* Nauonén Library of Ganada " Bibliothéqy
Collectmnsnevelopment Branch

e e Canaduan Theses on’
‘ Mvcrofiche Se‘rvrce

;.ﬂ\' fi" e Onawa,Canada .
: K1ADN4 a

B NOTICE o T
The quahty of thls m|crof|che is, heav:ly dependent
~upop .the qualnty of the ‘original. thesss sub(qntted for

"ue,nauona!e du

o ‘isur mncrofnche e

‘Drrectlon du développeméht des collecuons\ L Lo

L ’Servuce des thésescanadlennes vt ' i S EOEEE _'7.\\\_‘-\" ‘

" ‘\‘ . . - e : ’ o : . v/ ‘ g v / R :
TN Tl T . el - W R

l,—,- oA

,\ .

La quahte de cette mlcroflche depend grandement de"'.l"‘

“laqualité .de 1a thése soumise au mlcrofllmage Nous =

“micrefilming, Every effort has been  made’ ‘to ensure e & “avons - tout . fait ‘pour. assurer une quahte supéneure .

the fsghest qualnty of. reproductlon possnbie

lf‘v _ages are mlssmg,-‘»contact the umversuty whlch

- gt

I L8 !
. "-,-..- P '

5 e "Some pages may have mdtstr ot [ pnnt especnalty
rf the ongmal pages were typed wi
3l nbbon or lf the unlverstty sent us a poér photocopy

v

! hshed tests etc } are hot filmed

Reproduct:on in full or in._part of thIS frlm is gov-

- erned - by ‘the’ Canadian Copyright ' Act; R.S.C. 1970,

T, C30 .Please. read. the authonzatlon forms. wh:ch
accompany thls thesls :

DR R, . . \' 3

HAS BEEN Ml ROFILMED
EXACTLY AS RECEIVED

BT S A

‘a_poor typewnter '

Prevnously copynghted matenél\ (journal artncles

de reproductlon “ SN
Sul manque. des~ pageS" veulllez commumquer.
avec I umversute qu: a confere le grade -

DR N A

A

La quallté d mpresslon de certames pages peut
Ialsser 2 désirer, surtout sf *]es pages ongmales -ont été
dactylograph;ees a Ialde d un .ruban usé. ou su Iumver' ‘

" sité nous a fart parvemr une photocopue de mauvalse,
uallte - :
A ‘g‘ :

Les documents quu ‘font de]a Iobjet dun droit
* d'auteur (articles de _revue, -examens pubhes etc.) ne -

L sont pas mncrofilmes

La reproductton meme partuelle de ce mlcrofrlm" '

est. soumise a la. Lou canamenne sur le droit- d auteur
"'SRC1970; c. C-30. Veuillez prendre connaissance des -

formules d’autorlsatuon qU| actow ‘_agnent cette these

- LATHESEA éTE S

-_\MICROFILMEE TELLE OUE
NOUS L AVONS RECUE "



ms"nroha

K N : BN S ) - : i,\_\']“, ~"( o -
@k  National lerary o eibnot\, e“n’tio‘ le " . R S
l* ,”of Cahada . du Canatf‘a ) ST el i [ .
‘.‘_- o Canadtan Theses Dwrsron Divusron des thes" \.oah'a_diennes o , ~
B \ : "‘ L b"“-' 5395 / ‘ - hd ° P r, ; ,
Full Name of Author-— Nom complet del auteur /o . N
0‘057.’:"' asc@e—w & :o C, P TN
Date of Birth — Dete de nalssance ‘ B Country of Blrth — Lieu: de rt‘a:s nce
Taly ¢ 1963 T V/Ncm > WES: |
Permanent Address—ﬂéstdence fixe’ o ' ‘ » . \ L
ST I?JC,H-LAND Ptmz E e
‘~'$T V/Mce-zo NEQ ,IND:ES S :
Jﬁﬂe_ofTheSls—-Tltre de'la these A /” _ 'T'T N : ;".' o _'v A‘.:f.
Powé‘ﬁ %?sg}*m wo € nw’ meLﬂs.s - n Pe.o Poseb R

Universuty——-Umversnté :.‘ el T

u,mwansm'y znr : n—tee')a'f\q

Degree for which thes‘ls -was presented —_ Grede pour quuel cett these fut presentee

meg'ren OF __SCI1EnNCE

Year thrs degree oonferred --—,Année d obtentlon de ce grade /-

Name of Supervrsar — Nom du dnreoteur de these .

R é‘ AQ?NK

I?gl T

[N

Permossuon IS hereby granted to the NATlONAL LIBRAR QF

CANADA to mlcromm this thegis’ and to lend or sell Hole} res of
_the fiim,

. The author reserves other publlcatron nghts and: ne‘ her the
thesis nor extenswe extracts from it may. be printed /or other‘

wise: neproduced ‘without the ‘author’s written permlssmn

f m.-91 (4/77)

ES o

P

preter ou de.vendre des. exemplalres du film.

L ‘autorisation est, 'par la présente, accordée a la/ BIBLIOTHE-
QUE NATIONALE DU CANADA de microfjimer cet e. these et de

"L'auteur se réserve les autres droits.-de publlca ion; ni lasthése
- ni de longs extraits de celle-ci ne doivent étre imprimés -ou
autrement reproduuts sans [’ autorlsatlon écrite de I'auteur:.

Date :

/w@H

Signature




T .
. " ’ ..\ .
.‘ ; ‘. §
" : . ‘ 0 -
. b\\\ ' Rl v
. THE UNIVERSITY OF ALBERTA

(1 ,‘ .“ -

° 'Power System Worth.Analysis: A Proposed Method

) - Joel Oscrete King S
’ a . ) - o : "
" : \ : . . ) ‘u \\ &‘> v‘, | . .
. A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH

- IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

ﬂﬂﬂﬂ T OF Mastergof Sc1ence v : | B
. » e -
Department of Electrical Ehgihéeriné
Y
L R . . ' o - ) . , ) ¢ - "
B4 B ' ,EDMONTON ALBERTA '
‘Fall; 1981 o as o
AN



THE UNIVERSITY OF ALBERTA :
' "'mmsm FORM

 NAME OF AUTHOR . Joel Oscrete King o o
© TITLE'OF‘THESIS . Power System Worth Ana1y51s. A Proposed

g

v _'"‘5»-* S Method’ s |
DEGREE FOR WHICH THESIS WAS PRESENTED Master of Sc1ence |
Y\AR 'rms DEGREE GRANTED Fall, 1981 R

Permlss1on,1s hereby granted to THE UNIVERSITY OF

*. ALBERTA‘LIBRARY to reproducees1ngle cop1es¢of~thls;
thesis and to lend or sell such copies for\pribete{ B

-

u_séholarly'ér scientific feSearch purpeses only.‘
The author réserves other publlcat1on r1ghts, aﬁé_

A nelther the thes;s nor extensive- extracts from it may
‘be pr1nt:§ or otherw1se reproauced w1thout the author's

) written’ permlss1on.'

- S . «»(SIGNED) W’évj

- _ ' PERMANENT ADDRESS:
SR - LRICHAND PAREK

s o s 0 e uuooo.col-.-

ST iNeenT

\ . e @ e w9 eo-.-nohou--o-o-u

vdEST »:Do‘b/ €S

‘\‘-oo-oeno-o-a.- R R R

a | v

-’

¢

{)ATED JUM‘L ’é 198!

s s s s 000000 0000000

-



| V THE UNIVERSITY or' ALBERTA “
L 'FACULTY ‘OF GRADUATE\STUDI ES “AND RESEARCH

8

)

The uhders;gned certxfy that they have read and

.
recommend to the Faculty of Graduate Stud1es‘and Research -

PO Ny
for acceptance, a the51s entltled Power System Worth - !
Analys;s. A Proposed Method subm1tted by Joel Oscrete K1ng
in partial fulf11ment of the requ1rements for the degree of
Master of Sc1ence. . ’

I T o
B . . & - N \;«“\ix, : v .- ) ' .
. ! Supervisor - B
(ﬁ"“ ',. ‘. ' MW Wc .. -
>
. . o -
¥



S .
- { a
1 | .
. . L
T T I
,:
. - ) ’
v . Abstract
) . o
. j . . . S . . ) .
Properly fitting a power system to the society it - = ..

serves is an exCeedingly diffiéult and important problem.

‘Service rel1ab111ty is an 1mportant factor 1n this fit. It

_would be 1deal if electr1c1ty serv1ce was never’ 1nterrupted 0

But 100% rellablllty would be prohlbltlvely expen51ve to

atta1n, if indeed it could be atta1ned, and utll;ty‘rates, 
fwould Skyrooket; The.objective.of system planners is.to
achieve a balance”between the cost.of outages to'consumere

‘arid the Utility}[and the cost of greater reiiability.
\ . ' . ' !

K\_ It is_;elaf{vply easy for the qyéfpm p1annpr to

a

evaluate incremental costseoiuimp;ovementsf—$he—soeiai—worth%f_

of such improvemeﬁts, however, is difficult to evaluate;

ThlS the51s proposes a method for computlng the worth to
~comsumers~of various levels of system rerlab111ty An

.equatlon 1s derlved relatlng social worth with an index of

rellab111ty, for a. sﬁeC1f1c power system.
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1 1 The Relzab111ty Problem ;wfﬁj_ff; R _i_.

”h¥7ﬂl” Power ut11i;1es are find1ng themselves 1n a pos1t1on 5€l_f;w
where theyfare called upom to prov1de a h1gh quallty productfl'fip;

upon wh1ch the consumer 1s becomxng 1ncrea51ngly

dependent[zsj At the same tlme,van unprecedented array of B

: )‘f;! ser1ous problems have comblned to;make the ]Ob of the

long-term ut111ty plann1ng eng1neer af}extremely d1ff1cult ;fQ]ﬁ»'

dne‘ By 1975, 1ncrea$ed costs of new genehfting capac1ty,,]”

double d1glt 1nflatlon, delays 1n the regulatory process,“‘;"
:'t° forced conver51on to coal f1red b01lers, shortages of fuel
51t1ng delays, new env1ronmental regulatlons, rlszng cost ofv
debt, falllng stock pr1ces and 51nk1ng bond ratlngs have o
vforced the Utllltles 1nto thelr worst p051t10n 1n forty |
years. The 51tuat10n has become so bad that the popular‘:
» press carrled several artlcles w1th t1t1es such as.” »
g "UTILITIES WEAK POINT IN THE ENERGY FUTURE“ [26], and "FOR‘

THE UTILITIES T s A FIGHT FOR SURVIVAL [27] Bu51ness‘Week o

~reported 7-
Lo L ) : ' a S . P .
"Pressed to the wall by an ever-tightening:
-.cash squeeze, power companles are hacking away
S _,at both operatlng ‘and construction budgets to.
o .o . find a way out. However unavoidable, these -
SESERE rﬂ\vf--f_expedlences are laying the groundwork for .an
.o .. even'worse problem -later this decade-a chronic.
** & . power shortage that may completely overshadow
Coo e 0 0 the sp&radlc blackouts and brownouts of recent -
e oo . years, with devastlng effects on. the whole'
o ; ‘ S e -‘_*eCQnomY n[27] . ,’_. : v v



e Although the 1ndustry s prospects have 1mproved

'such as

B '2 .
_fac1l1t1es.»The Vlrglnra Electrlc & Power Company predlcted

BRI

'ffsomewhat[3B] analysts are st111 warn1ng that the industry "
: ;Still 15 not. YEt “Out of the woods" As the 1ndustr1allzed

'fj_countrles attempt to achleve some degree of energy o

~

laself suff1c1ency, electr1c1ty w111 have to take on a b1gger f.f
;;and blgger role. Even though conServat1on measures and h1gh‘
pr1ces may dlg sharply 1nto the gromth of electrlclty }5ig/i'~;'
'rhdemand the power 1ndustry ne the Un1ted States must stlld
-br1ng on 11ne in the n1neteen e1ght1es as much generatlﬁg
jcapac1ty as it has 1n the 1ast decade[27] Most energy
ﬁlplanners say that the demand for electr1c1ty w111 grow

'f~faster than energy demand as a whole, averaglng perhaps 4 6%~

[27]. In the short run they poant out, electrloity 1s the

nﬁbest way to d1str1bute the energy locked in natural reserves

J

’,of coal and uran1um and thus lessen dependence on forexgn'

il. In the long run it w111 be the chlef/means of f

-

‘e:dlstrlbutlng energy from4solar w1nd goethermal and nuclear

‘fu51on plants. The U S. Federal Power Gomm1551on predlcts

that by the year 2001 /more than half of all energy consumed-i

.by end. users wlll ‘be in the form of electr1c1ty[26] Major.'

segments of the economy now fueled chlefly by petroleum,,

L

gtansportatlon and space heatlng, w1ll more and more

»be taken over b electr1c1ty.

Durlng the hard tlmes of the sevent1es, the ut111t1es

,had severely slowed down or postponed constructlon of ‘new

Y

”that by the early 1980 s the company would have only a 5%

— / _

v
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'capacityfreserve §h1ch 1s about one th1rd the back up that -

1s C0n51dered nece sary to avoid shortages. Says Allen B.4

WllsOn flna“CIEI v1ue pre51dent of . Georg1a Power-'"The
greatest ble551ng now would be to be in a state where demand
\ ? . .

P ~.

IS\Stat1C [27]

‘1’.2 'rhé High Cost"éf Co‘nstruction
| Most of the blame for this sad state of affalrs has
be en attrlbuted to the hlgh 1nf1atlon rate in construct1on’
\ wages _wh1ch has steadlly ralsed expenses relatlve to
1nc0me. ASSUmlng a moderate growth rate of 6% the ut111ty
would have to d0uble plant fac111t1es every twelve years.
For any 1ndu5try this would be expen51ve, but the ut111t1es
§fe in a partlcularly dlfflcult p051t10n. They have always ;“
bbken cap1tal 1ntens1ve, and therefore catch the full effects
'ot 1nf1atlon and the blown up 1nterest rates that go. w1th

1t They have been severely h1t by the rampant 1nflat1f?;f

e e

cdnStructIOE Wages.

<y
S
~— J

Beyond that too, the‘utllltles have been locked 1nto
heavy spendlng to protect the env1ronmentt27] And before
“the Three’Mlle Island 1nC1dent they had made a blg move
toward nuclear fac111t1es whlch 1nvolve very hlgh capltal

"costsw(though 10w operat1ng costs) The 1ndustry today is
' the ‘Most capltal 1nten51ve around gettlng $1 of revenue for‘
'every $4 of 1nvestment, compared w1th $1 of 1nvestment for

‘the Steel 1ndustry, whlch 1tself is cons1dered hlghly
N,



N

-~

"

ngcap1tal 1ntens1ve. Thls means that, with 6% growth over the

next foteen years, the 1ndustry would ﬁ§%e to somehow

States allowed.the companies to show income fr

muster $650 b1lllon for construction, compared to the $145
b1111on spent from 1960 to 1975[27]
~ For most 1nvestof owﬂed ut111t1es prof1ts are a_ flxed

percentage of the amount of»capxta1f1nvested in power plants

[y

and equipment‘[27]{ But due7to the‘lag between'the time when'

ut111t1es spend money on new plant and the day when rate

1ncreases are granted by regulatery agenc1es, ut111t1es fmnd'

~ -

1ncome. Several state regulatory comm1551ons \: the United
m capital’

tied up 1n constructlon but thls only 1mprove the balance

Accelerated deprec1at10n and’ 1nvestment tax cr‘dlts “helped

" to bolster earnlngs reports, but served to dlsgu1se the

utilities' very real sash flow problems. When these 1lls

cQuld.no~longer be hldden, 1nvestor confldence plummeted

~until, at one t1me, some companles were no longer able to
obtain long—term.investmenggkto finance construction. Figure

1-1 shows the decline in market price of'eleotric utility

stocks compared Qithrtheir'book»valne[27].

