the composite system level, it was decided that it
would be useful to ufiiize in an example costing application the compo-
site reliability program “COMREL“ which was developed at the Univefsity
of Saskatchewan (52). Because the reliability progrém is discussed
briefly in Section 3.1; and fn &et511 elsewhere, only the interruption
costing aspects will be discussed here.

Similar to the generation reliabiiity case, there are three basic
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aspects in. the detéfmination of composite re}iabiliﬁijorth; The first,
the set of-re]iability-indices, Qasiobtained-fdr the 30 bus, 56 11ne
mode1'of,the‘SPC‘System~wh1Ch was utilized 1n'Medi;heb1a's deveidpmént
wqu-(52). .Because. the re]jébility'proéram calcuTaﬁes}indices for‘onjy.x
ohe 1oad 1evel; eightiruns were made-‘one eéch~for“100%{'9§%; 90%, 80%,
' 70%, 60%, 50% ‘and 40% of the peak- toad. The totéT cost to run the pro-

gram-on- an IBM 360 and to obtain full printouts for the f1rst and second. -

order independent ‘outages was approximately $1,000. - The —resu]ting
interrupiion ffeduency,'duration,.andrﬂw-]oad curtailmént‘éveragé values
" for each load bus and each load 1eve1~§ereuinputted into :a costing bro-
. ‘gram.'-ProbabilifiESafor each load level were calculated fromrthe‘SPC-'
hour]y*load;duration-curveraﬁd,input (;0008;_;00&;_0374,f;1084, .20%5,
73140,-.1973, ﬁnd ,1326-respecfively Qith'the‘firSt vaTUe*beiﬁQ'far'the
peak vafue) ~For each- Toad 1evé1 1oad bus, and user. type the interrup-
tion. cost was calculated for the expected MW Toad curtailed and inter-
ruption duratiOn-and then-multiplied by the expected yearly interruption
',frequenéy.‘~The expected interrupfionffrequehcy;\duration;‘ioad'curtail-
ment, energy not supplied, and interruption cost .were aggregated using
the 16ad level“probabilities_tdufOrm yearly éveragési‘. |

The second - basic éspect is-interruptibn cost‘data.g Bétﬁuse data
specific-'to' Saskatchewan -was not then available, Ontario. Hydro and
Swedish'$/KN-dataﬂwas.used'for'the smal} industrial;“commercia1, insti-
tutional, residential, and eight large user sectors,l

The third basic aspect is the methodology for combining the first
two aspects: reliability indices and cost coefficients, The first and

probably mostfdifficu1t step is to form a model of’the-load types at
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each bus. Discﬁs§1onsrwith.SPc indicated that SPC and a number'of-othér_
utilities do not collect and collate sufficient data to,detérmine‘adeq'
QUately the,]oad composition at each bus. A further dffficu]ty:is that

'some uti]itié§ including SRG;do nqtfcafgéorizé custoﬁers,by*the.St&ndard-
Industrial ,61assificatiﬁnr;system (SIC) but'rby ‘tess specific, 'uti}ify _
unique defihitions, ~This pfoved awkwar&>becau§e.mdst.interruption-¢o$t'_
studies and other data bases utilize the SIC scheme. What waé avaiiable.-
‘was the load data and. bus Iocatlons for twenty-s1x large users and the
,est1mated System peak: loadsifor'each,general customer category. ‘Th1s
 data:was supplementéd-by“informafion”such as ‘Statistics Canada data on
'regional'distributions:of‘tensus*pOpulations,.retail establishﬁent pay-
rolls, va]ue:addedbof'manufacturing production, and totai eﬁergy‘use;-

The year]y peak load for each user type at each load bus was ‘esti-
 mated using -the above information and much judgement, The twos1argest
: areas‘of unCertainty'were the estimated ;division-of loadgbetweehrﬁhe
residential and farm sectdrs af’individua]lbﬁses and‘the'amouht;of com-
mercial load in the larger centres.

- To assess interruption costs fprJancéntire yeaf,nthe'variation of
loads with time of year is-required, Except for the large users, vir-
'!-tué11y:nordata'for fhe'Saskatchewanrkpads was dvai15ble.5<A1though there
was some 1nformation'fbr'Several°user typeS'in'Ohtario and Alberta, it
. was decided to assume that .all- the user. loads varied in proportion to

the total system load. | |
To assess interruption costs when‘on1y part‘ofrthe-load at a buslis ‘
'shed, it is necessary to know which feeders are to be shed and the load

tybes-on.these feeders., While the underfrequency load.sheddihg schedule
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- was available, the feeder user breakdown was not. The selection of load
type shed can drast1cal]y affect the resu\t1ng costs and could poss1b1yo
be used to minimize the interrupt1on cost. Due to‘the-Iack of data, it
Was: assumed that a proportionate part of each.user load type on each bus:
would be shed: ;The-resu]ttng.modeI,of‘user toad makeup and load shed- |
ding was crudebutsufficient1y?rea]isfic-for an eiamo]e=study.r.
Table 3.4 contains the input va]ues of the interfuptioo frequen- -
cies. Similar tables for tﬁe interruption durations (which ranged from
5.68 hours to 13.05 hours) and bus load curtailmentg{& MW to 126 MW) are- '
not-prEsented;ogTable'3.5 contains therenergy?notésupplied-for each load
1evei.and bus‘caIculated“from'the:input frequenoies,;duratfons, and MM |
curtoi1ments..~while.tho values generally vdny'as one‘koqid'expect;'a.
few:anoma11es exist (eg. a_1arger'eoergy-notésupp1ied‘value foh.the 50%
load: level than the 60%. load level). | This'is dueAto approximotion

errors -which occur when the AC load flow results 1n‘divérgont solutions.

Table 3.6 pfesents the intebnuptionchsts calculated for each user =

type and load bus. One obvious and yet interesting result is that due
to variation in costrcoeffioients with user typé, oertain.uéer‘types"
" incurred disporportionate amouots“of the-tota) ihterruption7cost,'eg.,
“The steel ‘sector costs chprise'11.3% of the total costs but the steel .
sectorfportion of ‘the total expected energy-notesupplied‘iS-on1y‘1{53%.
The interruption-cost'resultS'obtainedfinrthis-study are not repre-
sentative of lthe: actual- costs .to the ,SPC 'system -because  of the
‘inadequacy of the reliability model, interruption cost data, bus load
-data,rloadrvériation data, assumed 1oodishedding-mod21; uoe of "average

index values -as 7opposed ‘to the distribution. of -values, and other
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factors. 7
More advanced composite reliability techniques are required before

realistic cost estimates can be obtained. .-
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4 DISTRIBUTION SYSTEM RELIABILITY WORTH

”&9/ Evalﬁation of reliability worth results in more realistic and
mea ful eﬁtimates for distribution sjstems than for generation or
cdmposite_systéms. This is.because the distfibut1on system is the-part
of the power system which is the "closest" fo the users and because dis-
tribution reliability Tndi;es‘ provide o _faif]y absolute measure of
reliability.’ o |

The evaluation of distribution system reliability is ~considered

first, followed by the application of reliability worth.

4.1 Distribution_System Reliability Indices |
The distribution system is the part of the power System which con-
nects individual users' services to the generation and bulk transmission
systems. Subtransmission ciréuits, distribution substations, primary
feeders, distriﬁution transformers, secondary circuits, and dser con~
nections all form different parts of the distribution system (66).
Because tﬁis section is only intended to provide an introduction to dis-
tribution system reliability and a framework for the remaining dis-
cussion, distribution systems will be simply dealt with as if they con-
| sisted only of feeders, Other publications provide a more general and
detailed presentation on distribution‘reliabi1ity (eg. 66, 67), This
presentation will still provide a suitable background for the discussion
on interruption costing because the reliability principles and 1ndic§s
for the simple feedér system and the more complete distribution‘syétem

with substations and transformers are similar.
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Reljability assessment in d1str1bution systems is concerned with
system performance at the customer end, ie. at the load points. 'The-
basic indices normally used to predict the reliability of a d1str1bution
.system.are:= Averagé Load Point.Fﬁf1ure Rate; Average Load Point~0utage~
Duration, -and Average Annual Load Point Outage T1me. The indices are.
ca1culated us1ng component: fallure rates and rEpair times together with
other system restoration- times; These indices are used tor-pregictr‘
‘future system performaﬁce( Utilities also cé1cu]ate-servi¢e performance

indices to- describe statiStiaa]iy'the past perfcémance of the system. .

The most common - performance indices - System Ayefage Interruption '

Duration 'Iﬁdex J{SAIDI),¢ System¢ Average Interruption'\Frequéncy Index .
(SAIFI), Customer Averagé-lnterruption-Uukation-Iﬁdex:(CAlUI), Customer
Average' Interruption Frequency"lndex:-(CAI?I), 'AVerage Service Avail-
ability IhdeX»(ASAI) and others (3) - can also be ca]cu1ated(direct1y
from—the three basic. pred1ct1ve 1nd1ces.-

' vAn example calculation of the reliability indices for a . radial dis-

e e o i
tribution system is presented for five sets ‘of operatjng assumptions:

base case, base case with back-feed,. back-feed: with conditional load

transfer capabj1ity;,base case-with-solidly connected laterals, and base

case'with~non»perfe¢t:]atekal~f&u1t;clearing. The more commoh_system o

performance indices are also calculated, fhese' calculations - are

.included:to show that-tﬁe performance‘statistfcs.CQllected by CEA {such -
as SAIFI, SAIDI and CAIDI).can be eaSiiyﬁrelated tonthe‘standard relf—:
ability evaluation indicés. The following chapter presents and compares
the résuits‘of Monte,cérlo‘simu1atiqn studies for the same‘Sysiem;fwhich

~ is shown in Figure 4.1..
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: © load
' ‘L 2 miles Point
Feeder -

_reaker~

2 miles \ |3 miles \\ 1 mile.

AN 3 miles Point ._lﬂ.iie_l’oint
A ¢

Figure 4.1 Manually Sectionalized Primary Main -

In this base case configuration, all switches are normally cTosed'and_
the customer load points A, B, c.are supplied from the primary main by
fused laterals, The feeder breaker and the substation supply bus are
assumed to be fully relfable. The individual component‘data obtained

from fhe history of similar components under similar conditions are as

follows,
Primary main 0.10 failure/circuit mile/year
3.0 hrs, av;rage repafr time
Primary lateral '0.25.fa11ures/c1rcuit mile/year

1.0 hrs, average repair time
Manual sectionalizing time for any switching actfon = 0,5 hrs.
The simplest approach is to perform a failure modes and effect

analysis in a table form and utilize the basic equations:

Ag = IA4 failures/yr, T {4.1)
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rg = gﬁ ri hours/failure . | (4.2)
Us = Ag . rg hours/year | (4.3)

This procedure is shown in Table 4.1,

Table 4.1 Case 1 (Base Case) Calculations

.Load Point A Load Pdint ] Load Point C
Component - A r ar A r Al A r Al

f/yr- hrs hrs/yr f/yr fhrs hrs/yr f/yr hrs. hrs/yr

Primary Main

2 m section 0,2 3.0 0.6 0.2 3.0 0.6 0.2 3.0 0.6

3 m section 0.3 0.5 0.15 0.3 3.0 0.9 0.3 3.0 0.9

1 m section 0.1 0.5 0.05 0.1 0.5 0.05 0.1 3.0 0.3
Primary Lateral -

3m section 0.75 1.0 0.75 - e -

2m section -— 0.5 1.0 0.5 -

1m section - - 0.26 1.0 0.2%

Summarizing the results,

Table 4.2 Case 1 Indices

A B | C
A -~ failures/year 1.35 1,1 0.85
r - hours/failure 1.15 1.86 2.41
U -~ hours/year 1.55 2.05 2.05

It can be seen that load point C, despite being at the extremity of
the primary main, has the lowest failure rate due to its relatively
short primary lateral. It has the longest aQerage restoration time,
howeéver, due to the fact that all restoration is by repair rather than
by isolation of the faulted section and restoration bj switching

action. In the case of load point A, any failures 6n the primary main
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other than on the initial 2 mile section involve restoratioﬁ by switch-

ing rather than by repair. There are many configurations particularly

in rural locations which have a topology similar to that shown

in Figure

4.1. The résulfs shown in Table 4.2 can be used to obtain the standard

performance indices. Assume that there are 250, 100 and 50 customers

respectively at load points A, B and C, giving a total of 400
in the system, .
Annual Customer Interruptions =
(250)(1.35) + (100)(1.1) + (50)(0.85) = 490
System Average Interruption Frequency Index = SAIFI

= total number of customer jnterruptions
total number of customers served

“ SAIFI = 490 = 1.23
400

Customer Intérhhption Duration =
(250)(1.55) + (100)(2.08) + (50)(2.05) = 695
System Average Interruption Duration Index = SAIDI

= sum of customer interruption durations
total number of customers served

SAIDI = 695 = 1,74
300

Customer Average Interruption Duration Index = CAIDI

= sum of cuStomer interruption durations
total number of customer interruptions

CAIDI = 695 = 1.42
490

Average Service Availability Index = ASAI

= customer hours of available service
customer hours demanded

ASAI = gano%§e7soé - 695 = 0.999802

customers

(4-3)

(4-5)

(4-6)

- (4-7)
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These éalculated values cdn be compared with measured values or, if
avaﬂab]e,'with standard 1ndi_ces for the system to determine if the con~
figuration shown in Figure 4.1 meets the system-bequirement.
It may also be possible to.restore service to this system by back
feeding from another adjacent circuit. This configuration is shown in
Figure 4.2,

ALTERNATE
SUPPLY

‘1.2 miles B

Feeder N.O
Breaker i

' 2 miles 1 mile \
‘__L 3 miles. A ' 1 nile

Figure 4.2 Manually Sectionalized Primary Main with Alternate Supply

Table 4.3 shows the effect of this alternate supply on the cal-
culated reliability indices using an average switching time of 1 hour
for the alternate supply.

Table 4.3 Case 2 Calculations

' Load Point A Load Point B Load Point €
Component A r AT A r Ar A r AT

f/yr _hrs hrs/yr f/yr hrs hrs/yr f/yr hrs hrs/yr

Primary Main
2 m section 0.2 3.0 0.6 0.2 1.
3 msection 0.3 0,5 0.15 0.3 3.
1 m section 0.1 0.5 0,056 0.1 0
Primary Lateral
3m section 0.75 1.0 0.75 -- .-

0.2 0.2 1.0 0.2
1.0 0.3
0.05 0.1 3.0 0.3

noo
(==
.
LF=]
(=]
.
w

2m section 0.5 1.0 0.5 -
1m section == 0.25 1.0  0.25
1.35 1.15 1.55 1.1 1.5 T.65 0.85 1.24 T1.05
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Summarizing the results.

Table 4,4 Case 2 Indices.

A B C
A« failures/year 1.35 1.1 0.85
r - - hours/failure 1.15 1.5 1.24
U - "hours/year 1.55 1.65 . 1.05

Overall configuration indices

SAIFI = 1,23
SAIDI = 1.51
CAIDI = 1.23
ASAI = 0,999827

It can be seen that the load point failure rates are not affected
by the ability to'backfeed from an alternate configuration. This will
apply in all cases fn which the restoration of service is done‘manua1~
ly. If automatic switching is used and the customer outagé time is con-
sidered to be so short that the event is not classed as a failure then
the overall failure rate will be reduced to a value closely related to
the primary }ateral value, This assumes that the automatic¢ sectionaliz-
ing and service restoration has a high probability of successful opera-
tion, The ability to backfeed has a pronounced effect on the length of
the interruption part1cu1arly for those customers at the extremities of
the primary main. This effect could be reduced considerably if the
ability to backfeed is conditionally dependent upon the loading condi-
tion in the alternate supply. The restoration times in Table 4.3 for
load points B and € can be modified to reflect the probability of being
able io supply these loads from the alternate supply. This is shown in

Table 4.5 using a transfer probability of 0.5.
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Table 4.5 Caﬁe 3 Calculatiohs :

\ " Load Point A Load Point B Load Point C
Component Ay Ar A r Ar A r AP

f/yr_hrs hrs/yr f/yr hrs hrs/yr f/yr hrs_hrs/yr

Primary Main . '
2 m section 0.2 3.0 0.6 0.2 2.6 0.4 0.2 2,0 0.4
-3 m section 0.3 ¢.5 0,15 0.3 3.0 0.9 0.3 2.0 0.6
1 m section 0.1 0.5 o0.05 0.1 0,5 0,05 0.1 3.0 0.3
Primary Lateral - ' » o
3m section 0.7 1.0 0.7%5 = -- ' -
2m section - - 0.5 1.0 0.5 -
1lm section -- : - - 0.25 1.0 0.25%
1.35 , 1.82

Summarizing the'results,

Table,4.6 Case 3 Indices

A B C
A - failures/year 1,35 1.1 © 0.85
r - hours/failure 1.15 1.68 1.82
U

- hours/year 1.55 1.85 1,55

Overall configuration indices

SAIFI = 1,23
SAIDI. = 1.63
CAIDI = 1.33
ASAI = 0,999814

The;avefage outage time at load points B8 and C is now somewhere
between the values given in Tables 4,2 and 4.4, In Tab]e 4,2, the
system loads are non-transfefable, in Table 4.4 they are transferable,
while Table 4.6 depicts a conditionally transferable situation. The
transfer capability tends to diminish with time as the load increases,
if circuit modifications are not made to redistribute the customer

requirements,
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It can be seen from the cases studied that the load point failure
rates are dependent upon the components exposed Ato. failure and the
degree of automatic isolation of a failed component in the network.
- This effect can be easily seen in the network of Figure 4,1, If each
lateral is solid]j connected to the primary main, all load peints will
have the same failure rate, as any fault will result in the feeder

breaker tripping. The analysis in this-caseris shown in Table 4.7,

Tab1e 4,7 Case 4 Calculations

Load Point A Load Point B Load Point C
Component A r Ar A r Ar A r Ar

f/yr hrs hres/yr f/yr hrs hrs/yr f/yr hrs hrs/yr

Primary Main

2 m section 0.2 3.0 0.6 0.2 3.0 0.6 0.2 3.0 0.6

3 msection ~ 0.3 0.5 0.15 0.3 3.0 0.9 0.3 3.0 0.9

1 m section 0.1 0.5 0.05 0.1 0.5 0.05 0.1 3.0 0.3
Primary Lateral

3m section 0.7 1.0 0.7 0.7% 1.0 0.7 0,75 1.0 0.75

2m section 0.5 0.5 0,25 0,5 1.0 0.5 0.5 1.0 0.5

1m section 0.2% 0.5 0.12% 0.25 0.5 0.125 0.25 1,0 0.25

Summarizing the results,

Table 4.8 HCase 4 Indices

A B C
A = failures/year 2.10 2.10 2.1O
r - hours/failure 0.92 1.39 1.57
U -« hours/year 1.93 2.93 3.30

Overall configuration indices

SAIFI = 2,10
SAIDI = 2,35
CAIDI = 1.12
ASAI = 0,999732
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The results shown'iﬁ Table 4.8 illustrate the-effeét on the load
point failure rates of increasing the exposure to failure of the ovefal{
configuration, The results shown in Table 4.2 illustrate the effect of
perfect 1soiat10n arising from a failure on a pkimaty ]atéra]. - The
probability assbciated with successful isolation of a primary lateraI"
fault will dgpend upon the design of the protection co-ordination scheme
and on thé.operatjon'and mafntenance of the scheme, Table 4.9 shows the
calculattons for the case in which the probability of successful isola-
tion of a primary lateral fault is 0.9, |

Table 4,9 Case 5 Calculations

Load Point C
AP

, Load Point A Load Point B
Component A r AT A r Ar A r

flyr hrs hrs/yr f/yr hrs hhs/yr f/yr hrs hrs/yr

Primary Main

2 m section 0.2 3.0 0.6 0.2 3.0 0.6 0.2 3.0 0.6
3 m section 0,3. 0.5 0.15 0.3 3.0 0.9 0.3. 3.0 0.9
1 m section 0.1 0.5 0.05 0.1 0.5 0.05 0.1 3.0 0.3
Primary Lateral :
3m section 0.75 1.0 0.75 0.075 0.5 0.0375 0.075 0.5 0.0375
2m section 0.05 0.,5- 0,025 0.5 1,0 0.5 0.05 0.5 0.025
1m section 0.025 0.5 0.0125 0.025 0.5 0.0125 0.25 1.0 0.25
: 1.125'1.113;1.3575 1.20 1.75 2.10 0.97% 2.17 Z2,1125
Summarizing the results.
Table 4,10 Case 5 Indices
A_ B _c
A failures/year 1.425 1.20 0.975
r - hours/failure 1.114 1.7 2.17
U hours/year 1.5875 2.10

Overall configuration indices

SAIFI
SAIDI
CAIDI
ASAT

1.31
1.78
1,36
0.999797

2.1125
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The results for each of the five cases considered are shown 1in

Table 4.11.

~ Table 4.11 Summary

CASE
1 2 3 .4 5
Load Point A -
AT/yr 1.35 1.35 1.35 2.10 1.425
r hrs 1.15 1.15 1.15 0.92 1.114.
U hrs/yr 1.5% 1.55 1.55 1.93 1.5875
Load Point B
Af/yr 1.10 1.1 1.1 2.10 1.20
r hrs 1.86 1.5 1.68 - 1.39 1.75
U hrs/yr 2.05 1.65 1.85 2.93 2.10
Load Point C
Af/yr 0.85 0.85 0.85 2.10 0.975
~rhrs 2.41 1.24 1.82 1.57 2.17
U hrs/yr 2.05 1.05 1.55 - 3.30 2.1125
System Indices - | '
SATF1 1.23 - 1.23 1.23 2.10 1.31
SAIDI 1.74 1.51 1,63 2.35 1.78
CAIDI - 1.42 1.23 . 1.33 - 1.12 - 1.36
ASAI 0.999802 0.999827 0.999814 0.999732 0.999797
Case Condition
1 Base case shown in Figure 4.1
2 System shown in Figure 4.2 alternate supply average swit-
ching time of 1 hr,
3 _As in Case 2, conditional load transfer probability of
0.5. ‘ ‘ ‘
4 As in Case 1, solidly connected laterals,
5

As in Case 1, probability of successful lateral fault
clearing = 0.9. '
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: \/ﬁié Appiiéation of Reliability Horth. |
=-Asse$§ment'of the worth 6f‘reliabi]ity'is most'feasibfe when con-
'sidering-thé‘distribution'sysfem. 'This_is_partfcﬂlari]y-true of the
~ predictive re11&b111tynfndj¢es. ‘Ihis is . less truye of the historical
_.perfohmanté'indjéeﬁ-because:of theicaaggregatedvand g]dbalnét#re'which
lténds tormake them similar to composite systemﬂrelfaﬁi1ity'indices,whén '
considering re11ab111ty worth.= However, if suffic{ent infOrmation'cdn- .
cern1ng the number and types of users 1nterrupted and the times of

interruption occurences is col]ected the performance 1nd1ces can be

R -~ I

used with 1nterrupt1on cost data to provide the most abso1ute measure of -

o ——

refiability worth of any of - the ‘indices. - Becauser of the.cost of

e T e

'collecting‘anducollating,such detailed data.itiis.anike1y such measures.
" Wil be obtained.  Henceforth, when discussing distribution system
reliability worth, this:_thesis- wilt 5e referring. to worth’ meaéures
" obtained from-predictive indices.. | o
A theotetical basis. for; ca]culatiﬁg' the user interruption cost
measure from the - load .point: indicés “is ~ extremely simp]e_-and,
straightforward. The average yearly system interrqption cost C can be
given_by‘thé'following_equation: “

C = ci{ry) di5 5 - ‘
g . (4-8)

(2]
-t
——
-y
[ SN
S’
i

= interruption cost-in-$/kw for duration rj

and user type

1nterrupt1on-durat1on in hours for load point "j* -

-
—de
L
il

‘demand in kW for user type "i" and load point "j"

Cts
1}

. number of failures per year
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Assuhptionsl-contained' in this formulation 'Ahd difficulties in
applying the formila are dfscu#Sed in Section 4.3. " This formula and
variations of it have been used in m&ny' publicatiohs'fconcebning ‘the
derivation‘andrapplication-of-distribﬁt1on system-re¥iabilitj worth-' A_ 
-CEA report conta1ns a bibliography. list1ng such - papers (18 20) Some~‘
publications use a form which contains no exp11c1t representat1on of

duration but 1nstead contain-both kW and kWHR interrupted terms (eg. 63,

13). This form,rwhich is based on the type of data cbi]eCted,from the -

- IEEE . surveys (16;-l7), is- somewhat dependent‘0n duration-due-to'the kKWHR -
‘term but. does not reflect costs which vary nonlinearly wfth;duration.
Other forms?usE'a‘COSt term related. to duration §Quared'(69);or‘to only
kNHR not supplied;(eg. 79). Such types of. forms7§ie1dré 1éss faithful
' measure of 1nterrupt1on cost than that of Eq.‘4}8 which is explicitly
dependent on - duration {see Section 5.6). Because -of -its greatest
applicabillty the basic form of-Eq; 4.8zis‘u$ed'in maﬁy"studies-(eg.-72;.
71, 10) and ‘is the one used in this thesis.

Assessment of the worth of reliability is more feasible for the
distribution system than for generation and.compcsite-systems;because.of
the following factors: | |

1) ‘The form of‘fhe ?oad point indicéS‘is;strohg]y ré]dtéab1e to the
| aciua]‘usér experience. ' The dUration‘and‘occurreﬁCeﬂfrequency
physita1ly‘describé the interruption as seen by the user at the
- load point, unlike concepts such as LOLP or LOLE,
2} Secdrity andropérgting-considerations are much less important..
.'The indices provfde an almost absolute measurement of customer

end reliability as opposed to a relative indicator which is what



3)

"

- 5)

| | 63
the generation and'composite indices providé- The cost esti-
mates can thus beﬁome closer to being an absolute ﬁeasure as
well (5). |
Indirect .éffects are less 1tkely to occur and macroeconomic
techniques probably &re not needed becduse of the nature of dis-
tribution interruptions which are localized, random, and small
scale as Opposed‘to generation type interruptions which are of a
larger scale (48). |
At distribution load points, the user tyﬁes are not as aggre-
gated as at composite system load points or as for the entire
power system. Thus the makeup of customers interrupted during
distribution failufes 1s well defined although the information
is not presently collected. 0btainih§ estimates for the break-
down of load and customer type‘is therefore feasible for each
load point. |
User dﬁratibn specific data can be readily applied. Global

1nterruption'cost data need not be used., Indeed global data is

~ unsuitable because of the great variation in customer mix from

6)

7)

load point to load point. |

Because of the specificity of the measures, the supply adeqdacy
and interruption cost for individual important or sensitive
users-can be estimafed. Local system or user facility improve-
ments cou]d be decided upon and rate-reliability contractual
ob]igatjons.undertakén on the basis of this information,

Becayse of the smaller scale of the syétem, it is computational-

1y easfer to perform the analyses and include various factors,
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4,3 Considerations and Problems in Applyin
-;9§elia51I1ty Worth to Distribution Systems
This section

discusses specific considerations and problems
encountered when applying reliability worth.- The discussion is épecific
to distfibution systems but 1s also pgrtinent for generation and compo-
sftg systems, The main fdctors can be categorized as beingArelated to
formula assumptions and variations, the relfability indices, the inter-

ruption cost data, and the process of applying the worth data,

'4,3.1 Formula Assumptions and Variations

1) In Eg. 4-8 all the terms are average values although eaéh charac-
teristic in actuality consists of a range of values, This formula-
tion is consistent with conventional reliability analyses which are
concerned only ﬁjth the expected or average value of the particular
measure of reliability. If a cost.fﬁnct1on is approximately linear
in the region of interest, this approach can‘result in total or
average interruption cost estimates which are reasonable although
no distributional information concerning the reliability and costs
is obtained, If the cost function is nonlinear however, a signifi-
‘cant error mayilresﬁlt. The following simple calculation

exemplifies this.

Consider a load point with only 1 customer and with an interruption
history for a year of 2 one hour and 1 four hour 1nterruptions; As
tabulated in Table 4.12, assume three different cost functions, When
comparing the total interruption cost calculated using the average dura-

tion and the entire duration distribution, it can be seen that for the
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linear cost functions the computed costs agree but for the nonlinear

éost function there is considerable error,

Table 4,12 Example Effect of Nonlinear Cost Function

COST FUNCTION

A B C
$/ kW $/ kW $ / kW

1 Hr. Cost 1 1 1
2 Hr, Cost 1 2 2
4 Hr, Cost 1 4 20
Tota) Cost Using 3 6 6
Average Duration
Total Cost Using 3 6 22
Duration Distribution

Probability distributions associated with distribution system
indices and interruption costing are considered in detail in the next
chapter, It is shown that in éertain situations the error involved ‘in
using average indices is indeed considerable but thét in many sifuations
only a moderate amount of error results from ignoring the distributional

variation of the interruption duration.

'2) The form of Equation 4.8 1implicitly assumes that the cost per
interruption is independent of the interruption frequency. | The
reésonability- of this assumption is confirmed by studies which
indicate that coét per 1nterruption-is frequency independent within
the range of frequenciés normally considered (18, 39). Should the
interruption frequency be.abnormally high (eg. more than once a

month), the costing equation would need to be modified.
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3) ,.Virtually ~all. the factdrs invdlved in' the interruption cost
scenarios vany with the time of occurrence. The Cost-of'an inter-
ruption varies with the time but so does the electr1ca1 1oad An -
assumpt1on that is made is that 1nterruption cost is re]ated to the
load and that. using kW demand {or kWHR) as a divisor tends to
normalize -the costs. Often in calculations- the usef costs - at
system‘ peak- times are divided. Qy‘-their\ ind{vidual yearly péak
demands. -These costs are then input into analyses with no modifi-
cation for time of interruption. . Usually the customer demands are
- assumed to be the. system cépécity'or the peak;démands.' The result-
~ing cost estimates afe quatified as- being reiati§e  measures - or

overstated (eg. 71, 10, 73).

Khatib atfempts to at least bartia11y Eesolve this problem by
assignfng‘a sc&]ing‘factor'to=the\interruption-cdsts wh1chﬁis'propor-,;
V‘tioha1 to the system demand "as it varies with time of day;(62}, Non-
essential loads are excluded as having neg]igib]e'§effecﬁr on - consumer
welfare., This approach however is not substéntjated by any-evidence or
data and is rather arbitrary, | |

-Hhile most cost 5tudies provide little data_on cdst.variation with
fime; the CEA'surveys:prOVide a-qyantitative measure o0f the variation of .

interruption cost as a function of time of day, day of week and month of

© the year (18). However, the measures are not strictly independent of

each other anq;cannot éimp]y be supenimpdsed As well the variation was .
not correlated with variation of demand. An alternative. ‘approach is to

' develop cost coefficients for on peak/off peak and seasonal scenarios as



67
was done.in a DOE study (74). Quantitative measures such as these could
be used to derive scaling factors or functions to be used‘in conjunction
with Eq. 4.8. Additional information that would be required to do this
is the variation of interruption frequency (and possibly durations with
time of occurrence. :

If sufficient data were available all three considerations could,
with on]y. some difficulty, be incorporated into the costing process
associated with Eq. 4.8. A simpler and more realistic approach would be
to include them in a simulation proceSs instead of a strictly analytical
one, However the computational effort and cost could be considerap]e

for either approach, especially the simulation approach.

4,3.2 Considerations Related to Reliability Indices

1)  Although distribution indices are a more absolute measure ‘than
Qeneration or composite system indices, they are still not perfect
measures, One important deficienqy with the distribution indices
is that they do not adequately reflect thé effects of possible
catastrophic events~wh1ch cause interruptions.of very long dura-
tions. The interruption costs due to such events could be quite
high and would not be included in the cost estimate. The reli-
abf]ity indices and cost estimates are not absolute measures but
can provide a realistic and fairly faithful indication for distri-
bution systems, |

2) The definition of what constitutes an interruption which underlies
reliability analyses does ndt\nonma]ly include either very short

interruptions such as caused by OCR operations or distorted wave-
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forms such as overvoltage.spikes caused by switching or lightning.

' ﬁhi]e these factors should be taken intO‘account‘when,considéring
the quality of a. supply, it ¥s not feasible to include them

presently in analyses because‘of‘a lack of data andﬂmethOdolqu.

54.3,3--Consideratjons»ReJated to InteerptionQCost Data -

The poinﬁs made - in this section are mainly drawn‘from-the dis-

cussion of cost data in Chapter 2 and a CEA report (18) and in some -

'cases-are,enlargéd:or-elaborated‘upun.. Generally there are presently

- three overall problems: : .

1

2)

3)

i) The methodology Qndddefinitioné conberning-the?effe;ts~andfcostsf
of intErruptions is in need of further deve]opmeht,'- |
~1i) The methodology concerningvthe'co]lectioh_and,deterﬁfnation of -
cost-d&taimust be improved in conjunction with ihe ab0ve,<f |
iii)-Thefé is pre§éﬁtlyfla;‘lack, of comprehensiye, accurate ‘and
adequate data. - | | |
Some of the more specific probiems-uith the~dafa‘are:  _ |
MoSt_offtherdata”is based upon predictions of efféctS and costs
ratﬁerzthan‘actUal-effeéts”and-COSts. This is an-inevitable result
of théfsituation-1n’North‘Americé‘and‘Neﬁferanurope‘where the
reiiability levels tend to be high and user-éxﬁehienéeAwith.intere -
',ruptibhs;mfnimal.r |
Thére is:]ittle:data:aﬁailablé.for frequeﬁt or 1ong'duratTon‘in;er-
'ruptions. Often, availabie data must be-extrapoléted?from.
' Inferrupfion.'EOSts"are - probably: dependent.  on reliabi]fty Tevel.

Use of present data is limited to scenarios with reliability levels



4)

5)

6)

7)

similar to the presentrieve1; .
Interruption- cost varies greatly with not onlyfthe tyberof user but

also with users in the same category.: Before making .use of the

- reported mean values, the effects of these variations must,be con-.

éidered.--Utilitiésxare_recommended to survey their own customers
to obtain data, especially for.the larger or morélSen31tfve’users;' o
There-fs a further great'vanfationrof'interrqption cost.by time of
interruption occurrence, weather, economic activity, interruption
characteristics‘such‘as advan6e warning, and‘otheh"factdrs. Data

cannot be collected for every possible scenario.

- Presently available data usually assumes some form.of dependence.on

peak.'demand and/or enefgy- consumption. "Data‘-iﬁ normalized by
dividing by kW or kWHR. “Unfortunately there does not appear to be -

a large correlation between cost and user peak kW (or kWHR) (18).