" more and more of thelr cap1tal t1ed up and not yet returnlng,

‘sheet without d01ng anyth1ng for real earn1ngs or cash flow. |

IR
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- Figure 1-1 ‘Value of Electrlc Utlllty Stocks

for - the years 1965 to 1974,

(Source. see reﬁerence‘27)

o

1;3 Consumef Pteblema
When ﬁtilitiee dfop plans for new baee nuclear or

coal flred plants, they usually use gas turbznes to meet the
demand in: three or four years. Gas turblnes are cheaper to
'Abulld but use natural gas asﬁ%uel The result is hlgh fuel
,eosts, wh1ch the ut111t1es count on pa551ng on to consumens
~ through automat;c fuel adjustment.clauses. Howeve;,

cénSumefs can'"flex a lot of musele" at ;ate hearings. They
| usually ;egafd a :ate_inefeaEe,as a "rip*off".'Facgpg such

~

public pressure, regulatory commissioners, who in most



countries are elected'officials'orfpolitical appointees,
.sometimes’trim rate requests beyond reason. In California,s
where utilitles sell more kilowatt-hours - fhan in any other
‘state, the pressure 1s\part1cularly great. ‘In 1975, all of
the ut111t1es were forced to sell stocks at prices below
book value,dand.the gate‘commission was not able to come up
-w1th rate increases to correct the 51tuat10n. Vernon‘
Sturgeon, pre51dent of the state comm1551on, says that
consumers employ every deyicelthey know how to use to keep
‘ rates down - and there are some pretty smart guys out‘
there [2?] ‘ | | | ,
. Since. the Three Mile- Island nuclear 1nc1dent -
anti—nuclear_groups have found reneyed strength in voicings
their concerns»oyerfproblems-associated with transportation
of nuclear fuel construction Snd operation of nuclearo
reactors and spent fuel storage and disposal. If sﬁch

opp051t10n continues, then-the relative contribution of this

energy source might decline in the future[39]

i

1 4 Fuel Supplies as a Constr int in System Planning
r//.‘ An overall view of the nuclear fuel cycle 1nd1cates
the immediate future

Y

concerning nuclear fuel supplies to utilities. However, due

that there are no problems i

to the effect of the Three-Mile- Island inc1dent on public

opinion, the 1mportance of /this fuel source may decline in

N

the future. 0il and'natur gas would be in even more



‘limited use due to high prices and restrictions in the‘use
- of natural gas. The-major source‘remajning is ooal. \7.
"Coal is the largest enerby source knowf ln North
‘America. Despite its abundance, the contributions of coal in
the energy economy have been 11m1ted Mining and
transportatlon of coal to ut111t1es are the predominant
.barr1ers for-coal supplies (1.e. mines remote from markets)
The env1ronmental problem posed by sulphur dioxide 1n stack
emissions from coal-fired bo11ers is also awserlous one, and
with the.assured increase 'in the.use of.this fuel( problems
'with acid rain and the reSulting pollutlon of rivers andv
lakes, along w1th federal pressure, ‘are bound to play an

1mportant part 1n the deci51ons of ut111ty plann1ng

engineers, executives and regulators.

Oy o . s

1.5 Need for Utility Management

The problems that have been hlghl1ghted above have
produced fears of major power shortages in the 1980's. Even
though these fears may not be'realized, it iS“virtUally
certaimjthatrprojections of electricity demand and, ° Q
‘genezating oapacity ylll exceed or fall short of actual'
demand and capéacity. In either case, costs-are incurred,both
by»consuméﬁ? (in outage”eosts or higher rates),‘and the
“utillty.(in-excess eipenditurejor loss of sales) which can

perhaps be av01ded by more sophlstlcated plannlng

technlqﬁes. Many analysts are now reallzang theégeed for

’



more tareful'utility management, and the National
,Associatioh of Regulatory Utility Commissboners‘in.the U.S.
is now backing a study oflutility management[26].

When a utility plans to have a supply of power
available to meet the load it does so in three time frames,
namely, a short time frame (daily and next day of _@
dispatching), a mid—'time frame‘(seasonal and annual),_and a
long time frame (from two to as lomg as fifteen or twentyA
years). It ds.this long-termiplanning that we arekconcerned
with here, and it is at thds lemel that decisions affecting
the oohstructéoh-of new generating capacity are made. It is
here also*that deCisiOnskare made that affect the overall
f1nanc1al plcture of the ut111ty and the prospects for
p0551b1e capac1ty shortages in the £uture.

} Long-range planners have at their disposal
sophisti¢cated models of the utility which are used to plan'
‘capacity additions based on a.ioad forecast and a measure of
system rellablllty A descrlptlon of some of these
" reliability models is given in Chapter 3. Desplte the
sophisticated models, capac1ty reserve marglns (i.e. reserve
.generatlon capac1ty, fuel supplies, -and trahsmission/
,dlstrlbutlon capac1ty) afk still to a certain extent based
on rule—of—thumb,criteriaf Comparisonstbetween'different
sYstem configurations are possible, but the problem of
'fitting atp0wer syStem to the needs of -its customers is
‘still an unsolVed one. In fact, present electrdcity service

to certain custoiners may actuallycbe more reliable than

N



necessary. The schedule of additions to the system must

therefore be optimized'in the sense of cost versus benefit.

1.6 The Cost-Bénefit Problem

,‘Pfobabiiity methods. have gaineé widespread use in
gené:atﬁon system planning. However,_dgspite réfiﬁements to
loss of load measures by récogﬁition of additional indices
such as ffeqﬁency and'auration of bccurencé, and maékitude
of lost load or lost ehergy; there is é hesitancy to use
these techdiques in overail system expansion planning[40].
‘Comparisons”between-differeni system configurations may be
possible;Abut the problem of réliability’gptimizat;pn‘has
étil} ho; been adequately adaressed: A typicaquuestion in
system planning-is: "Why did you select a loss of load
‘probabilify of oné day in ten ;éars fbr-planniﬁq your
generafion reserve?". ®nswers to guestions like this éré so
far based mainly on eiperience[40].

Selection of an-;ptimum standard of-sefvice reliabil{ty
requires'évaluatiénvéf: (1). the economic value to the
service area of the iﬁcreaég.in the average amount offannudl
energy that will be supplied as.the result of system
improvements, and (2)vthe#assoéiated.increases in the anﬁhal
coéts; The optimum.reliébilify lgvel for.a-ioad point occurs
when the incremental value to the service area of a marginal
improvement in‘réliability:ofvsupply is exactly equal to the

-

incremental annual cost to the utility company of providing

\
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the imprévemehf. This is the most.meaningful standard of

service reliabiiity obtainable.i

:\\1.7 Value of’égliability
' It wguld be most helpful td be able to claim an
'equivaleﬁt dollar value forfa specific improvement in load
pqintireliabilit&. It would be possible to determine the
'economic merit of proposéd désign or operaﬁﬁhg‘procedure
changeshwhichvare intended to imprové reliability |
peréormance, This would permit optimization\of reliability
befformancé béséd on ;Btaining minimﬁm total (capital plus
operating) cost plus cost of service interrﬁptions.
Even though the worth may be extremely difficult to
_determiné, system‘reliability does have an economfc,value.
"Sevefal ways of approaching the pfdbiem are p;ssible. One
approach cOnsiders the cost of interruptions from the
.vieWpointlo§ the pqyer qus£6mer. The cost ;} ihtef;uption is
‘iikely to véry»widely depénding_on thé type of consumer.
Industrial cﬁhsdaéfs may suffer losses due to lost
production,vspoiléd product, equipmént damage, iale';
prodﬁctioﬁ.facilities and labour, etc. Domestic consumers
may suffer lésses which‘depend.oﬁ the frequen¢y and duration
of the outage. dzher ;osses.to the society in general may be
in the form of»diséoﬁfort, inconveﬁience, lack of safet§ §nd

disruption of public order. Some of these losses may be easy

to evaluate, whilst others are intangible losses which are



"

extrenely difficult to quantify. The dollar value of these
losses is taken as an indication of the worth of the
corresponding level of reliabllity.

A second approach involves the viewpoint of the
electric utility. It considers the effect of‘servlce
1nterrupt10ns or of total system re11ab111ty perfor;ance on
'publ1c goodwill and regulatory or 1eg1slat1ve bodxes. The
utility may also suffer losses in the form of loss of
revenue from_load not- served and loss of potential sales due
to adverse consumer reaction[11]. The response‘of the
utility to this reaction takes the form of preyentive steps .
"such as . further expenditures for maintenance or‘extra
service restoration efforts, and/ or additional equipment
and lines. The amount of utzllty effort depends to a certain
- extent on public response[37], hence evaluation of the costs
of these preyentive stepS'provides a means of quantifying
the worth of service reliability.

In this thesis the problem is looked at from a
viewpoint which is different from'bothsthe above approaches,
and 1nvolves cons1deratlons of both\the utility and
consumers, Chapter 2 descrlbes this approach in deta1l and
provides tPe arguments used to support it.

‘Several Worth Analyses have been conducted so far‘ the
most popular being that descrlbed by Sh1pley, Patton and
Den150n[11] In this method the value of unserved energy is .

calculated on the basis of an emp1r1cal relationship between

the reduction in Gross Nat10na1 Product and the
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corresponding kwh interrupted. The assumption is made that
the GNP is not only a measure of the tbtal out§ut of goods
and services, but that it also reflects the country's
comfort, convenience and safety. Using this approach, the
capitalized interruption cost is summed with the
power-system yea;ly owning and operating costs, and the
toral plotted as a function of service availability. Figures

<

1-2 (a) and (b) show the results for two different ways of
ca}culatihg system in;estment.

The economic optimal level of service availability is
shoﬁn here as the point at which the total capitalized cost
is a minimu&. This is consistent with what has Been stated
in a prevfous secﬁion as the most meaningful standard of
service reliability obtainable. A£ the optimum point in
Figure 1-2 (a),or (b), it is in fact true that "the
‘incremental value to the sefQice area of a marginal |
inprovement in the re;iability of supply is exactly equal to
the incremental annual cost to the utility of providing the
_/improvement". Both criteria are idehtical., B
| The idea of cohbining,system investment and outage
‘costs into a total cost as>a function of unreliability,
which can then‘bé used in reliabilify optimization, seems to
be a sound 6ne.vThe problem,'howeQer, lies in‘obtaining true
Values for outage é%sts. It was' admitted by the authors of
Reference 11 that their approach was qguite rough in the way

the costs were estimated. The approach vas also severely

criticized by others as being inadequate. Billinton had this



.

to say about it: "the'uae of the GNP to provide an avotige
cost figure does not take into account the individual nature
of the system, the region within it, and finally the
customer himself. The only redeemable feiture about the use
of the GNP is that it is eaéy to find’and to place in a
formula”., (S$ee discussion at end of‘Refereﬁce 11.)

The reliabi;ity index used in the method has also been
criticized as being unsuitable, and Billiﬁtoa proposed the

use of three indices at the customer bus, namely, average

»

frequency and average Quration of outages, and availability
52 service. He stated that the "cost of an out;ge to a
particular customer is related to all three, and not to jusg
the kilowatt-hour loss aspect~of‘unavailability".(Ibid.) He
also pointed out that the teéhnique'ﬁsed in the reliability
evaluation of the system was not fesponsive to the actual
factors that influenced reliability, since all outages were
not equally likely. !

Other sfudies that have estimated the valué of ‘
reiiabili:y have been similarly criticized. Nearly all of
them haQe relied upon easily obtajnable social cost
-indicators such as Gross Regional or National Product, wages
and sala;ieé, or value added by the manufacturé[gzl. They
caibulated_an aggregate social value of reliability that is
insufficient from a policy evaluation standpoint. This is S0
because of the wide diversity in service areas and |
‘associated consumer mixes, and because of wide variation in

consumer losses resulting from power interruptions,

—_—
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Several researchers have used so called."dxrect

‘ll-;methods“ 1n appra1$1ng the worth of rel1ab111ty to a

".{customer. These methods con51st of l1st1ng the var1ou$ o

‘flosses suffered by consumers durlng a power outage and

valulng them. The major dlsadvantage w1th this approach is

‘1‘fthat 1t 1nvolves ask1ng a c?nsumer to evaluate hzs losses._~

e

“r:Industrlal\and commerc1al cqnsumers may be able to evaluate
|
.-thelr 1osses due to loss of/productlon, 1d1e labour,
. /

'hxmaterlal sp01lage, clean-up, etc., qu1te accurately, and
re51dent1al customers may be ‘able to quant1fy thelr actual
"}fout of pocket expenses caused by the outage. However, there
v'are certaln 1ntanglb1e losses to re51dent1al consumers such
Ax‘,as fear,.lnconvenlence, andllack,of safety,_yhlch are |

B eXtrehelyfdiffiCUlt'tQQQUantify. As‘Turveypput‘it

_“The dlfflcultlei 1nvolved can be readlly seen’
. by considering the kind of research which

- .would have to be undertaken in order to '

- provide an answer, It would invelve knocking
at people's doors ‘and saying 'Give me 1.0
‘(i.e. a certain amsdnt of money) or I will cut
off your electricity'. Then either the money.
‘would be taken or.the threat carried out! Theé

same procedure would be used for"other = - . .
sub- samples who would be asked for other sums .

- of money. Given & proper sampling design, N~

+ determination, and total indifference. to” c@ﬁ, v

_consumer relations, an estimate of the demand
for rellablllty could be constructedl"'[29]

The method that is proposed in th1s the51s seeks to .
’h'solve some of these problems Chapter 5 explalns certaln
advantages Wthh may be obtalned by use of the proposed '

’ method "-'f‘ S | | 4’ TR SRR SN
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‘1 8 Summary of Outage Costs Obtalned in the Past

/

One of the first comprehen51ve surveys of consumer

,losses due to system outages was conducted 1n Sweden in

1969[30] The est1mates of the costs of 1nterrupt10ns vere

jobtalned by dlrect questlon1ng of various consumer groups.

s1m11ar method was used by ‘the Rellab1l1ty Subcommettee of °

”;the Industr;al and Commerczal Power Systems Commlttee of the
tI E E.E. 1nﬁ1973 to est1mate the costs of supply
'1nterruptlons to 1ndustr1a1 plants[31] In 1974 another'e
‘survey was conducted by Ontarlo Hydro[42] The results of
“these three surveys are glven 1n Tables 1—1 and '1-2, -and in

'Flgure 1= 3 Flgure 1= 4 shows the results of these and some

s,

iother studles that. were conducted u51ng dlrect survey
‘y methods. [32] The majorlty of publlshed studies have been

‘dlrected at evaluatlng 1ndustr1al losses. Re51dent1al and’

governmental agenc1es in- North Amerlca and Europe.‘

Most. of these studles have estab11shed that the cost of

H

. outages is related to the peak capac1ty and energy demand of

the customers, “and to the duratlon of the outage. The cost

'oestlmates obtalned by the stud1es were then expressed in

"terms of two cost ng components related to the rellab111ty

‘ilnd1ces ‘of. the customer. The flrst component ‘was

| proport1onal to the requency and . magnltude of the. load
-1nterrupted E e. dol ars per kw-lnterruptedr The second
component was related to\the durat1on of the 1nterrupt10n,

1.”and expressed in dollars per kwh

16 .