- Because of the present lack of another more reasohab]e~normalizing

factor, such-an approach must be utilized. |
Future intebruption. costs ‘may be affected by -changes .in: factors
such as .the degree of conservation;:types of industrial processes;

use of standby -and uninterruptible power supplies; and. dependency

-on cdmputer;systems;g

A1l of these abové'factors are -aggravated by the fact that reli-

- ébility studies often involve time periods of the next 5, 10, 20, .

or even '30 years.  As ‘always 1in such  studies, ther‘uncertainty

becomes immense. -



1)

2)

\/,

4,3.4 Considerations Related to the Appljcation

when determiﬁing system or load point interrupt
task is the determination of the user load in
user category and the subsequent aggregation of useriéategory costs
to form an overall estimate of cost. To perform this task adequate-
1y'tﬁere is often insufficient data concerning both the load cate-
gorized by user type on specific feedgrs or buses and variation of"
that load. Some fofm of g!obaf user category déta is usually avail-
able‘and some assumptions must be made concerning the distribution

of the loads amongst the buses or feeders. Load variation data is

-only available usually on a global basis (if at all} and assump-

tions must be made for more local variations. A common but not
very realistic practice is to determine peak demands (often based

on utility equipment capacity) and neglect load variation (eg. 71).

As marketing load studies and SIC customer categorization become

more prevalent, this lack of data may become less problematical.
Although commercial éomputer packages to perform reliability plann-

ing studies incorporating interruption costs are becoming avail-

‘able, the derivation of sector interruption costs and aggregation

of sector costs often may not be included in the package because of
the variation in user categorization and data availabi]ity.from
utility to utility (eg.'63, 64).

In addition fo the long term changes mentioned in Section 4.3.3,
more fundamental changes related to load management, spot rates,
real time electrical marketiﬁg; and flexible reliability/rate con-

tracts can change the overall situation drastically. Studies such
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as discussed here may evolve into more direct and possibly even
real-time feedback from users which would be used as a basis for

system planning and operating.
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5 PROBABILITY DISTRIBUTIONS ASSOCIATED WITH
* DISTRIBUTION SYSTEM INDICES AND INTERRUPTION COSTING

Conveqtiona].reliabilfﬁy analyses”are-ﬁoncerned with the expectéd-
or average vélue“of the-harticu1ar me35uregof.reliabi11ty.v Little con-
sideration has been given in the past to the variation of that measure -
about itsrmeah. For example, when the-frequency.ofifailures at a_load“

point is predicted, only the average value of that quantity, the Load

" Point Failure.Rate,;is'typicaliy-caitulated; The probability-that ;he1 

load point will suffer a specified number of failures in-a year is not
norma11y_ca1cu15ted.~ Similarly, the expec¢ed‘vajue$~of-the duration
indices are determined but the probabilities~of“various‘durations_aref_‘
not calculated, The mean values are extremely useful and -are the pri-
méry ‘indices of-load_pointsadéQUaCy; There js, however, an increased
awareness of the need for information related to the variation of the
reliability measures around their means (72,‘75, 76, 77, 78, 79). This

information can prove useful in studies involving:

- 1) - the probability of the interruptions being longer than the Critibal

'Servite Loss Duration Time or some other time .of interest (16, 17,
- ). !This'1nformation~is-especia11y‘usefu1 in the design of*d1s~
tribution systems for industrial customers with critical processes

or commercial customers with very non-1inear costing functions.

2}  the :prdbability of a certain number of failures -occurring in a

~ particular - year (75, 76, 80, 81, 82) (perhaps to determine

annoyance factor)., -



73

3) 'the'comparison'qf performance indices of different years or differ-
ent systems to determine the probability of their having a differ-

| ent average. value. Such -a comparison would assist pianners, to
judge whether differences- in indices indicaﬁe real changes-inrperé
| formance‘.or“afé due to statistical variation. - (eg. ‘the'.SAIDI,-
SAIFI, and CAIQI offa'system:coulﬁabe compared . on a year~to-year
basis for.significant variation) (79). |

4} the validation of reliability models and the applicability of reli-.
lability data. (77, 80, 81, 82, 78). Outage data is -bftén
- insufficient and inadequate;' The index: probabi?ity distribut1ons.
can be-usefu1~1n,estimating the errors resu1t1nngrom~1naccurate
‘data.  Confidence intervals cou1d-be-computed. .This~typg:of study
1§‘even mdre-applicable'in générétion.réliabiiity*stﬁdies._' |

5} the determination of -customer costs of . 1nterrupt1ons us1ng non-

]inear -cost functions.

'6) the variation of customer interruption costs about their means,

Most reliab11ity‘cost-beﬂefit'studies calculate the cost of}intér-*
fuptions by computing thefcost due,to'an~jnterruption'of average dura-.
tion rather than averaging thewtosts,dUE-to‘thé entire set “of interrup-
tion dur@fidns;”jjn addition to .depending on the-cost-curve-shape and
other factors, thefaverage cost calculated for the sét df 1nterrﬁption
durations varies with the“shape of the ‘distribution which defines the
i duration‘brobabilities; Since infreality, inteerptfons have a range of
durattons rather than Just the average va]ue ‘the cost calculated u51ng'

nthe d1str1bution is a more rea11st1c one., ~ A major obgect1ve of. this
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thesis is to investigate these distributions and theierrqn'involved in
using only the average interruption durapion to calculate interruption

cost.

5.1 -ProbébilisficrSfmulation_of:DistributionuReliabi]ityTIndices‘ ‘

Probability distributions pro&idé'a practical vehic]é‘to describe
the variation of reliability measures about their means, The approacﬁ
taken in this study to determine. these distributions was'td-perforh-

probabilistic. {Monte -Carlo)} simulations of typical radial distribution

" systems. This section provides- some explanation of this approach and

" the - s1mu1at1on program that’ was developed. .

An alternative- approach is to analyse actual interruption data for
distribﬁtional'1nformationt'iuhiie 2 number of.such studies have been
publiéhed'(eg,:72;180,,81,'82, 79), most are sthdtes of outages of com-
ponents such as lines ﬁather3than:studies*of*]badfpoint-1ﬁ£erruptinns.

-Load point index distributions arewdependent-nOt only on'combinatians of
component - outages but also .on system conf1guratxons and restoration

activities. . Nlth the 1ncreas1ng emphaszs utilities are pTac1ng on data

coj]ection‘it is- possible that in the near future more stat1st1ca1rdata .

on load point interruptions will be available.- Not only can simulation
' stpdiéé provide useful ihformation'befdrefcomprehen51Ve-51Storical-data;
is avai1able‘butithey'can provide information that would not otherwise 
be possible to obtain. For example, simulations can provide informatiqn_
éoncarhihg the effects of very specific system configurations. - Further-
more, simulations can deal with predictive reliabiTity.jndices-ﬁét just

performance indices. These advantages become obvious when one makes use -
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of distributional s;udies of performance data such as one by Koval and
Erbland (79}. The paper provides quite useful information and an excel-
lent-presentation of the distributiona1'tendencies.j_Such an approach.
however is-not- a good means -to study the.effects of specific character-
istics 5uch as manual seciioh&]izing capabilities. Tﬁe reliabiiity of
spec1f1c designs for a line could not be ana1yzed by performance data
studies but could be . analyzed by predictive re]iab111ty 1nd1ces and‘
simulations, 7 |

In Monte Carlo simu1ation,”an'artifieia] history pf'the reliability
'-of e;systemris generated by the use of random number generators and the
probabj1ity distribﬁtions'which-are*assumed 1o describe the‘systeﬁ para- -
'meters.-iThe—eSseﬂce,qf‘the;prOCess_COnsists of:
1) a?random:humbef'generator‘choosing a number between-0 and 1
Z)f the time-to'failure offa:component is then gi#en by this number
“and the tqmu]ativejpfobabj]ity;distributioh"which‘is assumed to
deseribe therfeiiure pbocess .
3) e'randbm"number generator,chooseé;another hﬁmber between 0 and.
, | _ . :

- 4) the time to-repair of the'fafled‘eomponenf is then given by the
'new-number~and:the'cumulative probebili;yfdistribution assemed
to descr1be the repair process '

5)'_the system s now 1in 1ts non- faxled -state and the cycle can be
repeated o

The simulation becomes ﬁOre-complicafed by the presence. of more

than one element in the system, additionaj restofation:processes-such.as

sectionélizing, backfeeding, and fuse failure, and the use of different
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distributions in the same simulation., Because Monte Cario simulation is
a widely applied technique and described fully elsewhere (83, 84, 85), a
more detailed descriptidn will not be provided here,

A program was deVe1oped'at the University of Saskatchewan to simu-
late the performance of any N-section rédial distribution.system with
loads connected-to laterals or directly to the primany mains. Any com-
bination of exponential, normal, log-normal, and gamma distributions éan
be used to simulaﬁe the failure, repair, manual sectionalizing, alter-
_ nate supply and fuse times. Costs of éach interruption can be calcu-
lated from 1 minute, 20 minute, 1 hour, 4 hour and 8 hodr cost data,
The program outputs for each load point: the mean, staﬁdard deviation,
and distribution histogram of the annual interruption time, interruption
dufation,rannual intérfupﬁion frequency, and annual interruption cost.
For the entire system, it provides similar outputs for SAIFI, SAIDI,
CAIDI, cost per interryption, and annual interrupﬁ1on cost. Appendix A
contains a more comﬁlete program description and a flow chart,

Studies were performe& on the 6 section example system of Figure
4,2 and on a larger 18 section system, The studies included all of the
- five cases discussed in Section 4.1: |
1) Base Case -

2) Base Case with alternate supply available

3) Base Case with aiternate supply conditional loéd transfer pro-
bability of .5

4) Base Case with solidly connected laterals

5) Base Case with probability of successful lateral fault ciearing
= 0.9,
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The average values derived from the simulation . of the. exémp]e
systém for a period of 5000 years are compared in Tabiés 5.1 and.5.2
- with the values from a 1000 year simulation and.with_the.valueé-derived
~ from the analytical formulas. .In these simulations,-thé failure times
are assumed to_be'expOnentié]1y;di§tributédland the repair times are .
.assumed,tolbe 1ognormallyrdistnibuted;z- A_simulaﬁioﬁ study length_of-
1000'years and even 500 jears wanfbund?to‘give satisfactony‘résuTts:

although 5000 year studies wére used to provide slightly more accurate

results.
Table 5.1 _Load Point Index Values - Case 1 -
‘Load Points - . A~ B _¢C

- Failures Year o

analytical : 1 1.1 .85

- = 5000 year simulation - 1.3 1.1 - .86

- = 1000 year simulationm 1.40 1.1- - - .89
Hours/Fai]ure |

- analytical : .15 1.86 2.41

_ . 1.15 N
5000 year simulation : 1.17  .1.88 2.41
1000 year simulation. - : 1. . - 2.

" Hours/Year
analytical - ' 1.55 2.05 2.05
5000 ‘year simulation R - 1.57 2.07 © .2.07°
1000. year simulation ' ©1.63 . .

Table 5.2 §1§tem7Performante Index Values - Case 1

SAIFI  SAIDI - .CAIDI"

- analytical - | | 1.23 174 1.42
- 5000 year simulation 1.22 1.76 1.34
-~ 1000 year simulation . 1.26 1.78 1.32
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- For eQery simulation performed in the series of Studies,'the simu-
latfon derived valués and the analytical formula values were compared.
Within an acceptable statistical error, the values for the load point
indices, SAIFI, and SAIDI matched. The average values aré unaffected by
which distributions are aséumed to underly the restoration times and
hence the 1nd1ces‘ca1culated by the standard reliability equations do
not depend on the assumed distributions. When calculated as the averagé
of the CAIDI indices for each year, CAIDI however, is dependent on the
underlying distributions. The reason for this dependence is detéi]ed in
Appendix B, When CAIDI is §a1cu1ated for the entire simulation period
instead of for each year, the dependence diséppears. Because CAIDI is
in reality calculated on a yearly basis, all of the CAIDI values pre-
sented in this study will Ee the yearly averages despite the distribu-

tional dependence.

5,2 Distribution of Load Point Failure Rate

This series of studies fndicate that the load point faiiurerrate is
reasonably described by the Poisson distribution with a Chi-squared
level of stgnificance ='.1 (76, 86), This result is in agreement with
theoretical considerations and a previous study by Patton (75). Only
one parameter is required to describe the Poisson distribution, ie. the
expected annual failure rate. Since this value is the index noermally
calculated, the distributional information can be obtained with minimal
extra effort, Probability information concerning the failure rate éan

be easily determined from the Poisson distribution equation,
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P{n) = P[number of faflures = n in time t] 7 - ‘(5-1)

s L Xt)“e" At
nl

| Figurels.i depicts the distributions associatéd with the failure
rates of load points A, B and C for Case 1. The distributions are
noticeably different for the three load points. At load point A, years
with one failure occur most: frequently while at load point C, years with
no failures occur most frequently, .Concurrent with an increase in the
average failure rate, the shape of the distribution varies significantly
and the individual failure rate probabilities increase in a non-linear
fashion. This can be shown by calculating the probability of three
~ failures per year at each load point.

Load Point A: P[3 failures/year] = 1;.35)3_3;}.35 = .106

Load Point'Br Pt3 failurés/year] = (1.1)3 e-1,1 = 0,74
3!

Load Point C: . P[3 failures/year] = (.85)3 ¢-8.5 = 044
3T

While the average failure rate at A is 1.35/.85 = 1.6 times more than
the rate at C, the probability of three failures is ,106/.044 = 2.4
times larger at A than at C. However, the probability of one failure/
year océurring is approximately equal for the two load points. Thus,
knowing only the average failure rates gives Iiftle direct indication of
the probabilities of specific numbers of failures in a year, As was:
shown in the above example, this probability information can be easily
ca]cu]ated using only the average !oad point failure rate.

Figure 5. 2 presents the distributions associated with the failure



- o
) .v ' aw 4 P & o & o
A
- x, ' b
o o
L 4
8 4 8 . g N 2 .
18 § 8 £
_ 3 w 3 - 2 L
m ) m m P L] : ﬂ q e m ®
2 g 3 o S _ £
| . b4 -
<3 @ " : - 8
m . : - ! = w ] «
wa , o m -g
;B fpo W 4
ALELESSIS L m : W
e resset » T " "
& C:
LTSI LI LELILT LT LLILLEIS : , FLLIVLTLLLL LT IIITEF STILITELITLLIIATE,
N\\\\\n,\\\\\\\\\\\vﬁ\.\\\.\\;&. ~ P A SSIILLLS AL S A SIS, B YL LLA R v
b .
L ELILLIET AT LSS AL LT EL AL LT LR LTEE 2 , Q\\\\\\\\\\\\\.\\\\\\\\\\\\\\N\\\\.\\\\\ E
o e L L e L T —~ by SASSISS AL LS TS LAS LSS SIS A S S STV 77 -
COTELTIELTITATIETETTTLEL LT | LI EEECOTITLTT P TLS PP ELT LS TE I AIE QTP R IIE LI EII I II PO T ITFIL LI IIII Y
VAT SS SIS ST A S AL AL AT X i o L L el L S A A > Qe LIt L P i g ©
“ ' — 4 » ’ ]
b » ~ - o ~ b ~ - o - - ] ~ - e

Angevesd . o S urieveoss B o Arlisveosd

FALLURES/YEAR
- Restoration Activities Exponentially Distributed

Figure $.1 Distributions of Load Point Failure Rate



CASE 4
© LOAD POINT A

81

° LI

=

A LESELGETEII A SIS

AL

AVERAGE = 2,0910 FATLIFES/YFAR

S I AL T L LIS LI TH TS A SIS S

CLLLLLLL P TLEL T LLLLE A LS

& LA LS LA LA ST LS A AT IS AT e

‘.4--

CASE 2

ALTI9VE0Ud

SIWLATEQ RESWLT
ANALYTICAL KESWT

- PAILUVES/YZAR

ce

LOAD POLIT A .
AVERNTE = 1.3450

| OIS IS IS TSI AT LT LT IS T TN

e

: \\\\\\§§%§\\\§\\\\§ L

IIITISES SRS TS LTI IITPIIT ST s
VLISSSTSS7S LTSS SV IS SV AT TS

FAILUKES/YEAR

FAJLURES /7EAR

'CASE 4

LOAD POINT B -

| .\ ALEL T AT ETR
| wzraisasss.
|1 .

AVERAGE = 2.0910 FALLARES/YEAR

FALLURLS/YEAR

T

LAt

LT ILL IS S LTS LIS LS IITSLe

CASE 2

LOAD POLT B

- o~ . - =

ALITIEVAOHY

FALLURES /YEAR

-

VTSI ST ITIT ST ORI TIITS,

. AVERNE = 1.1026

e L P C et

m\\\\\.\\\\\\\.\\\\\\\\\\\§\\\\\\\Y\\\\ ,
e o P i o

YIS TLTITITIIIII SIS I BANRTT ST IT LS I

VAALL LTSI TS L ST AT A TSI S ST P

o4

-3

~

ALITIGYRONS -

.1
.0

R

MITIEVEOYd

FAILUIES/YEAR

CASE 4
LOAD POINT C
AVERAGE

| ey RIS ITLTIIA

= 2.0910 FALAURES/YEAR

KA LAL LTI ATLLELS E P EIAELLES 5 L LT
S LA LL IS AL LY oS P LA LA ST

AL LISLL

LA

77 -
LI AL N I TIAIA, A

H.Hl«\\\;\\ LT LT ™

« 5

CASE- 2

ALLTT9vEOud

AVERAGE = 0,8594 FAILLURES/YEAR

LOMD EOTHT €

1. :
- . B - & .

TETETIIIITSIT I TNTTITTLI TS S TITIITIITIS

e e Lt L e T i i

VLTTT TSI ITI TSI TS TIETIS TSN TII LT T I RIS TIT S AT T I

\\\\\\\\.\\\\\\\\\\\\\\w\\\\\\\\\\\ Ll Ll

- " ~ - Y
. . . .

ALTTI9VG04d -

- PATLURES/YEAR

FALLURLS/YEAR

s of Load Peint Failure. Rate -

' Figure 5,2 Distribut

1on

2

_~ Restoration Activities Exponentially Distributed



. 82
rates of load points A, B and C for Cases 2 and 4. The Case 2 distribu-
tions are 1den£1cal to those for Case 1. | As explained in the reli-
ability evaluation section of this thesis, this is due‘to the fact that
backfeeding does not alter the possibility of failures occurring. The
Case 4 distributions vaﬁy from thése of Cases 1 and 2 but are identica
for each of the‘three load points, This is due to each load point
suffering a failure wheh any of the solidly connected laterals suffers a
fault. These distributions are identical because the events which bring
about the failures are identical. The averagé failure rate is signifi-
cantly higher than those of the previous examples and therefore these
distributions are even more spread out.

An a]tehnative to repetitively performing the Poisson ca]culaﬁion
is to construct graphs from which the probabilistic infonma;ipn-can be
'readily determined, Figure 5.3 shows the probability of R .or more
failures per year as a function of the average failure rate. The
probabilities for a speéific R can be found by using the appropriate
curvé. For a system with a load point failure rate of 2 failures/year:

P {6 or more'failures/year] = ,016

P {5 or more failures/year] = ,053

P[4 or-more failures/year] = .143

P [3 or more failures/year] = .322 |
If the noh-cumu!ative'probabi11ties are desired, only a simple subtrac-
tion is necessary.

P [4 failures/year] = P [4 or more] - P [5 or more]

= .,143 - ,053
= ,09
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Figure 5.4 shows the actual number of failures/year as a function
of risk level and of the average number of fa11hres/year. This graph
can be used when 'the user - is 1interested in -the maximum number of
failures that may occur with a Specifiéd risk level, For_examp1e; with
a risk criterion of 10% and an expected load point failure rate.of 3
failures/year, ffve or more failures occur per year. .Since either of
the‘graphs can be used to obtain the same information, the decision as
to which to use is a matter of personal preference.

The load point failure rate can be assumed to be-Poisson distri-
buted for practical systems because the system failure rate depends only
on the component failure rafes and not the restoration times, The
failure time§ can be assumed to be exponenfia]iy d1str1bﬁted because the
cdmponents are as;umed to be in their oberat1ng life, Equnential
fai]ure times result in Poisson distributed load point failure rates.
Simulation results for the Load Point Failure Rate are not shown for the
non-exponential restoration times because they are quigalent to the

results for the exponential restoration times,

5.3 Distribution of Load Point Qutage Duration

Patton has noted that if repair and other restoration times can be
assumed to be exponentially distributed, the load point outage duration
can be approximated as being gamma distributed (75). This is confirmed
by our studies.

Figure 5.5 plots the simulation results for the outage durations of
load points A, 8 and C for cases 1, 2 and 4 when the restoration times

are assumed to be exponentfally distributed. These distributions can be
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reasonably described by the gamma distribution (Chi-square level of
significance = .05). As can be seen, the genebal shape of the distribu~
tions does not vary. Although the gamma distribution can take on much
different shapes; whén it is the result of combinations of exponential
disfributions,‘the shape is always'of this generai form. The gamma dis-
tribution becomes more or less spread out, or more peaked, depending‘on
‘the average outage durations and the average restoration durations, If
'1t can'be assumed that the restoratioﬁ'times are eXponentia]ly'distrie
buted,rthé reéu]ting outage duration distribution can be assumed to be
of fhe‘forms in Figure 5.5 and the outage duration probabilities can be .
readily calculated from the gamma distributifon, Patton describeé a
relatively simple approach for calculating the gamma distributed dura-
tion probabilities using only the average outage durations and failure
frequencies éf'the load points and contributing sections (75);' The
problem of-dbtaining access to gamma probability tab!eé 1s circumvented
by utilizing a chi-square transformation and commonly available chi-
square tables.

In maﬁy préctica] systems the restoration times cannot be assumed
to be exponentially distributed., It 15 often unrealistic to assume that
the probability of a repair or restoration increase as the duration
approaches ‘zero. Restoration times may be better described by non=-
exponential distributions, eg. log-normal repair times. The studies
carried out indicate that when the restorétion times are assumed to be
non-exponential, the Tload point outage duration cannot generally be
represented by a gamma distribution. The remainder of this section will

discuss the resulting distributions and how they vary with the following
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factors:

1) distributions underlying the re§tofat1on‘pr0cesses

2) distribution means (fe. the indice values) |

3) distribution standard deviations -

4) systém configuration and operations (fe. cases 1 to 5)

5) position in system

' 6) size of sections

7) size of sysfem

It should be emphaéized that the average values of the load point
outage duration indices are not affected by what the underlying distri-
butions are, A set of averages such as those ca]Cu]ated.for the éxample
system can have any set of distributions associated with it.

In certain systems 1£ may be possible for one type of restoration
activity to consistently occur with durations that are approximately
equal. This would imply that the distribution assqciated with that
restoration time could be approximated as a single point (je. the stan-
dard deviation would be zero). Figure 5.6 plots the outage durations
for the simulation results when the sectionalizing times are assumed to
be fixed with a duration of .5 hours. All the other restoration activi-
ties are assumed to be exponentially distributed. It can be seen that
for all three cases, load point A has a very pronounced peak for the
duration bar of .3 to .6 hours, Lbad poitnt B has a less pronounced peak
while load point C has no peak. The peaks for load point A result from
a large number of the outages being due to failures on the secon& and
tﬁird primary mains which result in manual sectionalizing activities.

Inspection of Table 4.1 shows that for Case i, .4 failures per year
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result in half hour sectidna1izing activities while .95 failures per
year occur which result in exponentiai]y distributed restoration activi-
ties, Load point B is further down the line and only failures in the
last primary main result in manual sectionalizing. None of the fai]ures
contributing to the outage time for load pofnt C result in manual
sectionalizing, and thus theré is no peak at the half hour duration.

| - The backfeeding in Case 2 does not alter the impabt of the fixed
manual sectionalizing times on the distributions. Failures which pre-
viously resulted in exponentially distributed repairs how result in
exponentially distributed alternate supply switching., The distribution
of load poiht € (and less so B) shifts to the left because the average
outage time has been reduced by the backfeed. In Casé'4, the effect of
the latéra1s befng connected directly to the mains is that a greater
portion of‘the failures contributing to the outage time of load points A
and B result in manual sebtiona1izing; The peaks at .5 hours are pro-
portionately much larger, N
" The durations associated with repairs and other restoration activi-
ties may oftgn be well described by 1og-norma1 or other similarily
skewed distributions, Figure 5.7 plots the 51mu1at10n results for the
outage durations when repair times are assumed to be log-normally dis-
tributed with a standard deviation equal to one third of the mean.
These distributions of the load point outage durations have'a radically
different shape than those assuming exponential restoration times
(Figure 5.5), In Case 1, the form of the distributioﬁ of load point-A
appears to be decreasing with duration except for a peak a couple of

bars wide. This peak is attributable to the targe number of repairs of
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1 hour average duration which are made on the'fiést primary lateral.
Due to it being further down the line, load point C has a larger number .
of repairs of three hour average duration. These répairs to the mains
in combination wjth'repairs to the third lateral result 1in S bimodal
distribution with peaks of durations just less than one and three'houfs
long. Load point B has a distributioﬁ that is a combination of those at
AadcC.

The backfeeding in Case 2 reduces the number of failures with three
hour repairs at load point C. The second mode in the distribution is
eliminated, The mode resulting from the lateral repairs is now more
pronounced for both load points B and C. When the laterals are
conneéted solidly to the mains as in Case 4, the first mode is even more
ﬁrenounced for all three load points. As indicated 1h Table 4.7, the
predominant cause of outages are failures on the primary Tlaterals
resulting in one hour average repairs. |

A visual inspection of the distributions in Figure 5.6 or 5.7 indi-
cates that the distributions are so different from those of Figure 5.5
that attempts to predict the duration prdbabi]ities using the gamma dis-
tribution in these cases of non-exponential restoration times could lead
to large errors. Similar results have been obtained from simulations
that assumed restoration activities are gamma and normal distributed.
fhis indication is verified by goodness of fit testing (level of signi-
ficance = .1) and by calculations such as the following example.

Figure 5.8 shows the distribution of interruption duration for load
poinf B of the example system assuming gamma repair and exponential

manual sectionalizing times. Two gamma distributions are indicated:
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one with parameters derived from the mean and variance of thé simulation
result, the other with parameters predicted using the mean calculated
above and the varfance calculated with an equation from éatton's
simplified approach (75). This equation, which 1s derived assuming that‘
the restoration times afe exponentially distributed, is givén in this
paper as eq. 5-2. |

_2  _2 - o
variance (rg) = (2 £.f4 riz) - Tg (5.2)
s |

The gamma probability distribution has the form:

£(r) = o r(O.-l) ~Br

with t-he parameters being calculated as:
S , _

2 | | _

=72 ' . (5.4)
. . ,

B= o 2 (5.5)
, , .

The expected value is considerably less than the second modal
value., The information that a significant number of outages will be
approximately of three hours duration rather than the mean of 1.869
hrs. can be useful in judging the acceptability of that system. The
- probability of the duration being longer than some value may be desired
1nforﬁ1at10n. For load point B and conditions as described above, the
following probabilities of the durafiﬁh being longer than 2.1 hours are
obtained: |

(a) distribution of simulation results:
Pr > 2,1 hrs] = .45
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(b) gamma distribution with parameters obtained from the simulation:
Plr> 2.1 hrs,] = .35

(¢} gamma distribution with parameters obtained using eq. 5.2:
- PCr > 2.1 hrs.] = ,30 ,

(d) gamma distribution with parameters obtained using a - Chi-Square
' transformation described in .reference 75 which is a simplified

method to obtain result (c):

Plr> 2.1 hrs.] = .30
In this example the error in using approximations, (b,c,d), is signifi-
cant. In other examples this error could be even greater or insignifi-
cant. This example and the other study results indicate that no other
known distributions can universally describe the outage duration distri-
butions. . Studies of outages duration distributions for éntire regions
and service areas confirm the reasonableness of this conclusion and the
distributions depicted in Fig. 5.7 (77, 79). |

As already discussed, varying the means of the restoration times
can significantly affect the lshape of the outage duration distribu-
tions. If the underlying distributions are assumed to be exponential,
varying the meah only affects the spread of the distribution not the
general shape, If the underlying distributions are assumed to be
similar to the lognormal or gamma distributions, the affect is greater.
When the different components all have restoration times with averages
near to each other and close to the origin, the distribution tends to
resemble the exponential. As the differences between the averages
increases, the resemblance decreases. The distribution may even be
multimodal,

The distributions vary with the associated standard deviations as

well as with the component means., Fig. 5.9 plots outage durations for
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the sample sysfem with the assumptions that th§ standard deviations for
the reﬁair times are equal to m (mttr), m/Z, m/3, and m/6. When the
standard deviations are relatively large, the contributing distr1butidns
‘ovérlap with the resdlt that. the outage duration distribution is almost
a monotonicélly decreasing' function. | As the standard deviations
decrease, the cdntributing distributions become apparent and_the‘distri-
bution definitely multimodal, o

~ The sizes 6f the primary main or lateral sections affect the mean,
~ standard deviation, and possibly the type of tﬁe component restoration
distribution, The load point outage duration distributions are then
- indirectly affected by theée factors in the ways discussed above, It is
possible that the number of sections in the system affects the individu-
al component restoratiop distributions, A'moreriikely possibility is
that the larger number of contributing dfstributionS'may‘tend to overlaﬁ
more and to obscure modal tendencies that might be apparent in s@aller
systems, This tendency is most pronoﬁnced if the restoration activities
of the different system sections are dissimilar,

Simulations were performed for an 18 section system similar to the
example system but with 9 1oéd points, Figure 5.10 plots the outage
duration probabilities for the first, middle, and last load points of
the 18 section system. Visual and statfstical comparisons (Chi-Square
level of significance = .05) indicate that the outage duration distribu-
tions resuiting from the assumption of lognormal distributed repair
times are siénificantly different from those resulting from an assump-
tion of exponential distfibutedrrepair time. This confirms the conclu-~

sion drawn for the smaller 6 section system that the outage duration
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distributions éannot in general be'described.by the gamma distribution

computed from the component average repair times.

5 4 Distribution of Qther Indices

Sections 5 2 and 5.3 concern the distributions of the Load Point
Failure Rate and Outage Duration, This section will briefly describe

the following indices:

i) Load Point Annual Interruption Time

i1)  CAIDI
i11) SAIDI
iv)  SAIFI

5.4,1 Distribution of Load Point Annual Interruption Time

Therannual interruption time distribution is dependent on boﬁh the
failuré rate and outage duration distributions, Because of this, it is
even more difficult to describe-the interruption time distributions by
~ known functions, Figure 5,11 depicts distributions resulting frqm
simulations of the six section example system. |

The simulations that assumed exponentially distributed restoration
times resulted in annual interruption time distribut1ons that contain a
sharp peak for the interval indicating the number of years with no
failures. The distributions are steadily decreasing ones with long
tails. The distributions are not of the exponential or gamma form,

The simulations that assumed lognormal distributions for the repair
 times and exponential distributions for the other times alsc resulted in

distributions with a sharp peak for the no failure interval. Inspection
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of the annual interruption time distributions of all the other case 1,
six- section system simulations reveals that the number of years with
zero hours of interruption is independent of the form and standard
deviaf'ion of the restoraﬁion time distrib_utions.‘ This {independence
~ occurs because the number of years with zero in’terrdption time 1is
dominated by the failure rate distributions which determine the number
of years in which .no failures occur. )

The lognormal simu’latilons did not result in steadily decreasing
distributions but in distributions ‘wi.th miltiple modes. The multiple
modal'iiy is mor'e- prominent when the restoration times are assumed to
have sfnaH standard deviat‘ions. With standard deviations equal to the
means, the zero failure peak and a secohd mode before 1.2 hours are
observable. With standard deviations equal to 1/6 'means; the zero
failure peak and modes about 1.0, 2,0, 3.0, and 6.0 hburs are evident,
The peaks of certain duraﬁion (ie. 2 and 6 hours) are related to years
in which more than one interruption occurs and the restoration times are'
multiples of the dominant modes.

One p‘oésible 'application df the interruption time distribution
information involves determining the probability that in a given year
the .number of hours of interruption is greater than some value. The
probabilities that the annual interruption times for load points A and C
of the example system are greater than 8.1 hours are derived from the
simulations of Fig. 5.11 and presented in Table 5.3, When the repair
times are assumed to be ]ognor‘maﬂy distributed with the standard devia-
fion equal to the mean, the probabilities are fairly.close to those when

the times are assumed to be exponentially distributed (for which, by
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definition, standard deviahionﬁequals the mean).- Reducing the lognormal
standard deviation to 1/6 mean,- results in the  probabilities being

significantly reduced:

Table 5.3 Annual Interruption TimeaProbab11itjes.

" P[annual .interruption time>8.1 hrs/yr]

| ' Load Point A - | Load Point C
Exponential Repair Times | | |} 0262 .0588
Lognormal Repair Times (5.D. | ) - ,0218 : ‘;0512_f
Lognormal Repatr Times (S.D. = m/6) ' 0040 - ,0260

5.4.2 Distribution of SAIDI, SAIFI, CAIDI

In normaT practice, system performance indices énd load point reli-

, ab111ty 1nd1ces are not compared or simultaneously calcu]ated. The
performance and reliability indices are in reality related by the1r both
| being based on a. common set-Of]base;data.--The.distributions of - the
indices are both dependent'0n the'distributi6ns 6f ;hercomponeht failure

rates and the restoration activities. .As‘di$cussed in Saction 5.1, the:
SAIFT and SAIDI average,indices.are-independent of the underlying dis-
ﬁributions.but'the CAIDI a§epagefindex is distributionally. dependent.

The definitions of Section 4.1 are repeated here: |

' SAIDI = sum of-customer_interruptionndufations_:'
total number of customers served

SAIFI = total number of customer interruptions
total number of customers served

CAIDI = sum of customer interndption,durations
total number of customer interruptions

.~ Figure 5.121dépicts;disfributions resulting from simulations of the |

6 section example system, The SAIDI distribution is‘dependent_on1y on
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the distributions of the restoration times. The number of customers at
each load point and the average failure rates are ﬁeighting factors that
are 1ndependent of the associated distributions. ~The SAIDI distribu-
tions of Figure 5.12 are simflar to fhe AnnuaI.Interruption‘Time distri;r
butions of Figure 5.11. This is because SAIDI is a linear combination
of annual interruption times; .In a large system, the resemblance tends
to decrease because of the averaging effect of the larger number of load
points which are aggregated, Note how in this smallrsystem, the number
of years with a SAIDI equal to zero is relatively high (ie. P [SAIDI =
0] is high). While in small or moderate systems this is to be expected,
when studying the system of an entire region one expects at least a féw
interruptions, . |

The ‘SAIFI distributions are identical for the exponential, log-
normal S;D. =m, and S,D, = m/6 simulations because SAIFI is only depen-
dent on the component failure time distributions which do not vary with
the simulation runs and on the number of customers served at each load
point. The irregular variation of the distribution shape is related to
the small number of load points and the resulting discrete weighting by
the number of customers factor. As for the SAIDI distributions, in.
la}ge systems the probability of SAIFI equalling zero diminishes with
the distﬁibution less resembling an exponential one and more one with a
mode about the average.