‘commerc1al loss studles are st111 belng conducted by varlous.v"

t
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c°st of Interruptlons to Res1dent1al Consumers in Sweden‘

Table 1-f-‘- 
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,IF_TQE,’

'\\k + FOR

| INTERRUPTION LASTS |

e

 OF.RANGE

FIXED COST AT START | VARIABLE COST

~ WITHIN RANGE

" (hours)

..0 )

- ($US/kw)
0.00
0.80
| 1.60
5.80
13.80

($US/kwh)

0.80 -
5pﬂap
0.70
0.50
"1.20 |

Average cost of Interfupt1ons to Industr1al Plants 1n:

Table 1 2.

and Capada

‘ PLANTS . -$/kW‘ R $/kwh
All Plants \ 1.89- 2.68

Plants with

¢ Maximum

 demand'<']0O0kw
Plants'&ith'
“maximum o

‘ demand > 1000 kw,

1.05

© 4.59

'0.94

8.11.
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1.9 Scope of the |Thesis.

Most_poweronstem planners agree that a funétionvto
relate’reliability or'unreliability to true economic worth
is so;ely heeded-LA method is descrihed for constructing
tsuch a»functioh. Thls function is in the form of a. curve
glv1ng soc1a1 value on the ordlnate -and unrellablllty on the
abSC1ssa. | o | | »

It should—be noted that the work conta1ned 1n thlS. (h
‘the51s is exploratory 1n nature, and 1t would be 1nadv1sab1e
at this time to use ‘any specific results obtained here 1n
any cost/beneflt analys1s.

A complete.investigatioh of the applicabiiity\of thts
idea to power_systems in general, and a coﬁplete descriptioh
of the application of;the.social value»gunotion to
optlmlzatlon of a system design is beyond the scope of this
thesis. The objectlve is limited to an examlnatlon of the
concept of the construct1on of the social value curvé The
natural-extensron of this research is the use of the social
-value function in reaching a trade—off between reliability |

worth and design cost.
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s 2. Proposed Method for Reliability Worth Evaluation

-

1

2.1 Framework For Defining Social Worth

2.1.1 Indifference Curves [36]

In economic utilify theory the‘term "utility" refers to

‘'some benefit that-accrues to a consdmer,(i.e. user of the

commodity in question), or group of consumers, as a resurt

of the consumptlon of Some good (i.e. the commodlty) or set

" of goods. A given collection of goods is assoc1ated w1th a

,geven level of utlllty A collection with a hlgher level of

p?

utility is con51dered to be always preferable to a

s +

collection w1th a lower level of ut111ty Level of ut111ty

o

is related to the collec¢tion of goods by a Utlllty

. function". Figﬁre 2-1 showé‘éurVes of constant utility; u,

as a function of two goods, "goodl1" and "good2". This

"

-,

functional telationship is written in the usual way, as ’

follows:
U = F(good1,good2)

A curve of constant utility is usually feférred‘to;as

)

‘an "indifférence curve"., Any combination of the different

goods which produces the same utility is considered

s

21
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 “Good 2.-—p

Good ] —-

;Eigure 2-1, Typlcal consumer 1ndlfference curves,

U refers to the consumer's "utility"n

»acceptable te the’coﬁsumer hence the term 1nd1fference

curve. ‘An 1nd1fference curve usually slopes downward to the

v

right. An increase in utility, U, causes it to shift .

outwards-°for example, U, is gréater than‘U} in Figure 2-1.
A set of 1nd1fference curves for a partlcular consumerlls
referred to as h1s "indifference map". A comsumer's"
preferences in relatlon to a set of goods is usually taken

as comple;ely_dgscr1bed by his 1nd1fference map. Once this

" is available, one can give the consumer's relative

L Ne
-,

preferences between any two combinatign of 'goods by simply

-
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N
noting which one lies on the highef“indifference curve.
e A\consumeriis uéually considered as being able to
‘choose any collection of goods attainable by him within his
budgetfconstraint; Fdfthermore, the assuhbtion is usually
~ //}/madé/that he will éhoose_a cOllection‘tﬁat maximizes his.
ﬁtility with r;spect to the éet of goods in QUestion. In
° ' Fiqure 2-2 the liﬁe AB represents fhe set of combfﬁations of
two goods which can be obtained\if theﬁconsumer;s total
_ budget is spent. In other words, it répresents the line
M= p.q.4-p,q,, where M is fhe total budget, p; and p,’are
the prices of the two goods,’and g, Qnd q. are the
éorresﬁonding qﬁantities of the goods consumed. The
particular‘combination of goods rebresented by the point C
{ ' will be chosen, since itvis the on1y point within the
b éonsumer‘s budget that givesiﬁim maximum d£ility.

The line AB is called the budget line of{the-consumér,
and its slope is given by the price rafio between the two
'goods.lIf the price ratio vere to chénge, then the point at
which fhé:consumerYs.ptilitj'is maximized will alsobchange,
and may now lie oﬁ‘a new indifference curve. This is due'fo
the consumer idea%ly substituting'more'of the lower-priced
good for the'hiéher-priged good to fill his budget and at -

 the same time maximize his utility.
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M=p|Q1'+p2Qz -~

/‘/II

Good 1 —= B

Figure 2-2. Budget line of tyﬁical consumer

AN

.2.1.2 Definition of SOCiéi‘Valué of Electric Poﬁer éervice
Electric service 1;vv1ewed in this the51s as competing,

»flth other forms of energy to satisfy the consumer's to%al

‘,energy—derlved utility. Other forms of energy include - h
natural gas for .space heating, fuel oil for powering
machines run by intérnai combustion enéineé, etc. The {
consumer's utilify'might be in the form of revenue from an
industrial ortéqmmercialkoperation, or in the form of
comfort, convenlence and safety brought about by use of

elevatorsﬁ street lighting, room heating or coollng,
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cqg}ing,'etc.

In this view of the energy market, a consumer's total
utility is derived from the use of a combination of the *
several sources of energy available to him. This aggregate
is composed of contnibutlohs from all the available energy
sources. In particular, there is a contribution'that is
derived from the consumer's use df'electrical enerQy.kThe
magnitude of this contribution may depend on-the relative
price of electricity; and perhaps on the reliability of
service experienced. We fherefo;e define a consumer's social
value of his electrical service as the contribution to his
total energy-related utility made over a pefiod of time
(taken as a year in tnis thesis) by his electrical service.
Social value is measured in dollars per kllowatt of peak
capacity demanded or in terms of dollars per kilowatt-hour
of energy consumed, |

" This thesis uses a “revealed preference‘ technique to-
‘quantitatively estimate the relationship between a
consumer's social value of eleexricity service and thk
reliability of that service.

The view of the energy service market as one in yhich
’different'formé ofvenergy compete against each other is
‘suppOrted by two studies into the long-term price-elasticity
of electricity demand The first was done by Nelson[34], and
the second by Chapman, Mount andaTyrrell[35] Nelson made a

study of thirty-three Nebraska‘communities using information

obtained over fifteen years. They concluded that there was
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an elastic relationship between the average elecfricity%
rates to consumers and demand. There was alsoc an increase in
total electricity consumption over the fifteen years which
was attributed to the‘increése in eiectriéity-using
appliances such as television\sets, air conditioning units,
and home food freezers which occgrred as a function of time.
However, this was accounted for in the regreésion analysis,
so that it did not interfere with the deterhination of the

- elastic relationship bétweén average elecfricitj rates and
demand. ‘

The second stuéykused'data accumulated over about
twenty years and for 77 cities in‘n}ne regions of the U.S.
Their results aré shown in-Table'éfT.’They indicate tha£
. average price has bégn thé most important determining factor
of demand, and that pfice'elaSticities range from -1.3 to
-1.7. In othe; words, for residential customers who bave a
price elastisity of -1.3, a one percent increase in average.
electricity price £o them would in the long,fun cause demand
to be 1.3 percent less'thén it would otherwise have been.

This price elasticity of demand is possibly due to
substitution of other forms of energy for electricity, for
example gas for space heating:instead of electrical heating.
Anothervexplanation is, offered by the view that consumers
have a range‘qf potential uses of'electricity[28]f The lower
the projectéa'futuré price of the commodity,‘the.mbre it is
likely to be.uséd. At high prices thevelectricity

consumption may be .restricted tb satisfy higher valued uses
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Table 2-1,
Lohg Run Elast1c1t1es of Electricity Demand
Factor Residential Commercial | Indbstrial

Average-

electricity-

price -1.3 -1.5 -1.7
Population 0.9 - +;:O‘ +1.1
‘Income ' | +0.3 +0.9 +0.5
Average gas price | ‘+0.15 +0.15 .+0.15

only. In the long-~run, consumers might adjust the number of
their electricity-using equipment to réflect the Qalue of
their uses, or perhaps install on-site generating capgcity
of their own. In this view the total energy related utility
to the consumer may decreése, since his overall energy

g

consumption is limited by his budget constraints.

2.1.3 Definition of Reliability

The demand for electricity can be viewed as the desire
for a cerfain capacity (measured in kw),iand‘enefgy
(measured in kwh), delivefedeitﬁin specified vdltage and
frequency tolerances. |

It therefore seems approptiate to define the term
"reliability” to mean a éiven cohbinétion of capacity and
energy supplied when requiréd,_and at the specified vé;tage
and“frequency.This is ‘justified by the fact that the supply

of électricity to a customer is affected by changes in any
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one of these three attributes. Inadequate kilo-wgtt capacity
may result in overloading of Supply.circuits if &11
elect;icity-using appliances are in use at the same time, or
there might be inconvenience to the customer due to
restrictions on the number of appliances he may be able to’
have in use together. Energy shortfalls affect the length of
time the customer may use his appliances, and inadeqﬁate
voltage and frequency can result in inadequate performance
or destruction to equipment, or can even cause service
inferruptions. Outages or equipment failures can be causéd
‘by inadequate capacity and energy or by -voltage and
frequency variations outside nominal values. Hence, from the
customer perspective, the word unreliability is used to
indicate any deviation from the fequirement of any of the‘:
three attributes of capacity, energy and quality of service,
In the following pages the term reliability is used in this

context.

2.2 Basic Assumptions
‘Regardless of the current quality of service at a given
bus, if the system planner concludes that the cost of an .
- !
incremental improvement there would be more than recovéred
in value to the company, perhaps in thevfoém of public
sa;isfacfion leading to long-range market growth, then he

4 . N X
would recommend such an improvement. Over time, then, the

planner's decisions would cause his system to evolve toward



'.;j the p01nt where further 1ncrementa1 capltal 1nvestments can

be barely recovered

(Y

Consumers, on the other hand may dec1de to make Y

'“1ncremental changes 1n thelr ownersh1p of electrlcal cap1ta1

»

. equ1pment or consumer durables if they percelve that the

"cost of such 1nvestment could be more than recovered 1n

‘7.value glven the quallty of serv1ce they rece;ve. Over t1me,,v

'-fp01nt where garther 1nvestment can barely be recovered.
From these con51deratlons we see that the notlon of
acceptable quallty of serv1ce can be looked at from the“

1{po1nts of V1ev of both the ut111ty and 1ts customers, and

,‘fevolut1on of the system must,always be towards a compromlse '

';or trade off that - 1s acceptable to both ThlS leads to the
,conclu51on that 1f we examlne a system that has evolved

> 1}
slowly over a long perlod of t1me, the levels of serv1ce-

IS [

»quallty at the*varlous buses may be close to the- p01nt where

'~

: both consumers and ut111ty are satlsfled Slnce these levels
'w111 dlffer at dlfferent buses, the costs of 1ncremental |
f~1mprovements at dlfferent buses -may- provxde approxlmatlons
dto the slope of the sos;al value curve at various -
rel1ab111ty levels. sy : ‘_' B
L : L

There 1s some . 1nd1cat10n that there does exlst a p01nt
3

Tin the eleqtrlc serv1ce market wheré both suppller and

",comsumer are satlsfled Moreover it appears that ut111t1es

;alm at thlS p01nt by de51gn, as 1nd1cated in the recent

'Calgary_Power report "Qualltylof Electr1c.Pover,Serv1ce

'h;ethen, thelr dec151ons cause bus loads to evolve toward thev“'

T




ulevelstwhere both supplier and cf

'customer'.
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Study"[33]i The authors state that a'reduction”in Calgary
Power' s reserve capac1ty from 25% to zero would reduce rates

by about 15%, hut would render ‘the system 1ncapable of

.fmeetlng the demands of its customers, and create an’

1ntolerab1e:reduct1on in quality of serv1ce. On the:other

1hand,‘increasing the’reserye'ﬁrom 25% to 40% mouldynot be

T

justified-byfthe.small increase in‘reliability level that .

“would result. "Between these two extremes", they state,

3

"l1es a range of cont1nu1ty of service levels whlch is in

' balance wrth con51derataons of product1v1ty... Wh1le 1t is

9
not p0551b1e to determlne the: lamlts of that range in

preﬁhse mathemat1ca1 terms, it is belleved “on the-basiS‘of

'.the comparatlve performance of Calgary Power and other

Canadlan utllltaes, that Calgary Power is operat1ng w1th1n

-,thls reasonable range [33]

The v1ew that many power systems operate at rellablllty

;umer are satlsfled 1s

further hanced by ‘the practlce”of ut111t1es to monltor‘“
mplalnts. Accordlng to the Calgary Power report

jUSt mentloned "...all wrltten enqu1res and complalnts
R ,/

‘_recelved at the company s head off1ce are recorded and

'analyzed monthly.; Accordlng tO»them, recent complalnts

related’to'electric‘pOQEr shpply have‘nombered'about 60 each

year.-Presumably, if complaints about any section of their

system were to'increase sharply,,they may take action;to

‘_Pcorrect_theisitdation,nhere it.is“economically_feasible. orr

LE

~the other hand, if fewer than 60 complaints were received,
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~then perhaps that section of the system‘Would receive ohly

‘normal attention, so‘that with load gr0wthfand'age of

equipmeht the~reliabiiity may.in‘time fall'to‘the‘leveldn
where 1mprovement may aga1n be requ1red

- The followlng quote from Gangel and Rlnglee further
indicates the effect of consumer complaints on utilty

effort: S - | o .