The CAIDI distributions are non-linearily related to both the
fai]qre and restoration times. This‘résﬁlts in a somewhat similar modal
distribution for the thrée simulations, The exponential and lognarmal

S.D. = m simulation distributions are more similar than the‘lognormai
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S$.D. = m/6 simulatfon.distribution.‘ This and other comparisons indicéte
that the standard deviatioﬁs of the;underiyiﬁg‘distributions;cah:affect
the shape of the final index distribution as. mich or more 'tﬁan- the -
actual form éhosen for‘the under]ying_distributioﬁs,_-For'iarge-syétéms
~ the CAIDI'disfributibn also tends to "tightén hb“ around the mean,. -
| 1In actualfsystém-studies, planners do- not have-5000:yearJhistqr1es\
of their systémé nor detailed distributions such as given here, How-
ever, with distributional information garnered from simulation studies
such as this one and -with -data on index variation -amongst similar f
regions and utilities for a number of.years,vplanners.¢an;perform‘usefhl
-statistjca¥;analyses; Some~obviousrapplications'woqld,be’to cdmpare~a‘
'systems performance'with: | |
I)V‘thaf-gystem‘s perfof¢ancejin'othér yearé
o 2)7rwith-a:ut111ty1s criteria'of-acceptabie performance= |
3) ‘with the;pehformanceﬁéf other systems in thatLUtility*s‘séﬁvice
area. | | |
4) with the performance of systems-or the sefvice-afea:of othérv

utilities.

5.5,‘Effect-of‘Duration.Distributioﬁs‘on Intérruption'Costs

Interrubtion,'costs -can vary.‘COnsiderably ‘with the. shape of the-
intgrruptionduration-diStribufion-curvg. To ‘reduce the amount of com-
putation reqdired-howeuer, it is desirab?é to use the average duration
whéneverr poséibte rather. than to take into account the distributioh‘.
shape. The error resu]tiné‘fbom-using only the averagelis investigated

to provide information on when it is reasonable to use only the average
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1nterrupt10n'duration and whén it might be ﬁecessany to consider the
whole distribution; A‘series of simulation runs was made'with.the pro-
gram described above.  The effect of the following factors was investi-
gated: |

1) interruption cost curve shape

2) avefage interruption duration

3) ekpdnehtia] or 1ognorm$1 distributions of - component outage

durations

4) standard deviations of the component outage duration distribu-

_tibns |

Use of the average interruption duration to calculate interruption
costs yields correct answers if the cost function is linear regardless
of the interruption duration distribution shape. This is easily ﬁhown
ﬁy the following: |

Let: Y = interruption cost

T = interruption duration
f(T) = duration probability density function
m = slope of 1inear cost line
b = intercept.
Y =mT + b
Therefore: y = mt + b using the average duration.
Ca1cﬁ1ating the cost using the whole range of durations yields the

same result,

o
| Y= t-OJ;(t) (mt + b) dt
- »

m £=0 jf(t) tdt+b

Therefore: ¥ =mt + b
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For non-linear cost functions there is normally §ome error except
for atypical. interruption duration distributions such as a point value.
The shape of the distributfon affects the degree to which the non-linear
portions of the cost function contribute to the average cost. The total
error is dependeni .upon where the nonlinearities (eg, break points)
occur with respect to the 1ocat10n of the interruption duration distri-
bution (72).

Ad approach uséfu1 in understénding the error mechanism and pre-
dicting in a qualitative faéhion the error is to comparé thé interéup-
tion cost function of interest with a zero error line. This line woﬁ!d
intercept the cost function at fhe average interruption duration of the
load point. The line would be linear and for convenience pass through
the origin; Figure 5.13 depicts such a zero errorrliné. The area con-
taining ihe possible ]oéii oflinterruption cost funttioné is divided
into four quadrants. Any portions of'the cost function which wquid pass
through Quadrants 1 or 4 wou]d“contribute a negative error, Similérily
portions running through Quadranté 2 or 3 would contribute a poﬁitive
error. Curves which are linear but do not pass through the origin would
be indicated as contributing a negative error on one side and a positive
error on the other: a zero error, O0Of course the zero error line can be
rotated about its interception point with the interruption cost function

in order to better indicate the 1ikely error,

5.6.1 Simulation Studies of Costing Errors
To investigate the likely magnitudes of error that might result

from using average durations, a series of simulations was performed
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using the program introduced previously iﬁ Sectioﬁ 5.1. For each inter-
ruption occurrence and each load point, the program cohputes'the result-
ing interruptfon ﬁost. Amongst other results, the program'provides‘the
average yearly cqst for each load.point. The interfuptidn cost function
is inputted as the cdst'per kw-péak demand for 1 minute, 20 minute, 1
hour, 4 hour and 8 hour interruptions. An interruption of zero minutes
durétion is assumed to have a zero cost while an interruption greater
than 8 hours is assumed to result in the same cost as an 8 hour inter-
ruption. The costs resulting from interruptions of'intermediate'dura-
tion are computed using linear  interpolation. The -effect of .other
assumptions for the zero duration cost, the long duration cost and the |
- intermediate duration interpolation were briefly investigated and found
to not sighificantly affect the resuits, Had the 'stUdy included a
larger number of interruptions with ﬁurations near zero or greater than
8 hours, these assumptions would have had greater effect, Although this
program did nof include the effect of time of occurrence of 1nterrﬁp-
tion, it could be easily modified to do so. .

The §imu1ation runs were of the same basic six‘ section system
described above in Sections 4.1 and 5.1. - All of the interruption cost
functions reported by U, of S. (18) and by Ontario Hydro (39 - 46) Qere |
analyzed for fheir. general shape., Twenty-three cost functions were
chosen to represent the range of . shapes, The data for these cosi |
functions is listed in Table 5.4, For each cost function, there were at
least two 5000 year rdns: ' one. assuming all exponential restoration
" times and the other all lognormal restoration times. For all the

functions, a lognormal run was made assuming a standard deviation equal
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Table 5.4 Cost Function Data Used in Simulations

Interruption Costs ($kw) _
Cost Data Description 1 min | 20 min | 1 hour | & hour | 8 hour
'* Total Small Industrial (U of S) | .70 | 2.88 5,19 | 13.87 | 27.60
Mineral Fuels ' * 0 0 .39 3.12 7.03
* Furniture Industries ") .o 22§ 1.7 | 2.47 | 4.10
Chemical Industries " ‘- .63 6.26 6.82 | 12.03 31.00
TranSportation Equipment 1.33 11.11 20,89 58,57 95.00
Primary Metals " .05 .30 1.59 3.21 11,95
Printing & Publishing " 1 .67 2.69 5.52 19.60 64.83
Metal Mines " | ) 1.59 2.94 4,28 | 6.58
Non Metal Mines " .19 .73 2.46 | 7.52 12.12
Metal Fabrfcating %" 1 3.60 | 6.97 13.66 | 41.28 67.27
Paper Industries " | .58 65 | 100 [ 172 | 2.5
Quarries I 6 | .86 | 4.65 | 18.61 | 40.28
* Mining Services " 0 0 | 13.51 [189.19 |[221.62
* Residential " 0 06 [ .31 3.16 4.74
Total Large Users " 1.80 2,22 3.19 6.89 10.47
* Total Commercial " .28 2.05 | 5.88 | 21.51 | 63.06
* Commercial - SIC 861 " .03 1.22 7.35 29.01 47.01
* Commercial - SIC 843 " 17 .68 1,01 10.19 29,92
* Linear & Origin Intercepting .02 .33 1.60 | 4.00 8.00
* Non-Metal Mines (Ontario Hydro) 20 § .50 4,80 5.10 6.00
* Total Large Users * .70 1.70° 2.80 6.00 9.00
Petroleum & Chemical ® 1.70 2.00 2.70 3.00 4.00
Utilities & Institutional * .00 .00 .87 3.63 6.02

* indicates cost data plotted on Figures 5.14 and 5.15.
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to half the mean while for somé\cost functions extra runs were made with
the Standar& deviation equal to the mean. The results of other addition-
al runs made with a larger 18 section system and with a mtte for the
mains sections of six hours instead of-three hours verified the conclu-
'sibns from the main runs and provided no significant newlinfonmation.
The results bf these additional runs will not be reported or discussed,

Table 5.5 tabulates the‘reﬁﬁlts from the main runs. Under “RUNSY,

the tab]g specifies whether the run was for lognormal restoration times
with standard deviations equal to mttr/2 (LN), for lognormal restoration
times with standard deviations equal to mttr (S.D. = m}, or for exponen-
tial restoration times (EXP). The "COST DATA" column specifies the
interruption cost function data. Under “YEARLY INTERRUPTION COSTS", the
table reports:‘the yearly interruptfon cost calculated using the'averagé
duration (AVG), the yearly interruption cost calculated using the entire
duration distribution (DIST), and the error (ERROR)-for load points “A"
and "C". The yearly interruption costs were calculated assuming that
- there was at each load point 1000 kw peak demand.

As can be seen in Table 5.5 approximately half of the calculated
errors are less than 10%. Most of these can be considered to be‘zéro
error since errors of only a few percent can be attributed to statisti-
cal variation, While the majority.of the remaining errors are less than
25%, a significant number of errors wereAquite large {ranging from -43%
to +80%), The above breakdown is not claimed to.be'representative of any
standard population of users; rather it is intended to provide an indi-
catioh of the potentié! range of errors, With a different set of cost
curves, durations, and distributions, the error breakdown would likely

differ, -
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RUN | RUNS COST DATA YEARLY- INTERRUPTION COSTS
‘ .
LOAD POINT A LOAD POINT C
Erro "~ |Error
 Avg, Dist. £ | Avg. Dist., %
103 | LN Total Small Industrial 7,592 1 7,481 | 2 7.879 | 8,021 |- 2
104 | EXp {U. of §,) 7,062 | 8 7,523 { 3
1B TIN ineral Fuels 4 RS I 0% [ Y- O £ 9 P 3
106 | EXp {U. of S.) 926 |-23 1,423 0
o7 ~Tufniture [nAustries L6667 | L.937 125 | 1,504 71 1,376 3
108 | EXP (Y, of S.,) 1,197 { 39 1,310 | 16
109 Chemical Industries 9,559 9,977 |- & 7,878 | 8,804 |- 7
110 | EXP (Y. of S.) g,100 | § 8,602 |- 8
111 Transporcation Equips, | 30,7850 | 29,982 [ 3 | 32,810 | 32,453 I
112 | Exp {U. of 5.) 27,710 | 11 20,672 { 11
T3 rimary Metals Z2.256 | 1,896 [ 19 1.9‘65"_2"'2'2'2_- N 10
114 | EXP {V. of S.) _ : 1,838 | 23 2,322 | 14
TR Printing & Publishing 8,402 | 9,051 i< 7 | 10,317 | 11,538 |~11
116 | Exp su. of S.) 9,341 |-10° 12,257 |-16
117 LN etal Mines 4,059 kR IYAN NS 3,034 3,009 1
118 | Exp U. of S.) 3,100 | 31 2,736 { 11 -
T8 on-Metal Mines 3,683 | 3,355 | 9 | 4,012 4,081 | ¢
120 | Exp (Y. of $.) 3,155 | 16 3,619 | 14
T Metal Fabricating 20,305 | 20,016 | 1 | 22,645 | 22,391 T
122 | EXP {4, of S.) 19,268 { & 20,632 | 10
25 1IN Paper Industries L3 T 12 7 1,138 LI 1
124 | Exp {8. of S.) 1,255 { 11 1,063 | 7
IZTin Quarries 7,080 | 7,027 | 3 3,540 | "9“7’0‘1‘, -2z
126 ] EXP (U, of §.) 6,953 | ¢ 9,225 | 13-
Zr N Mining Services 30,097 [ L 518 =27 T 81,668 [ 76,063 | 7
128 | EXp (U, of 5.) 43,992 {-32 64,712 | 26
T& TR Residential (% §) 796 [-23 T,402 | 1,359 ] 4
130 | S.D.= M {u, of §.) 810 j-25 1,194 | 17
131 | Exp - 838 [.27 1,211 | 16
T3 TR Total Large Users 55 [ 3876 | 2 L0 &,067 | 1T 1
133 | S.D.= M {u. of §.) , 4,385 1 & 3945 | 6
134 | EXP _ 4,3% | s 3,922 1 7
135 Total commercial 8,993 | 940 - 3 T, Baz 17, 18r |- 8
136 | S.D.> M (U, of S,) 9,343 |- 4 12,195 |- 8
137 | Exp 9,392 j~ 4 12,495 {-10
T40 | N Commercial 51t 861 11,385 | IQ,717 | 6 | 14,301 | 14,507 3
141 | Exp {U. of §.) 10,301 | 11 12,989 | 15
1377 _ Commercial S1¢ 843 1,983 | 3,082 [~35 {1,528 | 5,009 |-10
143 | Exp {U. of S.} 3,472 |-43 5,307 |-15
bk [3near § Origin 1,553 1,571 |- 1 Z,049 2069 |- 1
139 | EXP Interceptin 1,539 1 1,949 5
101 | LR Targe Non-Metal Mines 0,500 4,352 | 49 1,200 3,950 [
102 | $.0.% M| (Ontario Hydro) : 3,701 | 78 3,837 | 19
33 | exp 3,603 | 80 3,272 | 28
29 | EXP Total Large Users 3,996 | 3,499 | 19 3,65 3,313 | 10
30 | LN Ontario Hydro} 3,719 7 3,613 1
31 etroleum & Chemical 3,665 | 4,150 | 16 2415 | 2,310 | &
32 | W Ontario Hydro) ‘ 3,310 { 11 2418 0
B EXP iTities & Insti, T,%81 | 1,208 | 8 1,882 | I, 15
36 | LN (Ontario Hydro) 1,265 { 8 1,788 { 3

Error = [{Average Cost/Distributed Cost) - 1.0] x 100
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5.5.2,_Comparison of Errors - Simylation And Quadrant Analysis

The errors'calcﬁlated from the simulations can be compared with the
predictions reSulting from performing the quadrant anaIysis depicted in
Figure 5,13, First the cost curves are normalized by dividing the data
by values which would cause all of the curves to intersect at the
average load point outage duration. Ten of the twenty-eight curves are
plotted in Figure 5.14 for the 1.15 hour average duration of Load Point

.A and in Figure 5.15 for the 2,41 hour average duration of Load Point
. Any data points equal to zero are plotted as being equal to ,0001
$/kw since log-log graphs are used, Table 5.6 contains the predictions

| which ére obtained using the graphs, The predictions aré subjectively
derived by assigning for the LHS or RHS:

1) a s if that portion of the curve contributes a positive error

2) a "<" if that portion of the curve contributes a negative error
3) a "o" if the error is negligible or if it was not predictable
because thé cost function crossed the iero error'1ine in that

side of the graph, |
The tableralso contaiﬁs the sum of the predicfions and the errors
calculated from the simulations assuming exponentially distributed
restoration time and from the simulation assuming lognormally distrib-
uted restoration tiﬁes. There is a stroﬁg correlation between the pre-
dictions and the catculations inrthat when the sum is "-" or "--" the
error is negative and when fhe sum is “+" or "++" the error is positive.

When the sum is "0" the errors tend to be quite small, There are excep-
tions to this tendency because of the‘subjective nature of the predic-

tions. The main problem is that no account is taken of magnitude when



 NORMALISED TNTERRUPTION COST (4/X¥)

0 -OBMMERCIAL SIC 843 (U, OF S.)
1 -MINING SERVICES {U. OF S.)

2 -RESIDENTIAL {U, OF 8,)

3 -TOTAL COMMERCIAL (U. OF 3.)
H -LINEAR & ORIGIN INTERCEPTING
5 ~TOTAL SMALL INDUSTRIAL (U. OF S.
6 -TOTAL LARGE USERS (ONTARIO HYDRO
7 -COMMERCTAL SIC 861 (U. OF 8.} .
8 -FURNITURE INDUSTRIES (U. OF s.}

9 -NON-METAL MINES (ONTARIO HYDRO

114

D NN & WeN

Figure 5.14 Cost Functions Normalised to 1.15 Hours Cost

8 7 2/ N .
$.01/KV ‘ ,l ' S
1 MINUTE . S 20 MINUTES 1 W .15 1R % whurs 6 WOURS



115

0 -COMMERCIAL SIC 843 (U. OF 8.) -

1 -MINING SERVICES (U. OF 8.) -

2 -RESTDENTIAL (U..OF 8,)
. 3 ~TOTAL COMMERCIAL (U. OF 8.)

4 -LINEAR & ORIGIN TRTERCEPTING

5 ~TOTAL SMALL INDUSTRIAL (U. OF s.}

6 ~TOTAL LARGE UJERS (ONTARIO HYDRO
- 7 -COMMERCTAL SIC 861 (U, OF 8.)

8 -PURNITURE INDUSTRIES {U. OF s.g
L $10/KW 9 -NON-METAL MINES (ONTARIO HYDRO

W @I NE . W o

)

$af

NORMALISED INTEHRUPTION COST ($

$,03/x0 ‘ A L S L1
- S 3 | | ] 1. }

1 MINUTE - - C 20 tHOUR 241 R 4HR 8 HOURS
‘ Figure 5,15 Cost Functions Normalised to 2.41 Hours Cost ' '



116

Table 5.6 Comparison of Calculated and Predicted Costing Errors

_ Load = |Sign of Predicted Error : Calculated Error
Curve Point LHS RHS Sum Exponential Lognormal

0 A - - -43 -35
B 0 - -15 -10
1 A + - 0 -32 -27
B + -0 + 26 7
2 A + - 0 -27 -23
B + 0 + 16 4
3 A - 0 - - 4 -3
B - - - -10 - 8
4 A 0 0 0 1 -1
B 0 0 0 5 -1
5 A - + 0 8 2
B - + 0 3 -2
6 A - + 0 7 14
B - + 0 1 10
7 A + + ++ 11 6
B + + .+ 15 3
8 A +. + ++ 39 25
B 0 + + 16 3
9 A + + + 80 49
B 0 + + 28 6
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'summing‘ a prediction assdtiated with' a2 large error and a prediction :
associated with a small error of the opposite pblarity. The most notable
examples of thié are the sums for Load Point AAof curves ] and 2. The
sums are zero but the simulation calculations result in a significant
negative error, The comparisons fbr these ten curves and the other
ejghteen curves confirms that a quadrant analysis could be used to give
a subjective yet fairly reliable qualitative indicator of the error
likely resulting from- using the average value insﬁead of the entire

duration distribution,

5.5.3 Effect of Cost Curves and Duration Distributionsr

The errors can be compared to investigate the effect of cost curve
shape, average interruption duration, the associated standard deviation
of duration, and exponential or lognormal distributions. As was indi-
cated earlier, using the average interruption duration instead of the
range of durations can result in significant error when the cost curve
ié non-linear. Inspection of the cost'data in Table 5.4 and the errors
in Table 5.5 is facilitated by plotting the curves. Because of the
.range of costs and durations involved it is convenient to use the log-
log plots of Figures 5.14 and 5.15 but it must be remembered that linear
data plot perfectly as straight lines only when they have slopes of
zero, one or infinity. Inspection of the curves in Figure 5.14 and 5.15
and the other cost data in Table 5.5 réveals that the error is negli-
gible for cost curves which are 1inear and that the error increases with
the degree of non-linearity. Curves (such as for the total commercial,

total small industry, or total large users sample) which are aggregates
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of the costs of many smaller and different user groups tend to be linear
and have a small error. Curves which are fof mbre specific groupé of
users with similar characteristics (such as for commercia]‘SIC 843 or'
large non-metal mines) tend to have sharper break points, be more non-
linear, and have larger errors. Because of the smoothing and lineari-
zing effect resulting from aggregating types of users, there is likely
less error involved.in using only average durations when performing‘caI-
culations for generation or composite reliability studies than for dis-
tribution reiiability studies.

The main effect of varying the avérage interruption duration is to
change the location ~of the jnterruption duration distribution with
respect to the cbst curve break points and non-linearities. Thus,
varying the average duration can act to increase or decrease the ber-
centage error. All other factors‘beinélgqual, the error due to using
only the average duration tends to'increase‘with the standard deviation
asﬁociated with the interruption duration distribution, With a'neglig-
ible standard deviation, the cost estimated from the average duratfon
would be the true cost because the whole distribution would be 1ocated
ét that average value. The shape'of the distribution affects the degree
. to which the non-linear portions of the cost function contribute to the
average cost. In most of the sets of runs, the ones assumfng exponen-
tially distributed restorafion times yielded greater errors than the
‘ones assuming lognorma1ly distributed times. Much of this difference in
error can be attributed to the fact that the exponential distribution by
definition.has a standard deviation equal to the mean while most of the

log normal distribution runs assumed a standard deviation equal to one
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half the mean. The lognormal runs that assumed a standard deviation
equal to the mean yielded errors comparable to those of the exponential

runs.

5.6-‘Comparisbn of $/KWHR and $/KW Coefficient Forms

Interruption cost coefficients take two basic forms: $/KW and
‘$/KWHR. The $/KW form refers to dollar cost per unit of elecfric peak
demand not supplied and usuaI]j is given as different values for
different durations. The $/KWHR form refers to dollar cost per unit of
electric energy not Supp]ied and usually is assumed to not vany-with
interruption duration. An exception to this occurs when a $/KWHR co-
efficient is synthesized from cost coefficients that are functions of
durations. Expected frequency and duration information is used to weigh
the various coefficients into a single $/KWHR value,

~ As discussed in Chapter 2, some interruptibn costing methodologies
result in $/KWHR estimates, some result in $/KW estimates and many can
result in either fomm. In.addition to having an understanding of the
chabacteristics and validity of each costing.methodology, it would also
be useful to have an understanding of the differenceé that result from
the forms themselves.

One approach to investigating the differences between the two forms
is to study the errors in calculated interruption cost that result from
varying the interruption duration but assuming that the costs change in
a linear fashion. The underlying reasoning is as follows. When cal-
culating interruption cost with the $/KWHR coefficient, the coefficient

is multiplied by the expected energy not supplied., The interruption



| | 120
durations and frequencies while hot'accountéd for and possibly not known
- could be any practical combination that results in the same EENS pro-
duct. Since the cost often varies non-linearly with duration, the esti.
mated cost could be in error, Table 5.7 tabulates the calculatidns for
a set of example calculations. Assume that the expected energy not
suhp]ied at a load point for a year is 1 MWHR and that the demand is
constant throughout that period at 1 MW. This value of EENS could
result from many different--combinations of interruption duration and
frequency. Three example scenérios are: sixty 1 minute 1nterruptidns,
three 20 minute interruptions, of one 1 hour interruption. The table
presents the cost eétimates- resulting from the use of Ontario Hydro
interruption cost coeffitients for the Large User sector (39).7 The cal-
culated cost varies dramatically with the chosen scenario. .Had a $/KWHR
coefficient been used the cost would not have varied with the
scenarios. 0bv1oﬁsly applying a $/KNHR cost coefficient and ignoring
variation with duration can result in large errors.

There is no viable method to determine the $/KWHR equivalent of
$/KW data without assuming a fixed interruption scenario, Thus the
absolute error 1nvolyed—1n using $/KWHR data cannot be directly calcu-
lated. However ; useful indication of the potentia1 errors involved can
be obtained by comparing for a range of typical $/KW cost data, the
costs calculated for typical dhrations. The data presented previdusly
in Table 5.5 can easily be used for such a study. Table 5.8 summarizes
the indices for Load Points A and C of the example six section system.
These two load point calculations we}e chosen because their average

durations encompass the typical CAIDI values reported by utilities in
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Table 5.7 Effact of Constant EENS But Varying F&D-.

Interruption Scenario

‘Sixty 1 Min. | Three 20 Min. | One 1 Hour
Interruptions Interruptiqns- Interruption

EENS - . "1 MWHR COLMWHR. ] 1 MMHR

Cost Coefficient . | - | :
OH Large Users S0/ | st.o/kW | §2.80/KK

Cost Per Interruption | = $700 o $1,700 | $2,800
Total Calculated Cost - | $42,000 | 5,100 | - §2,800

'Tab]e-s;Br' Index Summary  _'

| Interruption Load ‘Load :
Indices | Point A } -Point C |-
failures/year 1.35 |- .85 |}
hours/failure | 1.15 2.41
hours/year '1.85 2.05

 the CEA distribution service continuity report§ (87). - As Table 5.7

shows,. tﬁe reiatﬁve-rérror can be quite large when greatly different

' durétions are1being conéidered. Compahing:the costéifor duratiogns which
are reTativéiy'close-is of more practical significance.

Since :193d s assumed ‘constant, the EENS is ‘proportional - to U

(hours of interruption per year). The'costS'calculatedlQithj$/KNHR co-

efficients would thus be ‘proportional to the hours of interruption per
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year,  The ratio -of . Upc/Upg can - be  compared lwith: CLpc/CLpa
(ratio of costs calculated using the duration. data) to indicate. the'
relative error that7W001diPESU]t from using the: $/KWHR data.

Table 5.9 tabu]atés the calculated ehrors.' Theufirét listihg‘is
used.as an example. The Load ?oint Aféveraée:CQSt of 5735923i5-caicuia~
ted from the‘l;lsnhrs,'average'1nferruption,duhation, 1.35% f/year.aver-
age ‘interruption frequency, 1,005'Kw load, and the small 1ndustria1 éost
coefficients.  The Load Pbint C cost of $7,879 is similarly calculated.
The ratio of hours of interrution‘pEr—yéqrrfdr the two load points is
- divided by thé‘ratio of cbsts to yééldfthe.reIat1VE-ernor.n The 27% -
averageferrorfindicatés'that $/KHHR'dataewoutd have rééulted in a 27%
gﬁééter'cost difference th&n‘if‘the duration specific $/KW data‘had“been,' 
usgd;: The-1astuco]ﬁmnscontains relative errors ca1tu1ated:iﬁ-fher$ame |
waj-as.above.éxcept that the ent?redistribution‘of_durationsobﬁained
- by the §imu1ation are used to calculate cOSts~insteadioijUSt the-aver-
age duration. - |

The errors calculated using the average durations, the'distributfdn
of durations from the—exponent1a1 restoratfbn timérsimulationé; and-the.
distribution of -durations from the lognormal restoration time'siﬁu1a-
-tions correlated;':The-errofs-associated with the duration distributions
tendéd-—to  be  somewhat . smaller 'becauﬁe; of - the “smoothing" effect
resqlting=.from -distribdted' v31Ue§' instéad"of' a -single point value,
While a large number- of the cost data séts-resulted in small or neqli-
gible errors, many sets resulted in significant or quite large errors.’
This indicates. that the use of the S/KNHR data form can result in large

and unacceptabTe errors.

-
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Table 5.9 Costing Errors Resulting from Assuming a Linear Cost Functien Similar to SIKHHR

_ - ‘ RELATIVE ERROR
RUR | RUNS " COST DATA YEARLY INTERRUPTION COST RESULTING FROM-
# B £ ‘ : ASSUMING LINEAR
LOAD POINT A LOAD POINT ¢ [COST DATA
‘ % Error|% Error
Avg, Dist. Avg. Dist, | (Avg) [(Dist)
103 | LN Total Small Industrial | 7,502 | 7,481 | 7,879 | 8,021 23
104 | EXp ‘ {U. of S5.) _ - 7,062 7.623 27 22
105 | LN Mineral Tuels 711 Bo% | 1,422 | L, A58 ) . -
106 | Exp (U, of S.) 926 1,423 | - 34 | -14
Or TR Furniture lndustries 1,667 1,337 1,514 T,376 1T 20
108 | Exp {U. of 5.) : 1,197 1,310 | . 46 21
| N Themical Industries 5,550 | 9,94 | 7,878 B, - t5
110 | EXp (Y. of S.) 9,100 8,602 | 50 80 |
TR Transportation Equip, | 30,735 | 25.042 | 32810 | 2.5 T
112 | ExXp (U, of §.) ' | 27,710 29,672 24 24
I3 T LR Primary Metals 2,256 896 1,999 2,208 3
114 | exp gu. of s.g ‘ 1,838 2,322 49 5
TIE TN T Printing & Publishing | 8.802 | 34050 | 10,317 | 11,58 3
116  exp | (u. of 5.) 9,341 12,257 8 L
TIT"TTN | Metal Mines T,050 | 3,517 | J.034 | 3,000 L
118 | EXP u, of 5.) 3,100 2,736 77 50
'gg LNP on-(e a . gm)as 3,663 g:{gg 7,112 ;.gz; " 1; [
EX , U, of S. 1 15
}'g—'n r‘@mL Fab;‘lgagﬁ\g ZO,SWWW'H%I o | B
EXp y. of S, 9 . 20,632 . 2
IZ3 [ LH | Paper Industries T,.5999 [ 1,302 1.8 1,190 ‘ KR
124 | EXp U. of 5.} ' 1,255 | 1,063 63 | S6
bvim tﬂp Buarzies s 7,220 | ;.UZ; 7,550 '3,701 . | 3*
126 | EX U. of 5. ,96 _ 225 |
27 LN MiATg Services OGS [ AT .518 [ 4T ,588 | 76063 =}
28 | Exp (U, of $.) 43,992 64,712 | - 51 | -10
B ResTdential 38} v T30 O .14 W ] :
130 | S.D.= M {u. of S.) ! 810 1,194 -10
131 | EXP - 4 ~B83s 1,211 | -42 | -8
TR K- Total Large Users 3,556 | 3,476 | #,190 | 4,157 7
133 | 5.0 M {u. of 5.) 4,385 3,945 47
134 | EXP o 4,350 3,922 ] 44 | 47
I35 [ LR Total Commercial 8,993 | 9,200 | 11,282 | 12,187 _ [
136 | S.D.» M (u. of 5.) 9,343 12,195 1
137 { EXP _ 9,392 12,495 6 | -1
TN Commercial SIC 861 11,365 110,717 | 14,001 | 14,507 -2
141 | EXp _(Y, of 5,) 10,301 12,989 -1 5
TR Tomercial 516 843 1987 | T040 T 2535 009 =]
143 { EXP (U, of §.) 3,472 5,307 | « 42 | -13
TN Linear & Urigin 1,553 1,571 2,089 2,009 1}
139 | Exp Interceptin , 1,539 1,949 0 4
0T LR Large Non-Metal Mines 8,500 | 8,352 | 4,200 3,350 .04
102 | $.0.= M{ {Ontaric Hydro) 3,701 3,537 k]
33 { EXP 3,603 3,272 | 105 46
2 | eF Total Large Users 3996 | 3,495 | 3,658 | 3,313 10
30 | LN ;murio Hydro) , 3,719 3,613 44 36
) etroleum & Lhemical 3,665 1,189 Z,415 Z,310 31
32 { LN Ontario Hydro) 3,310 2,418 101 8l
I EXP TTities & [AsLy, 1,367 11,208 1,542 1,597 | i I
36 | LN (Ontario Hydro) 1,268 1,788 | - 2 -6 |
% Brror = (Uyp / Vipe - 1.0 ) X100

cos'rlw._/ COSTy
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The error can be even larger than indicated by Table 5.9. The
interruption cost function nonlinearity and' résulting error tend to
1ncrease' as thg diffefehce in duration increases. Second, the cost
function nonlinearity is not‘the only source of error. The $/KWHR data
assumes a cost fun;fion that passes through the origin. Since most
users hqwever .ekperience' a significant cost for even a very short
momentanyrinterruption, the error'éan-bé even larger. If the cost co-
efficient includes a cost per interruption term as well as the cost per
KWHR term, then only the error resulting from cost function nonlinearity
would be present. '_

It can be concluded that the $/KWHR coefficient form is inappropri-
.ate when computing interruption costs at distribution load points.
These Toad points‘are usually dominated by only a single or few types of
users., At composite sjsten-1oad points, the user composition is much
more varied. Usually aggregating user cost data types results in a more'
linear cost function. In that case the error resulting from non-
linearity is diminished and only the error related to the cost function
zero intercept remains, If, 1ike the IEEE cost data (16, 17), the cost
. function includes a per 1interruption component then the error may be
neg1igib1e or at 1eést acceptible when being applied at a load point
with much user type diversity. '

All of the above discussion on error concerns only the form of the
$/KWHR data, The methodology used to obtain the data may introduce even

larger errors,
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5.7 Analytical Construction of Load Point Index-Distributions :

When performing reliability studies or re]iabilityr\cost"benefit
anaiyses; a deterrent tb*the.use of index.distributions]is iheUCPU time
| requifements;tovperform-simhlations;. Dné:diternate approach to obtain
‘the Toad point outage dur@tion-dfstributibn is to assume that all the.
underlying:dfstributiQné.aré'exponentia]_and emp?oy.Pattons‘.simpiified'

equatibns.for the'Gamma”distrjbdtioh (75).  An attendant problem is the

possibi1ityfof significant errors. An alternative aphroach which would

involve negligible error and little CPU time is to analytically con-

stfuct'the-1oad point indice distrﬁbutions:withouturesbfting\to simﬁla—‘
‘ tions.' Table 5.10 present the,CPU-timeS'for“the simulation runs on a .
DEC 2060: computer and for the.caiculgtion-times of an'ana1ytica] con-
structibn\progfmnﬂruh on a Texas Instruments 58 calculator, While the
ana1ytica] coﬁstruction approach does-;not yield the same amount of
information as the simutétionrapproaCh. the.computinﬁlcost:is:muéh'less.'
| ‘This section discusSes.an'épproach to analytjtally‘cbnstruct‘the

- distributions for the load point outage durations and annual: interrup-
‘tion time—indices; Load point outage duration distributions produced by
a TI58/59 caléu1ator-pr09ramrare presented, The outage duration distri-
butions were produced rathEr'than,the_annua1,interrupti?n time -distribu-.
tions because the duration‘distributionsfare‘the?hqstrusefulrdistribuéi
tibns andlbecause they are much easier to produce thaﬁ the.interbuption
time dfsiributions. The‘Poisson distributions of the load point failure
rate can be easily'obtaiﬂéd;fromthe-PoiSson-equation. The SAIFI and

SAIDI system‘peéformance indices -are more difficult tbrobtain by the

suggested analytical approach-while‘CAIDI may be impossible,
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Type of # of Number'of Out-- Calculation
Calculation - Years | Load Points | Put* - Time
_ Min : Sec
Simulation Program:
Lognormal Restoration Times | 5000 2 all 1:56
Exponential Restoration Tfmes 5000 2 all 1:53
. Lognormal Restoration Times 1000 3 all 147
Exponential Restoration Timés 1000 3 all 146
Lognormal Restoration Times 5000 3 all 2:55
Exponential Restoration Times | 5000 3 all | 2:45
Lognormal Restoration Times 5000 3 partial 1:49
Lognormal Restoration Times | 1000 3. partfal :27
Lognormal Restoration Times 5000 9  all 18:40
Exponential Restoration Times -5000 -9 all 18:02
T1:58/59 Program:
| Lognormal Restoration Times N.A. 1 outage 15:00
' - ‘durat1on 7
Exponential‘Restoration‘Times N.A. -1 outage 13:00
: : duration

* NOTE: For 'the simulation program:
histograms for the

load

point

"A11* 1implies the distribution

indices, the

load point

interruption costs and the system performance indices while
“partial" implies only the histograms for the 1load point
indices. The TI58/59 program time is for the distribution of
the load point outage duration for 1 load point and includes the

time for the operator to input and output data. '
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5.7.1 Derivation of Ana1yt1ca} Formula
for Load Point Outage Duration

A formula describing the distribution of the interruption duration
can be obtained from an inspéction of the prﬁbabi]istic mechanics
involved. The qualifying assumptions are ones that are commonly made in
distribution system reliability evaluation: 7

1) system is in the down state mucﬁ‘1ess than in the up state and

no load point interruption is caused by the failure of more
than one compbnent.ﬁ

2) component failures are independent of each otﬁer.