‘ "There is llttle doubt that the effect of
., Service 1nterrupt10ns is to affect public
reaction toward the utility company Dependlng
‘upon degree of concern, this reaction may ,
range from qu1et dissatisfaction through mild
‘ complaints to vigorous public reaction which
o could affe the entire business climate.
Electries utility response to this: '
reaction takes the form of positive Preventlve
steps, sueh ag further expendltures for ,
maintenance as well as service restoration
efforts and additional expendltures for
equipment and lines."[37]

~ The view that ‘in the long run the power system may evolve

. the1r ut11 ty benef1ts is also supported by Gangel and

i . 'incremental costs- of preventive and

‘Ringiee‘11

the . follow1ng quote'

"The amount of Utlllty effort is proportlonal
to public response. As a competitive factor
-with other energy sources, expenditures for
’rellablllty may well lead public response.
. This is a dynamic situation which at
equilibrium  logically tends to-equalize’

restorative steps with the customer's
_\unquant1f1ed incremental measure of current'
~ competitive worth of system,rel;ab;llty [37]

oo

£
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'toward the state where both suppller and customer max1m1ze
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a larger proport1on of the total load is l1ke1y to have a

2.3 DiStribution of Service Reliability ovér a Network

One would expect to find 51gn1f1cant differences in the

rellablllty of the various buses of a network, especially if

the network servesyloads with very different’magnitudes and -

characteristics,“and sCattered over a\thSically wide area.

e

'Thls concept is. of fundamental 1mportance to the technlque

of_worth evaluatlon proposed in this thesis, and the results -

obtained in later chapters seem to justify this~assumption;

Power systems are "hierarchical" i.e. power flow is

'from a few generator buses through more numer0us bulk- power

'buses, and f1nally to many load buses. A bus whlchfsuppiles

hlgher rellab111ty than a bus which supplles power to a

smaller. proportlon‘of the total loadw If a rellab111ty 1ndex
is calculated for each bus in a network and the. 1nd1ces are
then plotted as a functlon of ‘the relatlve magnitude of the

power whlch flows through the buses, the curve m1ght

+

Note that the quantity on the abscissa is the fraction, f,
of total power flow-handled"by each bus, so that buses which.

“handle'a.large part of the total system pover flow would o

have values of F close to one, whereas buses wh1ch handle a

small part of total power flow would have values of f close

“v'to zero. The 1ty on.the vert;cal axis is a measure of

unrelzab111ty

The rellablllty 1ndex used in Flgure 2- 3 is that

calculated by the cond1t10nal probab111ty approach" whlch

"regemble F1gure 2-3. This followsﬂfrom the abovegdlscussion.:

S
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Figure»2—3. Possible shape of the reliability

,distribution“curve. - //

is described in Chapte;’3, It is the "probability of failure

' &of a bus . Results obtained for the IEEE 14 - bus test

' .system and, for a 37-bus model of part of the Alberta
Interconnected Network are shown later in Flgures 3-1 and
3-2, These dlagrams show that there is indeed a decrease in )
Eailure Probabllity_as F«;ncreases.»(See Chapter 3 for the

°©

details of "how these curgfs'were obtained.)
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2.4 Evaluat1on of Marg1nal Re11ab111ty Costs

Using the assumptlon that ‘each . point in a practlcal
system is approx;mately at its optimum rel;ah1lgty p01nt in
that the cost of a marginal ihcrease'in reliability is
exactly offset by the correspond1ng 1ncrea;el1n soc1a1 value
to those affected, we can obtain the minimum cost for a
marginal increase in the rellablllty of each p01nt in the
system 'and a curve of m1n1mum cost ‘divided by marg1nal
rellablllty increase can“then be plotted‘as a functfon»of
the differeht'power levels (f)_pfesent inathe sYstem; This
‘is done as follows: | | ‘ ;

“Suppose Figure 2—3ishows the distribution:of
reliability fo; a particular.system, A small addition of
eXtra~generation and/or transmission/distribution equipment
at selected points‘in the netuork.may improve the |
.‘.feliability.of supply‘to‘a'set of customers indicated by
their»iocatiod on the horiZOntal.axis of the curve.
Dependlng on the spec1f1c 1mprovement ‘that 1s ‘-made, the
effect may be felt by a few customers only, or by all
customers., The re11abf11ty dlstrlbutlon curve would show the P
effect of the 1mprovemeht and the pos1t10n on the horlzo/tai/
axis of the buses affected Flgure 2-4 is one poss;bl//
result, where the buses affected are those h /av1h; the lowest

- values of f By simulating many 1mprovemEnts, a curve of
- /

-

_

[A$/AFa11ure Probability], veisus “f can be,constructed. This

curve will show the varlatlon, over f, of the investment

that would be required in order to effect an improvement in
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Effec
-of o
Impnovemént

Failure Probability ——e

0.0. : 0.5 T 1.0

Per Unit Power Flow (f) —
Figure 2-4, Possible effect of an improvement.

service‘reliability tolspeCific cuétohers by é‘fixedkémounta
Figure 2-5 shows how thiﬁ curve gight’look'foq a specific
. system design, The curve is arbitrarily SketChgd,and\in
reality is uniikely to be'as smooth as is indicated in the
diagram. | . -
It is not the practice of utilities to make additions
to a power system for.;he sole phrposeiof maihﬁainihg\or 
improving feliébility. An add}tion of aineﬁ.line might be
made to provide added trapsmission‘cépacity-to supply
increased demaﬁd'by existing customefs, or to,supply’new

< ’ - . i



[a8/8Failure Probabitity|—es

0.0 - T 0.5 D 1.0
~ Per Unit Power Flow (f) —m
Figure 2-5. Possible shape of curve showing
marginal,cosf as..a functioh;

of per unit power level.

”‘CUS;omers. However, in desigﬁiﬁg and constructing ngw power
lines, a portion of the cost is ihcluded.to‘improve 
reliability. As éo{ntedvby Gangel,and»Ringlee[37],‘this
poﬁtion of the cost may go toward "use'of spacings which may .
neceséitate taller polif o;‘longer cross—érms, use of shield
;wires, separate poie 1;nes rather than mdltiple%éircuit pole
linés“. At the distribution lévél costs thch-dan'be_e
attributed to impro?iﬁg reliability inqlude that for spare
transformer qépacity, a good portion of the‘tqtal speht on

disﬁribution system prote¢tiyeldevices of all Egpes,"and

/



37

b . . ’ ' AN

~that for network equipment in excess of that required to
serve the same load by means_cf a conventional radial
distributicn system;'Ce:tain maintenaéce costs also go
tewatds maintaining reliability.

It 1s difficult td*spec1fy exactly what percentage of
an addltlon to the system goes towards improving
rellablllty. Gangel and Ringlee estlmate that this may
amount‘to as much as 40% of the total cogtlof_installing
protective equipment. Calgary Power [33] estimates that the
percentage of the total cost of»seryice aimed.at maintaining
tﬁé existing level;of service continuity is ptobably less
than 15%. Since the sy§tem~étudied/in Chapter 4 has
chéracteristiCS'whichiare similar,to'the Calgary Power
system (they both form part of the Alberta Interconnected
System, and are designed csing'the eame set of standards),
 the latter figure isvused.'The cost figure used in' |
cdnsttucting Figure 2-3 is that which is attributed to
reliability improvement. In Chapter 4 it is taken as ;5%,of
the total capital cost'of.the imﬁrovement;

It is concelvable that a rellablllty 1mprovement to a'
spec1f1c ‘set of customers may be effected in several ways.
It should'be noted that the above curve must be drawn by
selecting the alternatime with the minimum OVerail (i.et
capita1~plus operating) cost whigﬁcproyides'the same oOr
better level of reliability. The selectiofi would be based on
~ the knowiedge of the system'characteriStiEE“aEqﬁTred”otér a

1

period of time.

&
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. ’ | . 3‘

Note also that the index used in Figure 2-3 to measure
reliability is in fact a measure of enreliability.’An |
improvement in reliab?lity'is therefore indicated by a
decreéSe in failure probability (F.P.), that is,iAF.P. is
negative. Heﬁce [a8/AF.P.]is negative. Figure 2-5 shows the
‘magnitude, 128/8F.P.|, on the vertical axis. The sign is
1ntroduced later. | |

| Figure 2-5 implies that the cost of a marginal
imprOVement in reliability for affected buses is small for

¥

buses with low f and larger for buses with higher values of
f. %histmay dt may not be true; but it seems more probable
that the cost per unit'f for'the marginel improvement is
greater at loﬁ'values of f-than¢it is at higher levels.
Figure 2-6 shoee a possible result for'|A$/AF P”I per unit f
,-@s a functlon of f This would be computed by d1v1d1ng
|A$/AF P. | by the range of f (Af) over Whlch the 1mprovement

is felt,

!

2.5 Constructibn of Marginal Social Value Curves .

Using the original assumption, that each section of the
system network is at its optlmum reliability point, the
deduction is now made that-the marginalvinvestmenthper unit
decrease in Failure Probability is equal to thenmarginel

Social Value of that unit decrease in Failure Probability.

* That is,
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|(A$/Aﬁ.P.)/Af]-a-(positive)

0.0 o 0.5 1.0
Per Unit Power Flow'(F) —
Figure 2-6. Possible shape of cqrvé showing
marginal cost per unit power flow as a
. function of power level. '
[a3/4F.P.] = [aSocial Value/aF.p.] &

~—

Hence Figure 2-5 is also a curve of | ASocial Value/aF.P.|,

and Flgure 2-6 also shows | (AS.V./sF. P. )/Af| as a functlon

of power- level The dlagram 1&?1cates that the marg1nal

Y

Social Value per unit f of an 1ncrease in supply rellablllty
is greater for persons 11v1ng in rural d1str1cts (low f)
than for perseons 11v1ng in densely populated areas (hlgh f)
In other words, the opt1mal trade- off for rural dlstrlcts is
at a point on the soclaltyalue-of-rel1ab111ty curve where

e

~



the slope is éieeper and the reliability is lower.

The next step is the construction of a curve showing
marginal Social Value per customer as a function of
unreliability (Failure Probability). This is a - !
straightforﬁard procedure using the rélationship bétween
Failure Probability and f shown‘invFigure 2-3. The values of
f on thé horizontal axis of Figure 2-6 are replaced by the
'¢orresponding values of F.P. as obtained from Figure 2-3,
ahdﬁfhese'rearranged in aScenaing order. The result,‘judging
from the shapes of Figures 2-3 and 2-6, would iikely be of
" the form shown in Figure 2-7. |

This is a very important relationship. It gives

p .
function of unreliability.vPresumably, integration of this

marginal Social Value per unit _F.P., per uhi;,f‘, as a
curve with fespect to- Failure Probability would give the

desired Social Value function.
: 3 _

2.6.Fina1 Social Value Curve

The integration cén be performed by combhting the area
‘nndgr small enough ségments of the curve of Figure 2-7, thus:
giving a set of points from which ;he'Social Value curQe can
be cqnstructed,'An altérnative.approach is‘to ﬁit a
vpblynomiai to Figﬁre 2-7 and perform the integrétion
analytically. In either case, a suitable constant of
infeg:ation must be found. The application of the metHod’in

, - o
Chapter 4 performs the integration analytically, and an
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| (48/AF.P.) /o | —

Failure Probabil ity —e

Figure 2-7. Possible shape of curve showing
\ marginal cost per unit power flow, as

‘ ‘ a function of Failure Probability.

-

arbitrary method used to select the constant of integration,

\



3. Reliability Model

t

3.1 Indices of reliability

The past two decades have seen considerable emphasis
placed on the development of quantitative indices which
respond meaningfully to the factors that Sctually influence
system reliability. This chapter assesses the performance of
some méthods‘proposed by researchers for evaluation of
steady state reliability indices for Electric Power Systems.
Some basic concepts in System Reiiability Modelling are
given-in Appendix 1. It is usual in the literature to define
;éliability indices in terms of syéteﬁ‘success or failure.
Many syStems, however, have several levels of failure. It is
therefore better to define the indices in terms of a set

©

which may contain any numbe&%%f system states. Several

steady state indices are given in Appendix 1. Three of them

‘Rare accepted as being the most m;anin9f01- They are: (1)

.average and maximum expected duration of a customer

interruption. éﬁ

*

".\——’V
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3 2 Methods o£ Generat1on System Rel:ab111ty Evaluat:on

The techn1ques used.for generat1on system rellab111ty

evaluat1on can be broadly classzfled 1nto three groups' (J)"

—

Monte Carlo S1mulat1on techn1ques, (2) Loss of Load

/

Probab111ty (LOLP) and Loss of Energy Probabllzty (LOEP)

methods, and (3) Frequﬁncy and Durat1on methods. Each class

can be adapted for applzcatlon to the d1fferent sub systems
of a power netwouk Ehe ch01ce of & su1table method depends,

: among/other thlngs, upon the complexlty of the system‘

network the degree of accuracy requ1red - the computat1onal

f complex1ty, and the varzous fazlure modes of the system. All

LY

three classes of methods employ mathematlcal models wh1ch
reasonably 1deal1ze the phy51cal system, and are amenable to

calculat1on. The f1rst class, however, performs sampl1ng

§ experlments on the model whereas the last two calculate the4

;3{5.1 Honte éarlo fechniques.

oo

rellablllty measures by man1pulat1on of the model

14

ES

In 1954 a paper was published by C. F. De.. Sleno and L. L.v

X

"fStlne[1] descrlblng a method for transm:ss1on system |

K_A('

@ rel1ab111ty evaluatlon based on the Monte Carlo technlque.

.,The‘hethod was cr1t1c1zed by many because of the long

'gban an hour on a 1arge h1gh speed comput1ng systemk(the

,s1mulat1on perlod and large number of trlals requlred for

reasonably accurate results. Noferi and Paris([2] cxted a

-Computer 51mulat1onrfor a relat1vely~small SYStem wach g

.
- A \-
N s
E- : 9. ’
N A .

:;l ) o

ks

' —;required 100'000 MonteicarlO'trials; It took sllght y lessif”*‘




A.sampllng technlques.y

Amethod is w1dely used in generat1on system plannlng a

'Univac-1108) Other-criticisms'were that the‘reliability ar

.1nd1ces calculated by this method were not mean1ngful when

1

.applled to power systems, and that con51deratlons of various

fallure modes of the 1nd1v1dual components could not be

eff1c1ent1y 1ncluded in the technlque. R. J. R1nglee and A

J. WOod ‘in d15cus§$ng the techn1que (see the d1scu551on at
end of reference 2), stated that as far as they.were

dconcerﬁed "the best Monte Carlo" is the "least'Monte

Carlo" ThlS empha51zes the hlgh cost and 1neff1c1ency of

3 2 2 Loss of Load Probab111ty Approach

. The approaches used by the LOLP and Frequency and

' uDuratlon methods ‘are super1or to the 51mulat10n approach. o

De Sleno and St1ne had in their paper developed some 1deas

elatlng to the Markov treatment of-a system of components,

but they abruptly dropped them in favour of 51mulat1on'

- technlques.,These 1deas were further developed by others,
~and’ today they form the” ba51s of the probab1llst1c models:

' employedlln the LOLP and Frequency and Durat1on approaches.