3) for each component, the time-to-failure density function and

time-to-repair densitj function are independent,

Let i indicate any component i which can affect the load point of

interest
ri = interruption duration due to component i
Ai{ = failure rate of component i
As = IA{ = failure rate of the load point

Given that a failure has occurred:

P[R=r] = probability that “the interruption duration w111 equal
r hours

=3 PLcomponent 1 failed] P[Ri=r]

P[R=r] = Zi A p[Ri=r]

A ' (5-6)

To obtain the probability density function for the 1load point
interruption duration fg(r):

fR(r)= 2j A fﬁi(r)
P | (5-7)

The interval probability form of Eq. (5-6) is

Plri <R<ra} = Zi At PLry < Ri < rpd
. A (5-8)
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The basic eﬁuaﬁion for the average interruption duration can be
obtained. | |
r¢ = expected interruption duration

E [R]

.S‘r fa(r) dr

- -

Tr Mty (1) dr
_ - A,
oo
= i Ad Jr fri (r) dr

)ks' - gt

Sorg = E Ad ECRj ]

Z M

This of coursé is the conventional formula used for the average

interruption duration,

5.7.2 Derivation of Analytical Formula for Annual Interruption
Time Distribution ' '

Unlike for the interruption duration, obtaining a general formula
for the annual {tnterruption tihe distribution is not a simple matter.
The main difficulfy stems from the fact that the total interruption time
in a year may résult from a number of.failune§ of separate components.
Both the joint pbobability'density function for a component fa11ing,more
than once in the same year and the joint density function for separate
componentﬁ_a]l failing in the same year are involved. A formula for the
density function of the annual interruption time is derived below for a

load point where three components contribute to the interruption time.
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The same qualifying assumptions are made as for the interruption dura-

tion distribution,

Let uy = hours of interruption to the load point of interest in
“that given year due to component i

fi = number of failures of component i in the given year

JR$ = duration of interruption J ofrcomponent i

. For a three component system (i=1, 2, & 3) in any given year:

P[Ug = u] = probability that the annual interruption time equals u
hours per year

= PfUj=u] - P[fp,f3=0] + P[Up=u] "P[fl,f3=0] + P[Uz=u] - P[Fy,fp=0]
+ PLU3+Up=u] - P[f3=0] + P[Uy+U3=u] + P[f2=0] + P[Up+U3=ul « P[f=0]
+ PLU +Up+Ug=u] | | | (8-9)
For the special care of Ug = 0,
PLUS=0] = PLUs=0 |Fy+fz+f3 401 PLFy+F24F3 40] + PLFL,f2,f3 =0]  (5-10)
where the first term on the R.H.S. is calculated by the earlier formula
Eq. (5-9). Of course in a real system, if U=0, then by definition no
1ntérruption has occurfed and only the second temm of Eq. (5-10)
applies. |

Considering the.first three terms on the RHS of Eq. (5-9):

PLUi=u] = P[fy=1] P[Ry=ul + P[f5=2] PL1R1+2R1=u] + ...
+P[f1=n] P[1R1+2R1+...qR1=u

| (5-11)
where n is some sufficiently large integer, Similarily for P[Ué-u] and
PLY3=u].
Considering the fourth, fifth and‘sixth terms on RHS of Eq. (5-9):
PLU+Up=u] = P[f1=1] P[f=1] P[Ry+{Rp= u] +
- PLfy=2] P[fp=1] P[1R1+2Ry*+1Rp = ul +
P{f1=1] P[f2=2] P[1R1+1Ro+2R2 = u] + cene +
PLf1=n] P[fp=n] P[{R1+...+ pRy+1R2+...+pR> = ul (5-12)
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similarly for PLup+u3z = u] and PLuj+u3 = ul ‘
Considering the last term on the RHS of Eq. (5-9): |
PLutuptus = ul = PLfy=1] P[fp=1] P[f3=1] P[1R +Rp+{R3=u] +
PLF1=2] PLF2=1] PLf3=1] P[1Ri+oR1+1R+R3=u] + oo + |
P[flan] P{f2=n] P'f3=n] P[1R1+...+,-,R1+1R2+...+nR2+1R3+...+nR3-u] (5-13)
‘where n = the maximum number of interruptions in a year, |
Evaluation of the terms of Eq. (5-11, 5-12), and {5-13):

PLfi=m] = (At)me At (assuming a Poisson failure rate,
mJ t = 1year, AsAy) (5-14)

'P[R1=u] can ber found from the probability dens.ity function of R(r).

Since a program to generate the reliability indices and their
distributions must deal with intervals of r or u and not the whole
continuim, eqlua't'ions for the interval prbb’abi]iti.es' are given next.

PLuy < Rj < uzl = Probability that Rj is equal to a duration in the
_ interval from uj up to and including uj.

e-le U b
( r r r

-15
Plup <Rj cU2]=1 \e dt=e -e (8-15)

where an exponential restoration activity is assumed and r = mttr
If the réstorat'lon activity is assumed to have a log-hormal dis-

tribution the interval probabilities are given by:

. Up
P[U; < Rj £ U2] = ng(r‘) dr
U1

= Fp (Uz) - Fg (U} (5-16)
, .
where: Fp(r) = 1 —ll(?r,Lm— ':5;‘
= &
- oo

(5-17)
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which is the standard normal probabi lity 1nte§ra1 form of the log-normal
cumulative distribution function, | |
|  m and o© | are the parameters of the related 'noﬁual
distribution. The mttr = eM +°2/2 and the variance of the restoration
distr1but1on = 02 = e2m + 20° . e2m *’dz A closed form solution for
the integral of Eq. (5-16) cannot. be found but the probability value
from the definite integral can be obtained manually from tables or 1in
- the case of ra progfam, the value can be obta'i.ned from aﬁaﬂaﬁle computer
system library functions or subroutines. An example is the IBM built-in
function ERF(X) which gives the value for the error function (88):

erf(x) = 2 xge"tz dt
o %)

If the restoration activity is assumed to have a gamma distribu-
tion the interval probabilities of Eq. (5-16) must be calculated from
the incomplete gamma function whi.ch',also has no closed form solution
(89). The probébi-]ities can be appr_ox'imatéd- by using' ﬁumericai
integration, Oﬁhér distributions could also be assumed but for the
purposes of  analytically constructing the reliability  index
distributions, the algorithm must be such thét the computer time
required to obta'in interval probabilities can not be unacceptably ‘long.

The terms of Equations (4-12}, (4-13), and (4-14) which involve
annual times resulting from two or more failure durations are considered
next. The interval probabilities will be derived. For the two failure
terms, the probability -associated with the area delineated in Figure
5.'16 must be calculated. Equation (5-19) gives these probabilities

while Equation (5-20) gives it for the log-normal 'case. Similar
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equations can be obtained for the terms involving three or more failure
durations. The shaded afeé in Figure 5.16 is used to calculate

Plup < x+y §_u3];

upper limit: y=U, -
lower limit: y= U1 -

Figure 5.,16: Two Failure Term Integral Area

. 2,2
fyU)=y%1 e*hs%%ﬁ%y' y> 0
fx (x) = 1 e-(log x-m ) /20 x>0

x=ug fy=uz-x
PLui<x + y < up] = fx,y (x,y) dx dy
X=0 J y=uj=x

X=ug
fx(x) fy(y) dx dy since X is independent of Y
x=0 Jy=uj- (5-19)

- {5-18)
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© PLup<X+Y<Uo] =

x“UZ Y‘“Z‘XI- 1 -(10g y-my)2 - {log x-mx)2 dx dy
nyc S, n e L2 5g°
X

X’O y=uj- v

(5-20)
Equation (5-20) and the sim11ar'integrals with more variables do
not have a ﬁlosed' form so]ﬁtion. The most feasible approach in a
computer program is fo approximate the probabilities using numerical
1ntegration; Comparéd with the univariate case of Equaﬁion (5-16),
these multivariate probabilities are more likely to iﬁvoIve excessively
long computation times. However, analytical construction of the Annual
Interruption Time Distribution may still be feasible 1f care is taken in
programming to ensure that: |
1) the number of integration intervals is not greater than
accuracy demands ‘
25 in Equation.(s-ll),(s-lz) and (5-13) n, the ﬁaximum number of
interrhptions in a year is not greater than accuracy demands
3) as much advantage as possible is taken of redundancy in the
calculations |
4} efficient algorithms are wused to calculate the point
probabilitiés _ |
5) distributions assumed for the restoration- activities are ones
which require only reasonable point probability calculation
times,
Analytical construction of the Interruption Duration Distribution
only requires the calculation of univariate interval probabilities. The
required computational time is thus not long and is not an obstacle to

the use of a construction program.
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5.7.3 Example of Analytical Construction of Load Point Qutage Duration

The sample system used in this example is the same one used eariier ..
and 1is depicted in Figure 4.1, The'ca'lcul-ations giving the average
w)ahies for the li:ad point indices are repeated in Tab]e 5.11 for load
points A and B. The simulation and analyticé] construction for the
.examp'le as'.sume 511 times exponentially distributed except for the repéir
times which have a }og-normlaﬂ di.str'ibut‘i'pn with th_e standard deviation
equal to .5 hours. Since for .each load point only four components
contribute to that load points' outages; Equation (5-8) becomes: .

Plri <R < rp] =

MqPLricRycraly ApPlrycRogralt Az PLricRacral* M or 5 or 6 PLri<Rs or 5 or 65r2]

As
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Table 5.11 Calculation of Indices for the Sample System - Case 1

, Load Point A Load Point B
o A r Al A P Ar
Component . T/yr Trs Trs/yr ¥/yr Thrs TWrs/yr
Primary Main _
Component 1 2m section 2 3.0 .6 2 3.0 6
Component 2 3m sectfon .3 5 a5 -3 3.0 | 9
Component 3 1m section | .1 .5 .05 1 S .05
Primary Lateral )
Component 4 3m section .75 1.0 75 - = --
Component 5 2m section -- -- - B0 1,0 .5
Component 6 1m section - =- -- == = -e
| 1,35 1.5 1,55 1.1 1,86 2.05
Load Point Load Point
— A B
A - failures/year 1,35 1,10
r - hours/failure 1.15 - 1,86

u - houbs/year 1.55 _ 2.05
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As in Equation (5—15)  the exponential terms become:
rl ‘.I."2
PIri<R<rpgl=e M .e W
where m = mean-time-to-restofat’ion for the manual sectionalizing
| | activities |

As in Equation (5-17) the lognormal terms become

i : : 111(::'2)-*:11x ‘ ln(rl)--_mx
PLry < R<&rpf =~ C c_ .
= 1 x - —t?)2 1 x -t%/2 (5-21) -
r3=n e dt oy e T dt
B and N -0 -

where:
ox =¥ 1n ( o2 + m2) - In (m2)
mg = In (m) - __‘;_zx__

m = mttr of Tognormal repair

o = standard deviation of lognormal repair

Equation (5-21) can be computed by calculating

X=1n(r) -m

c

and finding Q{X) where @ is the stahdar‘d normal probability integral.

Tables 5.12 and 5.13 sho_w the resulting calculations for the first |
seventeen intervals of interruption duration for load points A and B of
case 1, The tables also compare the probabilities calculated from the
construction equations with the probabilities calculated from the
‘simulation progra.m‘ histogram frequencies. The probabilities are in
.close agreement, The small differences can be-aiitribut.ed to random
error inherent in a probalistic simulation and to the inability of

random variate generators to generate perfect sets of variates (83).
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Note that in this example, 6nly three distributions are'needed:

although there are four components for each load point. COmponents‘with‘

identical distributions are combined by aggregating their respective

weighting factors, For example: 1in the case of load point A outages of

both components 2 and 3 result in manual sectionalizing times with‘means_

of .5 hrs, and are exponentially distributed. The weighting factor

become:

Load Point A

Component 1

Ox1

My} =

J\.}ls: A +l
| Xs

The parametef values for the calculations are:

Component 2

Component 3

Ox3 =

My 3

Load Poiht B

m = 3.0 hrs .01 = .5 hrs
JIn (52 + 32 < 1n (32)
.1655 hrs
In (3) - (.1655)2
1.0849 hrs

m2 = 6§ hrs

‘m3 = 1,0 hrs O3= .5 hrs
4724
-.1116

Component 1

Component 2

Component 3

mp = 3,0hrs o1 =.5hrs
Ox1 = ,1655 hrs
mX1] = 1.0849 hrs
m2 = 3.0 hrs Oy = .5 hrs
OX2 = ,1655 hrs

mX2 = 1,0849 hrs

m3-= 1 hour
OXx3 = ,1688 hrs
mx3 = -,0142 hrs

g3 = .17 hrs

lognormal repair

exponential sectionalizing time

Tognormal repair

lognormal repair
lognormal repair

lognormal repair
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The abave approach can be applied to other configurations and
systems such as in the example calculations of Sections 4.1 and 5.2, A
complicatioh arises in situations such as that of Load Point C, Case 3
of Section 4.1. As.can be seen in Table 3.5, the 1 m primary main
section and the 1 m -primary lateral result in repair activities. How-
ever, both the 2 m énd 3 m primary main sections result in two different
.poss*ible -activities:. ~switching (average of 1 hr.) when the alternate
supply has a Tow load and repair (average of 3 hrs.) when the alternate
supply load is high; The approach -of using a restoration "time (average -
of 2 hrs.) which is a weighted average of the two activities cannot be
used when the activities do not involve identical duration distribu-
tions. Insteﬁd. the respective restoration times must be maintained and
the weighting fa_ctors modi fied by the transfer probabilities. Table
5.14 shows the calculations and gives the constructed and simulated
interval probabilities. |

As these calculations indicate, distributions associa_ted with the
load point outage dt':ratio-ns can be obtained’r easily. For very small
systems such as the example one, even a set of manual calculations can
suffice. For larger systems, a -computer program becomes necessary but
the programiﬁg effort and computing time involved is considerably less .
than that for the simulation approach,

To demonstrate the ease of obtaining distributions even without
ready access to a computer, a program for the TI-58 or TI-59 program-
mable calculator was developed. The program is capable of calculating
the interval probabilities of the load point outage durations for any

number of components with any mixture of exponential and lognormal
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distributions, The operator must perform a faildre modes and effect
analysis as outlined '1n Section 4.1 and then provide the parameter
values and weightihg factors for each distribution. The total time to
obtain the interval probabilities fof one load point in the above
examples was about fifteen'minutes.‘ This includes the time required by
the operator to input and output data. Table 5,10 compares the calcula-
tion times 6f the simulation pbogram and the T1:58/59 program. Appendix

C provides the program listing and related information.
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6 CONCLUSIONS

Many diffefent approaches‘are available to determine user interrup-
tion cost coefficients; the most prevalent and practical ones involve
gross economic activity indices (eg.- GNP/KWHR) and user surveys to
determine duration/uéer specific interruption costs (eg. $/KW). While
the GNP/KWHR type‘ddta has the advantages of ease of determination and
application, the $/KH survey data has the advantages of greater accuracy
and validity and the ability to differentiate between user types and
interruption scenarios, Much effort is being devoted to the improvement
of interruption cost collection methodology and to the actual collection
of data but major shortcomings still exist for application purposes:

1) theoret1ca] basis and validity of 1ntérrupt10n cost methodolo-

gies still not fully developed

2) much of the data already cof]ected is not based on sound
definitions and methodology | _

3) there is a lack of data on variation of costs with‘factors such
as user charactgristics (eg. size or geographical location) and
interruption characteristics (eg. interruption duration or time
of occurrence).

At présent-there is already available data of sufficient validity to
perform‘usefu] interruption worth analyses.

Many studies have been performed on the optimization of generation
system reliability by the application of interruption worth data in
cost/benefit analyses. Such studies have been and continue to be

limited to the consideration of geheration adequacy rather than security

-
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becauSe of the iﬁmature state of the art of security assessment. The
results and conclusions of all these studies are of restricted applic-
abilify because generat1on'adequacy indices are relative indicators not
absoiute measures of reTiability and because preseht]y available {inter-
ruption worth data does‘not adéquatelylinCIude-the indirect effects of
generation typé interruptions wh1ch—tend to be of a large scale, Reli-
ability indices based on the frequenqy and Dhration approach are more
-suitable for reliabilty worth assessment than the LOLE type indicés.

Presently there appear io be at least three major approaches avail- -
able which utilities can utilize when performing cost/benefit studies of
generation reliability, Sanghvf's LOLP and tinear programming optimiza-
- tion program performs an overall general optimization including factors
such as capital, operating, and interruption costs and uncertainty of
resource uhavailabi]ity. It is computatidﬁal]y efficient but of limited
dependability and validity. The Decision Focus Ovef/Under approach uéeé
a somewhat more ab§o1ute prediction of reliability but does not perform
an optimization of resource mix and does not adequately incorporate the
effects of interruption characteristics such as frequency and duration,
Poore's approach uses;a more appropriate and absolute predictor of reli-
Iability and incorporates fairly adequatg]y the factors which affect
interruption cost. This approach is not presently'available as part of
an overall generation' expansion dptimization package but can readily
u£1lize a utility's present F & D reliability progfam.