The LOLP method is s1mple to apprec1ate and apply. For. -

‘medlum 51zed systems, computer technlques have been

developed to deal with the complex outage tables.{Thls,

.cr1terlon of one day in ten years 1is often taken as the
‘maximum acceptable loss of load probability. The Loss of |

Load Probability index, however,;is restrictive in scope. It .
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g1ves only the frequency of outage but does not g1ve its :
‘mean cycle tlme,'or its duratlon. The complexlty of outage
~tables obtalned when the" method is applled to large systems

¥ s another serlous d1sadvantage. A Normal approx1mat1on to

the. dlscrete method as used in certaln c1rcumstances when
the 1aw of large numbers is appllcable[3]
- 3.2.3 Frequency and Durat:on Methods
Frequency and Durat1on methods prov1de perhaps the most‘
'»meanlngful rellab111ty 1nd1ces of all the methods mentloned
\'here..At the same time, the;computatronsylnvolved are
- lengthy. Forvaccurate predictions to be made,'the'system
:modei,must:include all possible failure}modesg This of
course is'guite“unfeasible eyen for medium'sized systemsi
Proper cho1ce of the fallure modes to 1nclude in the model

. is therefore an 1mportant ;art of system evaluatlon u51ng

'thls approach e | : R ' e

3.3 Transm1ss1on System Rel1ab111ty Evaluat1on.
There have been numerous _papers wr1tten on the

appllcatlon og F&D methods to generatlon system rellab111ty

evaluatlon, This statement however,~1s not true of the.

other subsystems. Two papers publlshed in 1964 were amo_
O

_the flrst to apply the methods to transm1551on system

~

first, by z G. Todd[4] descrlbes -a technlque whlch

determlnes the propability of a forced outage of spec1f1ed
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»minimum duration, and then'calculates the customer

1nterruptlon rate and the number of 1nterrupt10ns exceeding
. a spec1f1ed minimum duration. It asspmes a two state |
| component model (up or down), independent failures,-and'
_complete redundancy of parallel paths; The approach is'quite

ﬁtralghtforward and can be extended to fairly large systems,
"~ but because of the assumption of complete redundany of |
parallel components,it measures,the continuity of service
'.oniyp:nd gives.no'evaluation of.tbe quality‘of seryice'at

the load point. It therefore cannot be extended_to systens-
that are.not fully redundant. t o
The.second paper written‘by Gaver, Montmeat and
Patton[S] also assumes*redundancyéof pafallél‘paths bnt
predicts both outage"duration~and f;equency. The most
 important aspect of this approach is the' 1ntroduction of a
2y varying env1ronmental condition assoc1ated with the
#operating\component. Outagg rates for parallel facilities
- areddeveloped which inclnde’the.bQQChing effect of stormir
associated»faiiures;.an attempt‘is also-made to;include the
probability of a component succeSSfully‘carrYing contingency
loadsvof'givenkdurationsr‘MOre'meaningful predictions'can be
made using't_hi s approacvh.-However:‘Wﬂits fcompl'ete form,tbe d
method is diffiqnlt to apply'to;a conplicated‘system, and“
becomes:more of an approximation as:additional parallelt
elements are cdmbined,'.
The aboye‘metbod can bewthought of as an approximation

to the more accurate 'Markov Approach'[6]. The indices
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calculated arerthe same but'the Markov approach‘attempts to
1nclude all fa11ure states It becomes extremely cumbersome
to attempt to obtaln general expre551ons even for very. small

- systems.

<

3.4 Compos1te System Re11ab111ty Evaluat1on
-The technlques of rellablllty evaluation that have been
descrxbed so far are usually used to calculate a rellab111ty
index for ‘the generatlon system by 1tsel; or for certain
‘1solated sections of the transm1551on/«dlstrlbutlon nefﬁork
~ The rellablblty‘of serv1ce at a load 901nt, however, is
dependent not;only upon the system conflguration in the
Iyicihity'of the load point but also ‘upon the performance of
the rest of the system during an outage cond1t10n. Methods
used for composite system rellab111ty evaluatlon take into
account the’ outage probab111t1es of the generatlng units,
and of all other system components which .affect the loss of
n loadkﬁrobability'at‘the load_pofht; of course there is
\\alWays the.disadvantagelthat includln@lall poSslble outage'
_ istatesmcan ingrease the computational complegity beyondy
ifeasibility, but in many’caSES, certain.simplifying
o approxlmatlons can be made. Those outage'statesfwhich haye
| small probab111t1es of occurrence can often be 1gnored
w1thout ser1ously degradlng the usefulness of the final

» \~.

results.

B,
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A program'for determining outage probabilitlesjofvthe
bulk supply points ' in a'mediuﬁ sized network has been"\'
| developed at the Un1vers1ty of Saskatchewan [7] [8] [9]. The
technlque recognlzes that power system networkS‘are not
usually designed using a simple continuity criterion at,the_
load points..Instead} even when there is contjnuity between
‘thelload and-source‘polnts under an outage state, there
might be a finite probatility of loss of load. This_' |
'proba\ility is-essentially a functlon of the load _
.bdlstrlbutlon at the load point and of the. capablllty of the
;network to supply lpad w1th lpw voltages and w1thout

overloadlng supply c1rcu1ts.vThe method evaluates the:

network capab1l1ty under various outage states by load flow

~~

. analysis at several load levels. Conditional: probab111t1es

are calculated and thenvcomoinedeitn generation outage
probabilities to obtain xisk ﬁeasurescfor allvbulk'supply-
p01nts. L j | : ' I TR

The F&D approach as applled to comp051te system
<re11ab111ty evaluation was 1llustrated by Mallard and
Thomas[10] ‘The. rellab111t1es of- the transm1551on supply to
‘ several substatlons were calculated Included in the:‘\
analy51s was tpe effect on system reliabllity of perforﬁing

 .scheduled outages'according tojspecified policies."’ \\
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,3-5 Reliability model used in this Thesis

Central ta;this fesearch scheme is the use of a
,téchniqua which would cpmpute.indices at eaéb load point.. It
is mainly for this reason”fhat the reliapilify model to be
described in- this chaﬁtar was:chosen. Althaugh frequency and
.duratioh methods could be used to compute ihdices‘at eaah
bus of a syatem_made up of‘genération and-tranamission
equipmen®[10], they are more difﬁicult to apply, especially
when considerations of voltage quality at a bus and araach'
‘ovet%oads afe‘aé'important.as they are in this study. The
techaique’described in ;ﬁfs,chapter does not assume comﬁlete
~redundancy of pa;allel companents;ainstead_it takes into
account the possibility of a branch overload'(i;a. power

\

flow greater than some f1xed max1mum value) occurrlng when a
parallel branch is on outage. Voltage quallty is also. part
of the fallure criterion at each bus. \

%he réliability model was developed at the University
of:SaskatChewan‘by Billinton; Medicherla, Sachdev and
others[7]°[8] [9]. It calculates the probability of-failure
oi a bus to supply its load contlnuously, within a glven |
service quality crlterlon. Two methods of computlng thlS
‘index are~d63cribed;fonly ong method is employed here. This
ﬁethod”is the leSS'accuratéqu the two, but requires lessv'w'
COmputation. A7computer pfogram; written in FORTRAN, is .
‘developed and aaedttékcompute the reliability iadices for
two systems: the IEEE 14-bus test system and a 37jbus o

"hetwork which forms part of the-Alberta Interconnected’
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Syatem;
The approach considere'generating.capacity outages as

affecting the nhole system. Outage states consist of;outages-
of individual linee and transformers in combfnation“with*
\other lznes and transformers. Each outage state has a
probablllty of ex1stence and a frequency of occurrence.
Under each outage state there is a maximum load at each bus,
that can be supplied without lower1ng the quallty of seryfé;
~at the bus in questlon below acceptable llmzts. The
probablllty that the load wilk exceed this maximum 1s.a_h
.condltlonal probablllty, sxnc:\the\naximun‘load is
‘determined given that the,eYStem is experiencing‘a certain
'outage state. This cond1t10na1 probablllty is combined w1th
the probablllty of occurrence of the outage state in order
to calculate the rellablllty index. Generation and
transm1551on‘outages are considered as 1ndependent enenta;
:simultaneGMS multiple outages.are aleo considered as,
occurring independently. R

The equation used to compute the reliability index is:

Probablllty of failuree®at bus k

+ I . L. (3~
= J P(B. )[PG] PLJk pcj‘ P Jk]_ , (3-1)
3 » , o ‘
where'

B§ 'is an outage condltlon in the network

YP(Bj ) is thevprobablllty of exlstence of.Bj ,

fPGj is the cumulative probability of the éenerating;’
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»
capacity outage»exceeding the reserve, and
Pijjs the probability of the load at bus k exceeding
the maximum load that can be supplied at that‘bus
without failure under outage state Bj'

As was mentioned in‘chapter 1, it is necessary in
principle to consider all possxble outage cont1ngenc1es whenI
'determlnlng reliability 1nd1ces at the load buses. In a.
power system network, a tremendous number of outage
combinations.of lines, transformers and generating units
exist. It is not computatlonally feasible to attempt to
s1mulate all of them, Network planners normally assess the
. adequacy of a given comp051te generatlon and transm1551on
~ system by test1ng the system performance under a serles of

credlble outages. These outages are used in evaluatlon of
‘the two systems. Billinton et a1[9] have~shown that single
outages usually glve suff1c1ently accurate results. The
number of sxmultaneous outages is l1m1ted to a maximum of.
two. : o ._

A useful_method for,selecting\the'oUtage states ta be
simulated is- demonstrated by Marks[12). Those contingencies

for which the probability of occurrence ‘is very small are
Veliminated.;?his'is done by establishing a cut—dff value
belouvwhich contingencies are.considered unlikely tochappen,
and are ignored.‘Contingencies with propabilities larger
than §he cut-off_value are termed "probable” occurrences,

and those with smaller-values‘are'referredrto as

‘"improbable" occurrences.
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3.6 Assumptions and General Consxderat1ons

" The re11ab111ty evaluatlon proceeds by s1mulat1ng
outage condltlons chosen consecutlvely from the list of
"probable outages", and, for each outage state, performing a
series of load flow runs at several load levels in'ordereto
- calculate the maximum load that canioe supplied by each. bus:
wlthout violating the, service ouality criterion.'(Service
lquallty criterion explained below.) The probablllty of this
load level occurr1ng is obtalned from the yearly load
duration curve. In order to reduce the number of load flow
runs required, the assumption is made that if a contingency
does nof'cause,IOSS.of service at the peak load level, it
will not cause any loss,of service at loﬁedgload levels;ea
load flow run is performed for the peak loa level first,
and checks are made at each bos for any violation of/the
service quality criterion. If fhere are any yiolarions, it
becomes necessary to rerun the load flow at'lower load
levels. Each case is rechecked to see if serv1ce failures
_Stlll persist, and the prOCedure repeated until eith&r there
are no service failures remalning or until the mlnlmum load
‘le&el has been reached.
T;e computation lnmolved in the approach is also
dependent on. the number of load levels selected. The greater

N

the number of load levels, the more accurate would be the
determlnatlon of the maximum load at the bus which can be
supplied without failure of ‘that bus. Homever, the number of

‘computations also increases. The procedure used for the

A,
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14~bus system employs ten load levels, ahd has been found to
give reasonable results[9]. |

The determination of the maximum load that can be
supplied at ‘each bus without failure under an outage
condition is based on the following two assomptions'

1. The load varlatlon ‘at each bus is represented by a

single yearly load duration curve, with dlfferent
peak.loads at each bus. The 1nd1v1dua1 bus load
levels used in_each load flow run are those
corresponding to a specified probability of being
.exceeded.. | |
2. Under each 0utage_condition Bj , 1f a bus;fails at
any of the decreasing load levels, Pij'in-
Equation 3-1 is taken as the average value“of the
load level at which_the failure juet disappeared
and the previoue»higher‘level;;Pij is zero if the‘
bus does not fail at the peak loadAlevel, and one
if it fails at the lowest level,

The bulk of the computatlon time is ut111zed in 1oad
flow analy51s of each outage condltlon. Accurate locad flow
methods like the Gauss-Seidel and Newton -Raphson technlques
are computatlonally expen51ve. On the. other hand |
approximate methods llke DC load flow are fast but only
prov1de estlmates of line power flows. They do not prov1der‘
information about’ voltage levels, whlch are essent1a1 to the B

rellablllty evaluatlon procedure. The Fast Decoupled Load

Flow technique [14] is chosen as a good compromlse between
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DC and accurate AC load flow methods. It possessés
reasonable computer storage requirements, and provides
fairly accurate informatioh'about bus voltages and liné
- power and.re9cti0e flows. |
Service failurg at a bus is definea as follows??]:
1. Thelvoltage'at;the bus is less than a specified
m1n1mum value.
2. A 11ne or transformer supplying power to the ' bus is
" beyond its emergency maximum power rating.
3. The generating capacity required@to meet the total
. load plus losses exceeds the available capacity.
_ Whén.this occurs, the total system is considered -
as having failed.
It has been pointed out[13] that th1s list does not
1nclude all the p0551b1e modes of load- p01nt fallure. The
recogn1t{on_and cla551f1catxon of how a system can fail is
perhaps the most difficult part of any reliability analysis.
AThis analySis‘does Qot.include transient responses bf~the

systém; the failure modes noted above are the mest frequent

gg&

Ny

steady state ones

3;7 Mathematical Detailsu ‘
An outage state Bj is any‘state'of the system in which

one or,hore components normally»in service are\tehpona;ily

out_gf service. Thié may or may not result iﬁ'loss of load

at any load pdint. The requirement of independence of the

N

.
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L

individual component outage probabilities is necessary, so
that the following equations for single contingency outage

states apply:

. n ;
P(B;) = R, . TT A, (3-2)
, iwl .
-:thn
u(Bg) =L e .Z X g (3-3)
i=s1l
iex
wvhere: & )
P(Bj) = Probability of the outage state Bj occurring.
u(B,) =

Departure rate from this outage state Bj'

@i‘ Probability of component i bging ;n service:

" (availability)
;; = Probability of component x being out of service.
(forced outage<;ate). |
u o= Restoratibn rate fof component X.
= Failure rate of component of i. ) _ | ’
n = Total number of compénents represented as being in

service on the base case load flow.

For double contingencies, the equations are:




These equations, together with the cénditioqal
probabilities, provide sufficient information for the
cemputaton of the rel&ability index, that is, the
probability of bus failuré.,hs pointed by Marks(12], other
indices‘can be calculated using the above procedures. ,

It should be noted here that each component is assumed
to be in one of two states - in seryice or out of gervice.
However, the*method of rel1ab111ty evaluat1on used in this
the51s can, conceptually be extendedhto 1ncorporate
components thh'more than one failure mode. The above
equatlons may still apply, ‘but with the appropriate values
for the parameters of each derated component. The outage
state would have to be simulated in some appropriate way, in
order to make load &low runs on the derated system. Since
the purpose of th1$ thesis is to illustrate a methodology
for eyaluating soclal worth, such detailed reliability
analy51s is not considered necessary, so the two state
component is taken as satlsfacto;y

For large ystems, it is computatlonally inefficieatvto
re-calculate t‘e product and summation terms of Equations "

(3-2) and (3- 3) for each outage state. The lat1ve values"

of availabilities and failure rates are calcti® ed only
once: .,
2“"@,
| n n
o A :]—LA A = Z A (3-6)
n R ’ n h
1 =1 |

Then for each single outage state, we have: .

e
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‘ caused ‘the state B] . "kf’is'the'number of components

.3 8 Dlgxtal Computer Progtam

~v ‘ ‘ L

g8 _U(B'j )==ux+ Ag= Ag \

¢

For mu1t1p1e cpnt1ngenc1es, these equat1ons hold where

e w A Tu A, = Do, , SRR ¢

‘and'“j"'indiCates those'componentswhose‘combinedou;7ges

115t B

‘The computer program 15 patterned after that descr

solutlon, and : wh1ch usually nges accurate results to w

/0 0t MW/MVAR tolerance in four to 5even 1terat1ons. If

;programmed correctly, ‘each 1teratlon is equal to;about

of a Newton iteration. Storage requirements are similar

(3-8)

(3=7),

now-

(3~ 9)

’-.

3110),

s/

in theﬂ

1bed

'in-Reterence 9. ‘It uses the Fast Decoupled Load" Flow (FDLF)

' techn1que[14] hich 1s a 51mple, rellable and fast method of

1th1n

1/5:'.

to

those’of'tﬂ§>GaUss-Seide1'method' The techniquevhas been

tested by Stott and Alsac on’ several networks ranging in

s1ze from 13 to 1080 buses each tzme g1v1ng good results in

no more than 11 1terat10ns. Its relzab111ty in terms of
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'y‘subsystem.

‘conventlonal Newton Raphson technx@ue.» _ ' ‘3;Q;

3;8§1’Features of The Program
Details of the load flow procedure are glven in

Appendlx I1. Thls sectlon is. a sumﬂhmy -of the pert1nent

features of the rellablllty analys1s. v ’
j ‘Branch Outage Sfmulatlon. If th§ outage of one or

two branches does not cause 1solat1on of‘a bus, or a system

.

spllt, the outage “is reflected in the approprlate elements

of [G] and [B] (see Appendlx II) A bus 1solatlon,requ1res
S o
’the buses, and the correspond1ng r.ow and

renumberl-ét‘

‘ i?nd [B] are deleted If a system split . occurs['
each subsystem 1s analysed separately. A check is made for

the existence. of at least one generator bus in each

-
- : Lo

This method requ1res retr1angu1at10n of the matr1ces B'
and B" after each outage, and is therefore less eff1c1ent
than the technlque recommended by Stott and Alsac (see "
appendlx‘4 of reference 14), hut since generator Q-llmlt
enforcementvwas performed\by‘;etriangulation'of B", Stott
and\AlsaC's techniqne‘camnot be used here. |

The program is wrltten assumlng a max1mum of tJo.
51multaneous 1ndependent outages’ | o |

2 Other Features. (1)The use of Sparse Matrlx

. technlques 1n tr1angulat1ng the. matr1ces B' and B". (see

.append1x II), and ;n,solv1ng the load-flow equatlons. The



-

uschemes' ';e Stott and Hobson[18]).

‘user. T

. ‘\\ ‘ : ‘:v' oy . . . :
R : DN

.technmgues used are described by Sato and T1nney[16] and by

~Tinney and Walker[17]. However, only .an 1nfer1or hand

pre- orderlng scheme” was used. (For a descrlptéon of orderlng

Lt

a

~

fsteps, are 1nputs to the progra , and can be spec1f1ed by the

»

(v) The 1oaddmodel used'is the yearly load~duration curve.

~(vi) The max imum load carry1ng capa 111ty of .each line and

transformer is taken as f1xed under all\condltlons. When aﬁ@3:.

~

: 0verload occurs, the bus to whlch the. llne supp11es power is

. considered as having falled, but it is not ‘isolated from‘they

network
(vii) Loadflow is performed for the peak load level~ flrst
and 1f any bus f 115, for dec¥2a51ng load levels untll :

e1ther no bus fallure remains, or the 1owest.load level is -

-

reaéﬁéd. S S 4 . ;




3.9 Limitations of the Program
As with‘most of the reliability models.available to

. date, there are serious 11m1tat10ns to the use of the

. q 4

»computerlprogram just descrlbed These 'are d1scus"'
(1) The load model used in the calculation of load level

probabllltles is the yearly load duratlon curve. Slnce~

-

frequency and duration of service fallures are being

2

galculated for line or generator outages, a preferred load

K

model onldlbe one that can represent frequehcy,and dhration

" of houriy load vapiations.ﬂWhen}these are averaged"ovef a

period of a Year, as is done in‘copstf0cting'the yearly load

duration curve, the effects.of load peaks of relatiVely
short ducatiohs may be igno:ed. Fof‘examplewza transmission
"outagejofceight‘hours duration could resolt in a single
'_servfce failure at a:bus;llasting eight hours; or two
vservicedfailures of‘sho;ter durations. The lattervcould,
occur.ifvthere were'two high enough load peaks. doring the
elght hour period. A 51mple probablllty type. of load model
‘llke the yearly load duration curve would give no- 1n51ght‘
1nto theffrequency andfghratlon of such occurrences.

Thls problem can b

partially remedled by performlng

the calculatlons u51ngvmonthly or even dally load duration

curves,sthen combining the results,for ‘the whole yeag.,Thls—‘

approach obviously,increases‘quite considerably the number

<

. . ' oy
of computer runs required.

(11) The assumptlon that transm1ss1on llnes have f1xed

max1mum load carrylng capab111t1e$ is. convenlent, but in -
v . ,

En . - : .
1 - B . bt L
. A . - . “r 3 '
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’pract1ce this . 15 usually not the case. Ut111t1es generally
spec1fy a normal ma X ifum 1oad1ng, and an emergency maxlmum '
-loading wh1ch can be carrled’for a‘perlod of time w1thout
tripping the protectlve‘equ1pment. Inrthenpresent ana1y51s'
'the emergency maximumbloading is used as the iimit of line
capac1ty. | - |

(111) Weather effects Eave been 1gnored Envzronmental
‘exposure has been c1ted’as the the major cause of
. transmission line fallures. The technigue used by Gaver et
-al[5]«for 1nc1ud1ng weather effects 1nto transmission line
failure rates can be 1ncorporated qu1te ea51ly into. the
model used in thls the51s ‘However, apart from the )
’unavallablllty of suff1c1ent data, it was con51dered that
51nce this thesis is a. proposal for worth evaluatzon,
‘weather effects can be left for further development and
reflnement of the methodologyw

(1v) The dynamic aspects of avfauht fn the’ transmiésion'
nsystem have'not been-incinded._The reliability indices are
"fall;steady state indicee,.and do’not'indicate whether, after
a ‘fault occurs, the system would break up or‘stay in ‘{.uﬁ.;
l{synchronism. A_frequencyfquality criterion should also be
ﬁfnciudedﬁjn'thercalculationhof reliability indices; but this
is extremely-difficult: sance emergency analysls of _power
.. systems 1is not well understood by researchers at’ thls time.
A load sheddlng schedule could be; added to quarantee
stablllty of the reduced system under certaln outage

condltaons.' o e , v 'i %



(v) OQerlapping outages we;e aSsuhed to be a combination
of indepegﬁent outages. As neted by Fong, Le Reverend-and
Neﬁ@ﬁ?f[19], results obtained using this assumption can be
ove:ly'optihistic. Overlapping outages/are often a result bg’
*common;mode.and/or advefse weather‘outagee..Including such
cbnsiderétioﬁs in the cqmputer.ﬁrogram[zoj can hake an .
| welready complicated model even more difficult to pfogram.j
(vi) There is some concern as to’ the va11d1ty of Equatlon
of 3-1, The calculatlon\of PGJ the probab111ty that the\
avajlablllty,system generating capacit& is.insuffi%}ent'to
meet the.load,~is;determiﬁed from a capacity.outage~table
" without regard to transm1ssxon system and generatdﬁ
,transformer llmltatlons Ku and Sulzberger “(see discu551on =
of Reference 7) have p01nted qug'ehat, w1th4PjSa1cu1eted' |
this way, the'eqeatibhe may be‘inaccurate. .The setond method
for calculatlng the rellab1l1ty 1nd1ces[7] 1s more accurate;
it con51ders the effect of 1nd1v1dual generatlng unit

outages on voltage levels. However, it requ1res much more

computation time, and the dlfference intthe results from the

- a

two methods may not be significant..

(vii) The program,as'implemented'here allows for the
operaFﬁon of lines with an overloaded condition. This
aseumption results in highly optimistic indices. An
élternati?é solution is to remove the overloaded elemedt,
:and continue the anaiYsis until‘nofother iine'is overiéaded}
or until allleiemente‘have been-removed. This second

technique results in pesiimistie indices. The,third
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'technique, and the one which_nosb'closely represents-actnal
operptingepractice 141]'55 to aileviate the. line oyerloads
by e1ther reschedul1ng of generat1on, or by curtailment: of
interruptible: loads. One method of d01ng thls is descrlbed
| by Billinton, Medlcherla and Sachdeﬂ'ﬁ1] and is compatlble E

with the FastlDecoupled Load Flow. - SRR

3.10 App11catzon to System ‘Models.

System model 1. is the 14- bus IEEE test system L1ne
" data is'obcaineo from Reference 23, and»outage data from
eference 9. A ten step load varlatlon is ‘used, with-a
stralght l1ne load duration curve with base load equal to
51xty,percent of peak. load. Table,3—1_shows the relzab;l;ty
indices £or thie system, inbincreasing'order'of,power—leyel
(F). | i . |

System model 2.1is a 37;bus section of the Alberta
Interconnected Network. A full- descrlptlon of this system is
given in Chapter 4-and Appendix II. Table 3-2 shows the
reliability indices calcuiaéed fon bhis-system,.in |
increasing order of power-level. . |

It will be observed that there are wide varlatlons in
the rellab111ty 1nd1ces at different buses for both systems.
1In order to extract-a meaningful Ielatlonshlp between
Fallure Probablllty and- power level stra1ght 11nes have
been fitted to the data in Tables 3-1 and 3- 2 Thls

procedure geqerates analytic functions which are:plotted in

.o
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Table 3-1. Reliability Indices for System 1.

Bus No.

A

F.p.

64

F

8 0.000 10:00148981~
11 0.026 6.60148981_

12 0.029 0.00311616

fo 0.035 . 0.00054029
14 0.057 0.01118844

13 0.073 0.00231923

7 0.110 0,90000302'

6 0.167 0.00148981

9 0.174 10.00000302-
3 0.364 . 0.00196695

5 0.407 0.00000302
g 0.437 10.00196695
2. 0.801 0.00000302
s 1 0.891

0.00000302



Table 3-1. Reliability Indices for System 2.

' Bus No.

F.P..

J

. .0.00727360 -

65

f
444 7 0.006 0.00740672
280 0.008 0.00825422
1039 0.008 . 0.01071701
428 0.008 0.00637926
418 0.009 © 0.00906870
479 0.010 N 0.00746793
414 0.010 Y 6.00670912
448 0.011 40.00914616
441 0.013 0.00624820 -
425 0.014 0.00624820
4327 0,019 0.00618494
478 0.022 '0.00746793
452 0.029 ", 0.00895183
468 0.032 o 0.00882077
462 0.044 0.01045942
464 0.047 0.01032836
436 0.050 0.00618494
482 0.052 0.00746793 -
473 0.055 ' 0.01275365
, 472 0.056 10.00978496
484 0.059 0.00726793
438 0.062 0.00618494
422 0.064 0.00727360
410

po



-

477

412
404

]
403
440
424

402
960

476

400

405
406
401

et b

0.079
0.082.

0.086
0.086
0.099
0.115

0.172
1 0.203
0,260

0.265
0.431

0.431

0.873

i

o o o o o o

0.
0.
0.
0.
0.
0.

0

00746793
00618494

00644253
00644253

00605388
00605388

.00727360
.00605388
.00605388
.00605388
00644253
00644253
.00605388

66
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Figures 3-1 and,3-2.'For System 1 we have:
& oge )
.Failure Probabiity =

-0.003409f + 0.002697 - (3-11)
and for system 2 we have:

Failure Probability = ‘
—0.003247f'+ 0.00784 (3-12)
where f is per-unit power level.
%
Note that for both systems there is, as'predicted in'Chépter_
2, an incr;;se in,Féilure\Pyobability as Load-Level
‘decreases. Bofh lines have almost the samé slope, but System
2 hasva larger intercept, which‘transiateg into larger
‘failuré probabilities. This “is due to the small number of

. . A ! - . . P M o
generatorsyin System 2 compared with System 1.
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4. System Application

4.1 System Description |

The proposed gethod for worth analysis is tested on a
reducgd model‘of a‘;ower system, i.e. a 37-bus model of bart‘
of the Aé?erta Interconnected Network. System data was
obtained from Alberta Power Limited. The fsing‘lle line é\iagwram :
is shown in Figure 4-1. It has 4 generator-buses, 14
transformers, and 28 ﬁransmission iines. Bus vpltage#‘range
from 14kv to 240kv. Deﬁailedvsystem data aré given in
Appendix I1I. | ' /

The system is spread over an area of some 2,500 square
miles, and serves distribgtiqn cifcuit loads'(anginglin'éize
from 15mw toi1mw. It also supplies‘246;5mw of power to the
Calgary Power System Syer four interconnections, the biggest
singlé trgﬁsfér being 139mw; | |

- N - N N ! - v o
Outage data vere not available for the system. Instead, .

' the data shown in Table 4-1, and taken from Reference 9,

were used. Detailed outage data are given in Appendix II.

" Only single outades were considered, and the

';oadjauration curve was approximated to a straight line. The

#
yearly load duration is shown in Figure 4-2.
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© 4, Table 2-1. Outage data. = .. -
c  Ave. Repair

4

~ Line RV = | Outages/mi/yr | .. Time(hrs)

.20 o .o2ses | 20039
o™ 138 .02787 . | . i13.69

72 0 L13e00 | 10.00 -

ITcansformer lA. ‘ _;02400 S *;y,_r158'{

Table 4-2. Effect of Img;dvements.‘

,itha&fne§el;AffeCted | "A?;égi S Cost;At(Déllars)

0.0472 | 0.oo08233 | 2.682 x 10°
0.0500 - B 0.0011619 | 2.437"x 100
0.0862 - 0.0003559 - |  3.540 x 10¢

Coamie | :0;0011870'_ B 6.435 x 10
0.4226 | 0.0002588 ~"1;889cg.105~'é

0.8670 | ~ 0.0020560 - | 2.025 x 10¢

J~?Q4 2 Margxnal Soc1a1 Value Curves>
' Table 4-2 shows the Load Levels affected by the
’tw1mprovemen€é to the system that have been 51mulated 'and the'-
"correspond1ng costs and decreases in Fallure Probablllty‘>'
(AF.P. ) Append1x II l1sts“the nature of these 1mprovements."
:’;Values of | (ag/AF. P, )/Afl are calculated from th1s table, Vf~
‘and used to f1t a quadratlc functlon whlch 1s plotted in |
c‘Flgure 4- 3 TBIS dlagram corresponds to Fzguze 2- 6 Note _“
";that 1t does show a decrease in, I(ASIAF P. )/Afl for values

S oA

m} s
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as a funct1on of f.

of f from 0 0 to 0. 5 but that there 1s an 1ncrease as f
1ncreases from 0 5 to 0. 9 Thi's 1s 1n contrad1ct1on to the

suspected shape of th1s curve as drawn in Chapter 2 Whlch

showed a strlct decrease fOf all values of fu The 1ncrease

| seems to 1nd1cate that although the . number of customers

served by sect1ons of the system represented by thls part of

the curve is. large, the cost*gf -an 1mprovement is also ver&/u

large.'In f ct, the cost is so large that - the cost per

_customer of an 1mprovement that affects 90% of . the total

sy~ em load is greater than the cost of prov1d1ng a s1m1lar




improvement that affects enly 60% of'the load. Perhaps - this
level of 1nvestment results from tipe - need at h1gh levels of

utxl;@atlon to br1ng h1gher cost pla&ts on stream. ;

The equatlon 15° : By ‘ T d

| (as.v, /AF P. )/Afl .
= 3.152 x 107 (£7) = 3.619 x 107 (F)
g 42,019 x 10° \
\

1

~— i . . . - |

'So far in the deri;ation,~the unit of load has7been'xs"

taken as the’ total power demand on the system. A more
' meanlngful way of expre551ng Soc1al Value\is 1n terms of
’ $/KW Equatlon (4-1) can be expressed in terms of s/xw by

d1v1d1ng it by the total 1oad, wh1ch 1s equal to 350 OOQ\W

\;
'Equation (4-1) now becomes'
‘(.‘// T e : . y‘- - . o . . ,
Do [ (aSLVL/ERGROY /6F| | |
L = 9.004 x 10° (£2) - 1.034 x 10+.(f) '
e + 5,769 x_10° $/kw T (e-2)
. rﬁj}’g - . ,. ) : - '.a- .
o : : Lo G . T x - i )
. - The ne&; step in the ‘procedure is the formulation of a
e . :
o 4 - functlogg elfhEr 1n g&alytlc or graphlcal formk réla 'g

|(ASoc1al Value/AF )/ﬁfl aﬂH\Fallure Probahﬁim&f’ The
analyt1c procedure |is chosen since it results 1n a move
systematlc,formu_ ion of the Soc1a1 Vaiu functlon

EQUations‘4‘2 and —12 are used to_generatgﬁ’ﬁlues of

T

$/unit idad; (4-1)
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‘0+0040 0.0060 7 0-0089 - 0.0070 -

A i _‘ -
0.0080 0.0080

~ Fallure Probability (F.P.)