- Few studies have been performed on the optimization of tomposite
system reliability because composite re1iabi11ty assessment tself is a

sti11 developing technique which 1s not yet in widespread use. UlIti-



ﬁate]y the applicétion of reliability worth to‘composi?
a valuable and appropriate one because the indices will be more .
measures than the generation indices and because load point reliability
will be evaluated as well as system reliability. The University of .
Saskatchewan composife reliability progfam "COMREL® was utilized in an
example costing app]itation and tb provide indications as to the

problems that can arise in practical composite reliability worth

studies. _ 7
\/(;:stribution system. reliability assessment vresults in fairly

absofﬁte heasures of user retiability. The indices are amenable to com-
binatfon with interruption cost data in reliability worth assessment.
Reliability wdrthldata is most applicable in distribution system studies
(as compared with geheration or composité studies) because the interrup-
tions are usually local random interruptions of a small scale and do not
result in large indirect costs or effects.r) | |

Package programs to perform distribution system reliability optimi-
zation do not appear to be commercially avai]ab]é but this is at least
in part the case because such programs are relatively easy‘td develop by
the utility users themselves and because ‘the' thebretica] basis is
extremely simple. -The thesis discusses considerations and problems
associated with applying reliability worth .in distribution system
studies. |

One of the main problems didentified is that the interruption
dufation indices used to evaluate interruption costs in geﬁeration; com-
posite, and distribution studies are the average values-of the‘particu—

lar measure of reliability. Interruption cost function noniinearities
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can result in ‘large errors if. the variation_of duration about the:mean
is ignored. gA~study of the probability distributions associated with
rdﬁstﬁibution system interruption durations was undertaken to énvestigate
the potentia],costing'errors, An additional incéntive.tolétudi the
indice distributions-is that index distributional inforﬁation-has many -
potenpialﬁy Valuable“applications asideffrom—intenruption,costihg;_.The'-
distributions obtained by the probabilistic simulation program for the
Load Point'Fai1ﬁre Rate, Outage Duration;'and Annual:lhtefruption Time
and for the 'SAIDI,‘-SAIFI, and CAIDI- systemf performance.'indices-'are
presented and discusﬁéd., | |

If restoration times can be assumed-_to ‘be -exponentially distri-
‘5uted;'the lpéd‘point outage duration can be apphaxiﬁated'as being gamma
. distributed, ,"OftEn1'restorationu‘tihes “can not ‘be assumed to be-
--exponent1a11y distributed.and in these cases the duration distribution
cﬁnnot generaﬂ1y\beﬁrebresented,pynargamma disfributidn;"Thé‘distribu-'
" tion may be muitiemodal'andﬂnot describable by any known distribution.
The thesis discusseéfvariation-of'distribution shape with: - |
1) djstributions underlying'the nestorétiOn processes
2) distribution means (ie. index values)
- 3) distribUtion-standard;deviatidns,
4)‘ system-configuratfon;and operation
‘5) position in system.. |
" §) size of sections
7) size of system. - . |
The distribution system simu}ations were utilized to ihvestigéte

the interruption cost distribUtionsﬁand'the errors resuiting: from USing
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average durations to calculate costs. - The costs for twenty-three cost
fﬁnctidns; which'weré choosen to represent-the-range"of,functionﬁ, indi-
gate;,that'while.in the majority of cases the error‘is‘likely-to-be\
neg]igible'ononly-moderate3-ina-significént'nqmber;of'cases the. error.
~can be quite large, - Curves which.arefaggregates-of the-tosts'of many
~ smaller and different user groups-tend_tOfbezlinear-ahd"héve afsma11 ..
error, Curves for more specific groups of usérs-with_similar charaéter-
istics tend to have sharpec'break-pointﬁ, be mofe*nOnniinear, and have
1arger,erb0rs. Because of user aggregation, there ié Tikely less error
1nvolvedtin using on]y,ayerqge‘dUrations-whenuperforming caléulatiqns
for generation of composite reliability studies than fof;distributioﬂ'
reliability studies. | n |

The'useibf:a $/KWHR: “interruption cost coefficient form aé comparedf‘-
 with a duration specific $/KW interrqption cost coefficien;, form is
-investigateﬁ. It is cancluded that‘theg$/KHHRcf0rmlcanfresult in signi-
ficant errors “due to the éost function nonlinearity. The duration
specific $/KW fprm”is-deemed-more.appropriate'fof.interrupfion costing
especially in distribution system studies.

.. A major deterrent to the use of ou£age duration distribytions in
reliability ‘studies and in interruption costing .in particular is that
simulation programs’ used to obtain-the1index'distribution$ reqﬁire-fair-‘
1y 1éfgei amounts . of CPU time. - 'In.-the thesis, simple formulas to-
énalytica1ly conétruct'the Load Point Outage Duration and Annua1rlnteb-:
ruption Time Distribution, are presented., By means of tabular examples
and a- calculator program it “is shown that analytical conétruction‘of
' Load Po1nt OutagéJDuration-Distributions can be easy, feasible and com-

putationally efficient.
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APPENDIX A:  OISTRIBUTION -SYSTEM SIMULATION PROGRAM DESCRIPTION ~AND
FLOWCHART =

g fhe basic distribution ‘system model this progrmn=simu1afes'js a
manual sectionalized Pbimary:main, Qith.or without an altefnate'suppiy.
CoﬁbinaffonS‘oﬁ load transféf probabilities, 1ndividua]'switchjn§ times, -
'so1id1y.connectedr1aterals, etc. are all possible by‘insertion,of‘the
proper data. |

_'The5phogram utilizes-mpnte'car]o technique#—to generate-fai1ure'
times, rgpairdunations,and:switchingtimeS-formanual_§ectionaTizing,
"alternaﬁe_feedeﬁs, and fuses. Exponential, lognormal, normal, and gamma

distributions can be selected. Based on a given MTTF..for each section,.

the first failure time-for each element is randomly generated. from an -

exponential'distribution;:'The-failure‘timegﬂarEJthenLqueued, and the .

clock is stepped to the first failure. . A restoration time: for the
‘ fai1ed section -is. then generated based on that séction's,MTTR.‘ After
the restoration, a new failure time‘:is generated for the reﬁdired
element,uand that time is retufned to‘the‘qUeUe‘ |
After each year é record of ‘events is kept, including.the number of

interruptions, number of failures, and outage durations Of_-each

section. Distributional information is plotted on histegrams  in the ..~

dutput,of the program if the appropriate-f]ag is set in the input. If a
different flag is set, after each interruption the interruption costs
are caiculated'ahd after each year the system]perfbrmance indices cal-

cu]étedéf
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The program .contains 1nterna1 documentation. Including§comments,

the program is 1245 lines long. It is wrftten in Forfran;- Tyﬁfcal CPU
times are listed in Table 5.10.

A generalized flow chart is shown on the foliowing page. .



START B
]
READ
DATA & FLAGS
¥
OUTPUT DATA
_ INITIALIZE VARIABLES
4
GENERATE FATLURE TIMES SERT SUBROUTINES :
. oy ¢ p1s5TB GAMMA
" LGNBM
. X EXPONT
DETERMINE NEXT ELEMENT] GAUSS
TO FAIL
~ SBRT SYSCST
CALCULATE . ___sg::mnomm
PERFORMANCE INTERRUPTION|
INDICES & st
INTERRUPTION FOR_CLVEN
COSTS DURATION
TOTAL RESULTS POR °
WHOLE YEAR
- l -
OUTPUT VECTORS
SUBROUTINES:
WRID
8IST

SWITCHING TIMES

4

CALCULATE & RECORD REPAIR TIMBES, OUTAGES, ETC, DEPENDENT

ON SYSTEM CONFIGURATION

4

GENERATE NEW FAILURE TIMES
FOR REPATRED ELEMENT & QUEUE

FIGGRE A.l SIMULATION PROGRAM FLOW CHART
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APPENﬁIx B: Distributional Dependence'of CAIDI -
As discussed in. Section 5. 1 the CAID[ index average is independent '

. of the underlying dlstributions when calcu]ated for the enttre simula—
| tion period, Hhen ca]cu]ated as the average of the CAIDI indices for
each year,-CAinI honeversie dependent on the‘undeflying distributions..
The reason for this dependente is that"this calculation of CAIDI con- |
sists of dividing two factors, each of whlch has an assoc1ated distribu-

tion, Div1ding two sets of added numbers is not equ1va1ent to adding

- sets of div1ded numbers

eg.

"A+B+C éﬁ»_& +‘§
X+ ¥+ Y ,'7

whefe:‘ A,B,C

hours of customer interruptions

X,Y,I = number of “customer interruptions
The chcu]ations for the "“other" CAIDI, end.for the SAIDI, SAIFI,
end*]oad point indices consists of dividing a set of distributed'numbers
”1by some constant and thus their averages are. distributionally lndepend-
“( ent ‘ Fortunately, for large systems, differences resultlng from the two‘\,
| approaches to calculating CAIDI-ayerages.tenduto be negligible due to

- 'the fact that variation in CAIDI from year'to‘year is-not great.
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Appendix Ci Analytical Construction Program ,
Flowchart For Texas Instruments TI 58/59 Programable Calculator

* Indicates function to be :
performed by operator, not
- internal part of program,

* [RST]
* [set Fig 2|

'Pfrl (RE r2] |

NO (Lognormal For
Distribution) Exponential

Distribution

F(ry) = Q(-—-——-————LN(R1) all 3

X
-
LN(R2) - mx
,F(rz) = Q(—-'fa-.—;{————)

Pr ¢ Rgrz]=r(r1)-*s(2)

* | Interrogate Rl1l to R29 for In}:erval Probabi.rlj.:iiff - J




ABALYTICAL CONSTRUCTION

TITLE _OF_INTERRUPTION DURATION

PAGE L

OF _3

'I'Iﬂogrorwnoble

PROGRAMMER _Bduard Holcrvaski _ OATE_swc/8z  Program Record %@

e

Partiioning (Op 17) L3110, 9.1:9] Library Module _ MASTER
Dafault

Printer

PROGRAM DESCRIPTION

Plo-ns g us]- £ (A1/An)
functions of 1 d;lltribut:l.ons. J= I., 2, . .19
inputs pu'ultcu. PEORTAN generates distribucion probabilicies, multiplies each

probability by its weighting factor (A1i/As) and adds sach weighted probability to
the other probabilities for that intarval.

Calculstes interval pmb.bui.:iu aof emm:m and/or loguoml disexibutions, %.e.
jucz)d: whera: f1(t) = probability density
intarvals.

In sach pass: operator

« FETT Touas eairements incersorand

USER INSTRUCTIONS ' J
STEP! PROCEDURE ENTER PRESS DISPLAY )
1 ]Claar Mamories. 2nd | CMs
2 |Eater Interval Width 8 . $ c s
3 |Zater Standard Deviation¥ x Fx D T
4 |Eater Mean mx [+ E . mx
s |Enter Veighting Factor (Ai/As) At/As |d| B 1/Ns
6 |Go To 0 and Clear Flags - RST ’
| 7 | If Exponencial Distribution, Set Flag 2nd STFLG 2 |
C 8 |Start Program R/S :
| 9 |2rogram Will Display Imterval Nunbcru (K) R
and Probadilities in Cycles Pfrs <rgmRR |
10 |Once All 19 Interval Probabilities ars
Calculated, Progtam Displays 10000 10060
114} If Mors Componants to be Added: Redo Steps
' 3, 4, 5, 6, 7and 8
11B| If Ko Mora Components to be Addad: To Incerval
'|Obtain Intervel Probabilicies: Incartogate| Numbers K |RCL ?[ru (R T ]
Data Ragisters Rl ro R29 ’ Nei+10=11,12},. .24
12 1To M'Wmm@mm L :
USER DEFINED KEYS DATA REGISTERS (=1 W ) LAGELS (Op 08)
* USED BY ML-14 * INDIRECT " AL/ Ax =0/
" USED BI ML-li ' ML-14 t PLO¢RES ] 0T
¢ INTERVAL WIDTH(S)| : ML-l4 1 PCs ,‘Risz _E,_E_‘__CZ]_
o ¢ 3 ML-14 1 PL2S{ R4 38} —%‘-—,-g-g;
‘s ¢ SSINTERVAL WIOTR | ¢ FC3S<R4NS | o o /mevE
‘ SBR - Q(X) ' peMEAN ' Similarly for B_m._ T _T_F_E_
\ * Ai/As ‘0 esTD. DEV * RIS to B29 O _Gm_
¢ 'r:_- ! NE_eM_IO_eE_ED_EE_
v * ry(or P[]} 1 W_El_ K w0y B
t ' ap I m_m_
T PPITA; = S N) IEN EASN, RT) BN S S
19109881



ANALYTICAL CONSTRUCTION R _
YME_OF Q8 DUBATION mae_2 of 3 Tl Frogrommable S

PROGRAMMER _Eduard Wocievaskt  oare_sepcssz  Coding Form

LOCICOOE KEY | COMMENTS |[LOCCOOE KEY | COMMENTS [|LOC [COOB KEY | COMMENTS
o |43 [rcL 5 {16 [A° ¥(r;) iis]s
0| 4[4 BCL 8 s |76 [use _ iz |-
10 |42 [sT0 G::.nu) 5 |39 |oos 1t
0| 77 th 5 |42 [st0 11|75 j=_ -
o |42 [s10 s {als |stores o=} 11 |32 xGe Je=19
0 {818 6 |43 |mcL 11 143 [met I -
o |43 [reL 6 |51 |7 3 ir]9oe '
0| 9] BCL K 6 |23 wx (rg) 11 {22 [mww
0 |8s |+ (Councar) ] 6 |&2 IstO ‘ 1177 x2¢e IF(E € 19)
o |11 6 {717 11| o [o GO TO 0
1 |95 j= j 31 6 |43 [BCL 12| o |0
1- |42 [sT0 ¢ | s|s 1210 |0
1 9|9 6 |22 |mov - 12 | 95 |=
1 |66 [Pause |Display k+| 6 {46 ISOM 12 {42 [sTO
1 |49 |PRD - 6§ L2717 12§ 9 |9 {R=Q
1 | 77 re(k+1)s || 7 |43 [RoL 121515 -
1 |78 |- 7 6 |6 LM(E)-mx || 12 |85 [+ 10000
11 7 {22 | o= 121 5 |s Indicating
1 |95 = 4 7 149 jrRD 12 {95 - End of
1 |49 |pmD ? 7 7 12 {33 x Run for
2 | 8is 7 |43 pen 13 {33 Ix? thae
2 |43 |ncL 17|77 13 |91 /s Piseributich
| 8|3 £y K3 7 |16 [a F(¥3) 13 |76 |LBL
2 fos |= J - 7 |22 |INv 13 13 [e Stores
§ 87 |1r FLc “J1r EXP. ; 44 st is 42 [s1o Interval
| 2 PDista, - 8 |8 plr T 3] 4 |4 Wideh
2 (A& B'Ra [|& |4 2l eng o 13 o1 R/S
2 |32 |x%¢c | 8 8 |8 F(r)-F(rp)) 13 |76 {uan Stores
2| oo 8 |76 [LBL 13 {15 [ mx
2 |95 |= 8 |29 |cP 13 |42 {sTO
3 122 (v 1 =0) 8 |65 [Pause ) |Display 41 5 |5
3 |67 |ame =10 {{ 8 |66 [Pause 14 {91 In/s
3 138 sy S |66 [Pavse YT, 2mg 3 14|76 e
31 8 146 iPause 14 144 Ip Stores
3 195 (= 8 a3 lncx. 14 |52 (81O x
3 |61 |60 9 j10 |10 | 6 (s
3 39 |cos 9 |95 | A/ As 14 {91 /s
3 176 |uBL 9 149 [emp 18 176 [Lav
Sk sgv {12 | 8is /A=y ee)| 14 |17 |8 Stores
3 132 Ix4e 9 ta3 jRCL 14 142 isTO N As
4 |23 (v LN (r)) 5 9 |9 X 15 110 jx
4 la2 |sto T g |85 |+ 15 191 [r/s
s | 8|8 9. | s |s 15 176 fmL
& |43 [reR, 9 |85 |+ 15116 [a 38R
4 LIRY ] }mr ~mx 9 5 I8 15 [36 [paM UTo
4 |22 imww 1 x 10 |95 |= K+10 15 |14 (14 Calculate
& 144 |l Y| 10 142 is0 15 1n
4 | 8|s 101 0 jo RO=K+10 13 136 [poar Qx)
4 (43 [peL 10 {43 [RcL 13 14 [14 I
; 2 |3 ‘}g C Is "P[ ] S &ns CODES
22 |INV 74 st D . MERGEDCQ
s |49 |emp 1010 {0 R(E+10)= || s PHE R
5 |a3 |mer. 10| 4 4 g - PR,
s B |a 10 6% X EXASN .,.E;!;I}H I)M : ,
P g T T T ——




ARALYTICAL CONSTRUCTION

TITLE __OF INTERRUPTION DURATION PAGE. 3. _OF_2 ﬂﬂ»og,a-m-nbb o

PROGRAMMER _Eduaxd ¥ojczmakt  ONTE_sape sz Coding Form

16 | 92 | INV SBR
16 | 76 {LBL ™

16 | 24 j{CE

16 | 42 |sTO

16 | 8[8

16 | 43 [RCL

16 | s1s

16 | 35 |1/x

16 |95 = SBER

16 | 9 {+/~- To

17 | 49 |PRD Calculats
17| 8|8

17 | 49 |Pm0 r 2 e f
17 | 117 ,
17 | 43 |RCL Por :
17 ] 818 Exponents.
17 | 22 1w R

17 | 23 [IL8

17 | 42 [sTO

17 | 8|8

18 {43 {RCL

18| 717

18 | 22 v

18 |23 1N

18 |22 (v -

18 | 46 |sumM

18 | 8ls

18 143 [RcL s
18 | 8|8

18 {61 |60

19 (29 jer )

MERGED CODES
“Qmw NG Sy
S TNEsa “ED
hod. 1SRG -8 BN T

TEXAS INSTRUMENTS

1IN BORATED

+ 147 Tond) Miuements MowBorated
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