‘Figure'444..Plot=ofZT(AS/AF P.) /af|

frundid

&

-

n of fallure probablllty.

. for several values of f. Note
he assumptlon “is made that Equations (3 12) and (4 2)

not just to the p01nts shown 1n Table 4- 2 but also to

f(u51ng apolynomlal regress:on routlne) has been f1tted to

.these valuos and the resu1t1ng funct1on is shown in F1gure

4-¢, The resultlng equatlon 1s-"

‘# ’ * ‘
- I(AS V. /AF :P. )/Afl
) .

= 8.540 x 10 (F P z)

o/

1.021 x 10°(F.P.)

e




‘the' negatlve s:gn and subsequent 1ntegrat1on of Equatlon
V<4 -3, wnphfa suatable constant’ of 1ntegrat1on, would y1e1d
the requlred Soc1a1 Value funct1on.a |
l4 3 Final Social- Valuq Function
The 1ntegrat;on YIEZdS the thlrd order polynomlal' .
o S.v.(F.p.) = <2.847 x 100 (F.P, SR o,
+ 5.105 % 10 .(F_.P.’) “3 330 X 10 (F P. ) +A WKW)
‘ TR L S : - v (a- 4).
T .. , . » , 40
| . . . . ' . LT e waﬁxk
" where: | S V (F P. ) 1nd1cates that S V is a funct1on of
““” %s the constant of 1ntegratlon.
J' ")

fThe Soc1al Value funct1oﬂﬁ%s therefore°

: ) . o T
£ .‘f“_ R - B
L +°3.330 x 10 y o T (8-3).
3 R o Tt e T
o SRR S N A
¥ ' ' ' ot

g

j[(AS V. /AF P. )/AF ] is actually negat1ve. Re- 1ntroducf10n of. .

The problem ofgch0051ng a su1table constant of 1ntegratlon

must now  be addressedJ e (

Equatlon 4-4 is @m for F P. in the range
k0.0045,0.0087)' and the Social Value must be positive eVer
.his inﬁerval Settlng S V. (0 0087) 0 ensures p051t1ve |

Soc1al Values in the glven range. This results in A=90. 79

~ Wﬁm

It w1ll be recalled ‘that, since AF P is negat1ve, then ﬁ

i
.

w¥ o

8%,
[ o/ N
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- Figure 4-5. Social value Jf electric service -

— IFT T ) U '
0.0040 .0.0059 ~ 0.0080 ° © 0.0070

Fallure Probabillty

L U
~ 0.0080

0.0080

. reliability as a function ofoaiIUre probability.

)

SV (FEP.) =3-2.847-x 104 (FiP.?) +76,105.x 10

o

¥

(F.B.2) - 3.330 x 10* + 90.79 ($/kw) .

(4-5)

Values.éf S.V. ére'plotted'in Figure 4-5. Table 4-3 shows

these values.

<+

¥

&
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Table 4-3,. Vaiues of S.Y. Hﬂf‘

Social Value.
F.P. . N $/KV o
0.004500 | 18.37

0.604850 | 16.88
0.00s200 | 15.63
0.005550 | . 14.58
0.005900 | 1385
0.006250 - . . 12.57
0.006600 S ( 1?@53
0.006950 | '16235’

¢

0.007300 : '8.99

0.007650 . ‘ L 7.34
0.008000 8 5.34

X

10.008350 L 2
0.008700 | BT 0.00.5"
) i b8




5, Comments and Coné¢lusions

\

5.1 Analysxs of Results
In Chapter 1 the reader was captioned not to take the .
results obtained in Chapter 4 too/é:r1ously. Indeed it
should be emphasiaed here again that due to the
unayailability of sufficient and suitable information
_ :regardinelsystem improvements and'their costs, the £e5ults
of Chapter 4 may. not be very rellable..b |

It is important to the methodolqu descrlbed in thlS

thesis that the simulated improvements be those that would
‘he chosen by someone who knowsnthewsystem very well 'An
1mprovement made by someone who is not thoroughly familiar
w1th the system and who does not have»a feellng for the
«desirability of a spec1f;c 1mprovement as perce1ved by the
customerJ'ls llkely ‘to cost more than 1ts dollar value to j'
the customer, hence the assumptlon that the cost of any“’
1mp;ovement that would actually_be 1mplemented,by the powet
utility is exaetly offset by the value ef.this imprevement
to the CuStOmer, yeuld not hold. If the 1mprovements are
small enough to be truly "marglnal", then tﬂ%&lmprovements.
could be chosen arbltﬁarlly The additions 51mu1;ted in
'Chapter 4 were arbltrarlly chosen,rbut there was no way of .
determ1n1ng whether they were "small enough“ to qualify as
v marglnal '
™ | t

80
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‘5.1.1 Social Valne'Curve
‘Despite,theidifficulty experienced‘in choosing
imprbvements to‘the system, it still seeirs possible to-draw
certain conclusions from the éocial Value curve. First;'it
does show a decrease in social worth as reiiapility
decreasee. This can perhaps be explained by the view tnat
indusgrial and commercial customers who habitually enjoy
only minor power interruptions may have over the years
acqu1red a relatively large number of electr1c1ty u51ng
equxpmentl so that these users are likely to valge their
electricity‘service rather highly. This may not be true. of
residential customers, sinee they are more likelyvto acquire
home-electricel appliances whether their reliability of
service is good or not, as long as they can afford the
appliances (and sometimes. when th!’ cannot, too). On the
other hand, 1ndus}r1al and commercial customers who receive
- a popr éuality‘eeryiee may not have come tp depend so
neaviiy on’electricitf as;a’major source of tneir eneréy

requirements.iTo these-customers, the value of electric

power is likely ‘ow. | o
The second ¢ ion that can be drawn from the Soc1a1

v ¥

v‘Value g%rve concerns its slope at the“varuous reliability
.1evels represented in the diagram (Fignre 4‘5); At the two-
- extremes ofvvery high end.very low reliability the curve is
steep, indicating that these two sets ot customers would
1‘¥flne;highly a.rather smaliaqhange in their present '
reliability levéﬂS: Perhaps this could berexpleined‘by the

{
{.
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concept that users who receive a high reliability have
- become so dependent on this resource that'even a small drop
in their reliability- level would cause inconven%ence. Ifz~'_~%

this lower reliability vere to contlnue, then perhaps ﬁq;lt§ﬁf3
m1ght eventually lead to a lesser dependence on electr1cﬁtj§ %'k
to supply the customers’ energy needs.

At the other extreme of the rel;ability curve,
customers might be influenced by a relatively small
improvement in reliability, to invest in a larger proportion'
of electricity-using equipment, and hence they‘mightfvalue

thls reJlablllty improvement quite h1gh1y.
| Between these two. extremes of very high and very low
reliability levels, there are customers who receive some
intermediate levei. These customers are represented by a
section of the Social Value curve which is fairly straight,
and has a~16w slope. This seems to indicate~that these
lcustomers have, over a perlod of t1me, establlshed a balance
between the1r dependence on electricity and.on alternate
dsources of energyy(e.g. gas for heat1ng»1nstead of
+..electrical heating). Such customerspare not seriously
’affected'byja_smallaincrease or decrease in -their A
reliability~suppl%es. The change wculdihave teo be.large, and'
the customer woula nave to be aware of his new level before
he decides to make any changes in his energy balance.

1t isvdifficubﬁ at this point to make any/definite
'clalms as to. the correct shape of the soc1a1 vaiue curve.

Further research would be necessary. Th1s would requ1re more

.
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accurate data collection, and the appl1catzon of the
%ethodology to many systems. Perhaps some pattern would
emerge that could be\aifepted as truly represent1ng the
Sociai Value curve. On the other hand,‘one m19ht;flnd
signifieant differences between the soeial value,durVes of —_—

different societies.

5.1.2 Social Worth in $/kw

The method proposed in this thesjs computes the worth

of a specific level of reliability ! w." The actual

“/‘

“within the same

values obtained in Chapter 4 seem t  A
~order of magnitude as values obtax‘ﬂﬁyby other methods (see

Chapter 1). Failure’ probab111t1ex tha1ned for .the system..

ranged from 0. 0040 to 0.0088. Am"examination of Figure 4-5

shows that values obtained for S.V. over thls range were ‘

between 18. 37$/kw and zero. The Ontarlo Hydro study of large
eonsumers (Flgute 1—3)est1mated social value by collectlng~
'data on outage costs, and representing‘tnem=as a function of -
outage duration.‘Their values ranged from 0;Q1$/§w of load |
”-inter;upted'for a duration of Otul hours .to adet 60§/kw of

load intersmpted for 100 hours. It is éiffitult to relate

the relxabxllty index used 1n their study to fallure

probability (E.P) hence one cannot make a close comparison

between their val7es and those obta1ned in Chapter 4. The

_average duratlon/bf an 1nterruptlon of service to customers

sered by the 37-bus system must be less than 10 hours,

. s{nge this is the average down-tlme of the system's ,
o . | \ | |



o duratiOQS lasting from one minute to 480 minutes, If a

84 -

componente, ;na since a component outage may not result in
inaoequate gerﬁice toaany customer. The Ontario Hydro value”
of outage cost for an inte:ruption lasting ten hours is ’ ;
about 10$/k§, which is within®the range estimeted in Chapter
4. | | | |
Flgure 1-4 (Chapter 1) does not show outage costs for -
‘an interrupt1on 1ast1ng ten hours. However, it is :

; interighxng to compare 1t with Fzgure 4-5. values of outage

costs shawn there range from 0.01%/kw to IOOS{kw for

~ straight liné.is drawn vertically through the 20-mjpnute
'§o1nt on the horizontal axis of Figure 1—4 it will be seen
that hlgher values of S \ along this line-are 1ncurred by
1ndustr1al and commerc1al consumers. It seems lzkely that
1ndust?1el and commerc1a1 consumers 11e at poxnts on the
soc1a1_va1ue curve of Fxgure»4-5hwh1ch have low fa1lure
ptobabiiity; This isiin agreement w{th Figuré‘1J4 in |
*1nd1cat1ng that these customegs do 1ndeéd have comgaratlvely

high values of S.V. . o (. : _ A T

N

5.2 Advantages of the Proposed Method

L In Chapter 1 a"discussion’was presented of- several

-

methods that have_been used in the past for evaluatxng

social worth These 1ncluded dxrect survey methods, the ‘use
of the GNP and vages, and of the valué ‘of maﬁufacture. to.

.obtaln estimates of Outages costs._These techn;ques have
: J .

b - -

\
§ . : ¥
{ ' '

LY ¢ : . T o !
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5 2 1 Advantages over ”Dxrect Methods “‘ j»_ﬁ .r",\ L

exp1a1ns the advantages over these methods wh1ch c;n be

/
JAS

ohta1ned by the method~proposed 1n th1s thes1s.‘/“

V\.
ﬁ\rect methods 1nvolve l1st1ng the varlqus losses
L

suffered by consumers durlng a power outage,'and valu1ng

\°*losseSVSuCh'aslla‘

"15 extremely dai

them. The major'“1sadvantage wzth thlS approach is. that it

‘ tomer to evaluate 1n dollars his 1ntangiblé/

of safety, fear, and 1nconven1ence..Thls

I

- the quote from Turvey 1n Chapter 1 graphlcally pOIDtS out

" .

: even extremely sk111ful quest10n1ng may not be 5uff1c1ent

and One may want to resort to\ the technlques ‘he . suggested

AR

-

Unfortunately, such drastlc procedures are not feas1b1e, and

“aes ot

would certalnly do more harm than good

o~ Y

v;- The method proposed in thls the51s av01ds hav1ng to

construct the demand or "de51r b111ty 'curve for electr1c

'”fover the years where the loh ~ter
\

power. The assumptlon that most h’wer systems have evolved

‘

market equ111br1um-ha5j

'fbeen maln\alned‘lmp11c1tly Jhcludés an’ evaluatlon of thlsa

"f"de51rabllaty curve.,Unless the electrlc power manket is -

"experlenc1ng—seraous upsettlng forces as 1t was in the

~.;fact most ut111t1es place: great empha51s on ma1nta1n1ng

=

fear to customer complalnts and: rect1fy1ng any problem that

l

-

SN .

N

‘ ;cult, 1f not 1mpos51ble, fOE/ﬁlm to do As'h

V,m1d 1970 s 1n the U. S., thlS assumpt1on is usually true.'In;'

1‘fgood customer relatlons, wh1ch 1nvolves‘keep1ng an attentlvel
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/ -

e may ar1se\1n 2 manner acceptable to both customer and

Ly

- may 1n1t1ate correctlve

' “feas1ble to do 50.

.

'l ut111ty Ut111t1es usuall monltor customer complalnts, and

're11ab111ty demand de51rab1l1ty) 15 In‘equ111br1um w1th
A supplled levels oﬁ/rellab111ty At the equ111br1um point - the N

’total capltallzed system 1nvestment (meaSured in terms of

~
\

'fﬂ$/kw of peak load) is balanced by'the capltal1zed consumer\\'\

de51rab111ty,rhence d1rect questxon1ng of customgrs is not

£ .
necessary.' ’ IR , : T |
~. L ‘ . - . v , / S ey ) - . \

'_5.2 Advantages over tgs ‘use of . GNP o ‘V.fs'

It has al ady’been noted that ‘the GNP technlque does“;

\

Tnot take 1nto account thE‘iﬂle1dua1 nature ‘of the. system.‘

'Thls dlfflculty occurs because there are usually tens, or

r,\. N

perhaps hundreds of 1nd1V1dual power networks within a.

5country. Even 1f the Reglonal Product were used 1nstead of
"_tHe"Natlonal’Product there stlll m1ght be more . than one

fpower network w1th1n the reglon For even the smallest S

*

. p0551ble region for whlch data is avallable,,the Gross 3

~\ s

Reg1onal Product st1ll does not take 1nto account the _;>

»’1nd1v1dual characterlstlcs of the customer h1mself

_~;; The method proposed in thrs the51s evaluates marglnal

| soc1al WOrth at dlfferent load po1n;s w1th1n a 51ngle

:network Each load p01nt has 1ts own characterlstlcs\

) . }

P



\\\\\\\dependlng on the requ1rements of the customer,_so that 1f

the ut111ty were to con51der a marglnal 1mprovéhent to a set

hfof_custqmersf the character15t1cs.o£ those customers(mayu
dinfluence}the‘manner ihﬁwhichuthe'improvement'iS'efieCted,
‘and also itS'cost;‘ldeallv then the'model.of-the network
used 1n ‘the: analys1s should 1nc1ude deta1ls of the : |
1nd1v1dua1\d1str1butlon system 1oads. Although the model of
the network used in Chapter 4. 1ncluded only bulk supply
p01nts, the concepts remain the saﬁﬁ “and .indeed can- Just as
“eas1ly be applled to a network wh1ch 1ncludes detalls almost
“T down to the ind1v1dual customer h1mself ’nv 1, v’f
| o The method descrlbed in thlS thes1s computes ‘a relatlon

1

between soc1a1 value and rellab111ty level - as a functlon of

\

vcl.p

N ’ ’ ’ -

I rellablllty level. The GNP, orr the other hand( allows only
,-_the computatlon of a sungle-aggregate‘social~value on the °

assUmpt1on that all customers recelve the same rellab111ty. .

o

This is not true in pract1ce, nor is it de51rab1e ‘to have

customers experiencing the same reliablllty..Power.
'

: +
,sys em planners requ1re knowledge of the soc1al values as

P rcelved by customers w1th dlfferent rel1ab111ty levels, sov;
-thht the1r supply targets can ‘be set to cope™ w1th the1r
\prOJect1ons of new rellablllty levels as customers 1ncrease

or decrease their des1rab111ty for electr1c1ty. >

-
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5 3 P;o)ectlons for Further Research
l An accurate Soclal Value of Relrab111ty curve is a
plannlng tool that mlght be useful to the long range power

:system planner. Capqc1ty reServe marg1ns m1ght no longer

have to be based on rule of thumb crlterla. Instead should

~sﬁch‘h‘curvevbe avallable for hlS system, the plann1ng N

engzneer or execut1ve would then be able to balance ut111ty,

,“1nvestment w1th soc1al worth to consumers. Should it be

‘ determ1ned that ‘there 1s a trend among a specific group of .

v

‘customers towards a hlgher rellabml1ty demand, perhaps due :

'to the movement to hlgher 1ncome 1evels, the plannlng

'-_eng1neer would then be ‘able to determlne what levédl of

’system 1nvestment 1s requ1red to adequately supply the needs R

of this group of customers. The framework d1scussed in th1s
theSISﬁfor‘the,evaluatlon of the social worth.of,re11ab111y
offers a‘way out of some of the difficUlties faced‘by other

L4

methods. ?urther research must therefaqre 1ncldde acqu1r1ng

‘more accurate system cost data, and perhaps 1n¥estlgat10n of

l another method fbr evaluatlng the constant of 1ntegrat10n,

. ,A~

¢

A, 1n Equatlon 4- 5 ,
. 4

Q" It may be argued that the methodology proposed in thls

-’

.the51s does not prov1de ob]ect1ve estlmates of the ‘true

;value of rellablllty Be: that as it ‘may, the soc1a1 value

"_curve SO constructed can nonetheless be a great asset to the

normal system planning’ procedures. For thlS to be poss1b1e,

several systems that have evolved u51ngﬂs1m11ar design

. o X | -
‘standards, and which serve similar classes of customers,:

N

-



kP

»

would have to be analyzed Soc1al value curves would be

. obtalned for all the systems. One mlght f1nd that most of

v

"thesevcurves lie close-to each-other, perhaps»an acceptable,

band' as shown in Flgure 5-1. A curvelthatvlies outside_this'

band would therefore be con51dered sub—opt1ma1 indicating-‘«'

- e1ther an under or an over 1nvested sygtem.-The long range -

: ~
_eplanner of such a system mlght then plan .certain mid- or‘

\

\\
\

.1ong range 1mprovements, or in the case of an over invested
'system mxght delay certaln planned 1nvestments, so that'
over a per1od of time hls soc1al value curve would move
_towards the others which were con51dered opt;mal Further
iresearch must therefore also 1nclude ana1y51s of many

systems in order to determlne whether their 5001al yalue

curves  do 1ndeed lie close to each other.

Suppose the soc1a1 value.curve for a partlcular system

is constructed and 1s ‘considered by 1ts planners to-be

acceptable. Overﬂtlme, certaln parts of the system may

"change and result in distortion of the soc1al value curve to

an extent that is not consxdered acceptable. The curve may

kd

now resemble the dotted curve shown in Figure 5-2. The

.system.plannerlwould most likely want to take corrective

action that'would; over a period of time, result in a return

L to optimality~of the affected sections of 4he system; Curves

\5uch as those that have been constructed in Chapters 3 and 4

" can be used to prov1de gu1de11nes as to what re11ab1l1ty

vtargets should be almed at. This can be done in two ways,_as

follows;
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Suppose the dotted curve in Figure 5-2 represents tﬁe
system as it mresentiy_ekists, and ‘the solid curve
represents the desired social value curve._Customets that
had placed a velue of iA on their sergice'reliability-are
now experiencing a lower ;eliability. Their reliability has
shifted by an amount AF.P. The'utility can embark on two °
courses of acEion. One, it can implement a set of‘additions.
to brlng the rel1ab111ty back to the original level. The
cost of d01ng this, per kw of load, can be obtalned_from
Figure 4-4. This can thén be translated by the utility into
‘a desired rate increase in order to recover this
expenditure. | /l\\

The second alternative is to let the reliabili remain
et'its'ptesent level. Customers might then be asked to
reduce their dependence on electricity, perhaps bf appeals
for iower consumption, orjby the use of load management
devices. The utility may mave more difficulty implementing

‘ a ﬂi—r»‘ ‘-
‘;because of customer complaints. More

¢
M‘m1ne if the

y

social value curve can indeed be used in th1s manner. -
5.4 Summary

A method was proposed for the derivation of an
emp1r1ca1 formula for evaluatlng the Soc1al wOrth of
Reliability of a specific power system, as a functlon of

“

reliability. The method uses a voltage criterion, in
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, | L. '
addition‘to~the standprd cgntinuity ériterion,‘to compute
reiiagility indices for various sections of the system. The
results show that it is unwise to compute a single value to

repreéent the social worth of'a whole power system as other

studies have done. ‘
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Appendix I.. ' “.

SomevBasic Concepts in S&stem Reliability Modelling;[24]

A'wide}y‘accepted definition of reliahfiity is:p
"Reliability.is the probability of a devicefperforming'its k
>purpose adeqﬂately for the period’of time intended, under
;the operating'conditions encountered".‘This*definition.
Aalthough useful‘when applied to-electroniclcomponents, is
"not dlrectly appllcable to power system rellab111ty
‘evaluatlon.-Power systems do not have def1n1te mission
times, but are essentlally requ1red to operate forever.,To
y Vdeflne rellab111ty as the probablllty of successful |
operatlon for a spec1f1ed t1me perlod may be mean1ngful when
applled to electronlc or m111tary systems, but 1s of no
.1mportance when applzed to power systems. it 1s more
',approprlate to speak of quantltatlve measures whlch wheh_
/compared with reference indices, 1nd1cate expected
:;conslstency w1th;gor dev1at19nsfrom,vthe-requ1red,
'pertormance. S f - S
Measures of rellablllty may be t1me dependent (i.e.

they change over a small perlod -of t1me, perhaps a few J
_seconds); these: are requ1red when the traéklent behaviour of
~the.system is the subject of»concern. Steady state 1nd1c2€:
are of. more 1mportance to the econom1c planners of pover - A

systems. Meanlngful steady state measures of system

goodness" are: (1) average number of 1nterruptlons per
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customer per year, (2) average interruption duration per
cUStomer per year, andd(3)'average and maximum eXpectede
‘duration of customer interruptions.

It is usual in the literature to define reliability-
~indices_in terms of success or failurer Many compiex systems.
have, houever,‘seyerai leveis4of failure. For.example, ?n“’

| the case where two generating units feed(the load'through’
two paralleled linesr the loss of'one.line may notyresult in
the loss. of generat1on of one unit, but the load may- be
l1m1ted to the emergency capac1ty of the rema1n1ng llne.vIt
is’ therefore approprlate to define the calculated
rellab111ty measures in terms of a subset X which may
_contain: ‘any number of system states. In partlcular

S

appl1catlons X may be referred to as success, fallure, or by
some’ other approprlate name. . A
Steady State Measures of rellablllty are: (See Ref 24)
(a)Steady State Avallablllty ‘of $&t X. This can be
"lnterpreted in two ways: first as the probab111ty of-being
'in'a'state'contained in X, and second.as‘the time spent,in X =
‘as a fraction_of the total time;(O,T),.as‘T tends to be very:
large. :_‘ | . , o !

‘~Gb)$teady State Fnequency of Encountemng This can also

be deflned in two ways. The flrst is the m an rate at whlch
‘—X is belng encountered at some p01nt in. t'me remote from the
orlgln. The second is the average number of encounters of X
-con51dered over a very large t1me 1nterv'l (over 20 years)

(c) ﬂéan Cycle Time. ThlS is t1me between two. succe551ve’
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s N

encounters of X. It is the reciprocal of the Steady State

Frequency. If X is system failure, then the Mean Cycle Time
is called the Mean Time Befor Failnre, MTBF .

(a) Mean Duratlon of X. Thls is the expected t1me of

res1dence in X in one cycle. If x is system fallure, then

the Mean Duration Qf X 1s the repalr (or replacement) tlme

\ Of the system.

(e)Méan Passage Tlme If x is system failure, the Mean

Passage Time is called the Mean Tlme To failure, MTTF. It
d1ffers from the MTBF by the repair time of the system.

-

L:4d
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Appendix I1.

Formulation of the FDLF. -
"The polar power-mismatch in Newton's method is taken as
the starting point of the Formulation. The real sparse

" Jacobian matrix eguation is :.

.

AP H N | | a6
" where: = ' /
v AP, 8Q = real and reactive bus power mismatch vectors
A6, AV =‘bus'voltage angle and magnitude correction

vectors.
The MW- /MVAR-V decoupling printiple’is applied by
first ngglecting the coupling submg&rices N and J, since.
t%esé ;efms_are usually Qe:y small;-This leaves twd

sepérated equations which may be solved independently: . 

[aP] = [H] [a8] S ar-2)
| (0] = [L] [V ~  (11-3)
- - whefe:' ' | |
"H is a square matﬁix of dimenéion_p'x é,
. L isra SQpa:e,matrix of diﬁension q ; g,
P #‘Ed:al‘nuhber of'buses;léss oné(the swing bus),
q = nuﬁbef of P-Q buses, .
H = Lij#'ving (Gijs_ifueij',- BijCo‘sej-j)'

= Cofor 1o 3§
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Hij= -BiiVi* - Qi,
Lij= ~BjjVi® + Qi
’ for i = 3,

Gij*'jBij“ (i,3j)th element of bus admittance matr1x [G]

SEICI ,
Gi, Vi= voltage angle, magnitude ‘at bus i.
6 = 8~ 8§ o |
Q=V. ]V (6, .Sin 8 .- B, . Cos#, .)
;' 1 1€J J . J 17 1j i.J

1 e ] s1gn1f1es that i is connected to j.
Further phys1cally just1f1able 51mp11cat1ons are made
u51ng the followlng assumptlons.

CosB,' .~ 1: G, .Sin 8. << B

RN i3 13 i3 13’
| Q€ By Vi | |
éqdations 11-2 and II-3 can now be written as follows:
- [sP] = (V. B'. V] [28] | (11-4).
- [aQ] = |

[v. B". V] [av/V] T (11-5).
The elements ofeQ' and B" are elements 0£ [(B], the°‘
‘imaginafy paft-bf the bue‘admittance matrix. The_final
algorithm is completed by‘making the following modifications
to equations II—4'and4II-5:
| 1. Omit from [B'] in (4) network components that affect
. MVAR flow é g. shunt‘reaétances and off.
9:‘ nom1na1 1n phase transformer taps. |
2. Omit form [B"] in (II-5). the angle sh1ft1ng effects
of phase shlftlng transformers.' | _
3. The le{t hand 'V terms in (II- 4) and (II- 5) are taken

‘over to the left hand sides of the quatlons,

#
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and then in (1I1-4), the influence of MVAR
flows is removed by setting all V terms on
the right hand side to 1.0 per unit,

4. Series resistances are neglected in calculating the

_elements ofb[B'], which now becomes the DC

T : '
approximation load flow matrix.

The f1na1 form of the Fast Decoupled
Load Flow equat1ons are now:
[aP/V]
[aQ/V]

[B'] [a6] : (11-6).

(B"1 [av]l - (11-7).

M

]

“Eéuations IILG and_Il-? are solved alternately, with
the correction produced by one applled to -the other before
it is solved. This is referred to by Stott and Alsacl[14] as
the (16, 1V) iteration scheme.

Generator Q;Liﬁits.

- The method described by Stott and Alsac‘for coerrecting
violations fo P-V bus Q—limita‘withoot retriangUlation of B“
was not con51dered satlsfactory, due to its osc1llatory
nature. Instead, the v1olat1n;\buses are’ exp11c1tly
foonverted to P-Q type,‘and the MVAR output is held at the
l1m1t1ng value. This requlres retrlangulatlon of the matrla

B", but takes less 1terat10ns to converge to an accurate

solution.



L

~

- matrix,

108

On-Load Transformer Tap Changing.
The conventional technique of representing a
transformer by an équivélent pi model is compatible with the
FDLF method. The adjusting'algorithm for in-phase off

nominal\taps t is: .

- ‘ - ' | s p

t; (new) - t,(0ld) = a (Vi— Vi)’
where:

a = error feedback factor, = 1,
sp ,
Vi = controlled-bus specified voltage.

This has been found to give results identical to those

obtained when the algorithm is used with the straight Newton

method, and in a similar number of iterations. The mlnlmum
tap size is taken as 0. 005. Of course a tap change requ1res

adjustment of the approprla;e elements in the bus admittance

N
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‘Detailed Outage Data for System 2.

Table III-1.

12.448

o
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From To ‘ Failures Duration
Bus Bus per year (hours)
400 401 0.024 168
400 476 1.0435 20.39
401 402 0.024 168
401 405 0.024 168
401 406 0.024 168
960- 401 Y 0.024 168
402 403 - 0.024 168
402 . 404 0.024 168

402 410 0.136 10.0
402 412 0.272 10.0
410 414 0.680 10.0
410 422 0.272 10.0
412 438 1.360 10.0
414 418 2.448 10.0

422 184 2.448 10.0

424 425 0.024. 168

a2e 440 | 0.024 168
960 424 0.024 168
425 428 3.672 10.0,
428 432 10.0



432

436

436
440
441
444
448

452

462 .

462
1039
464
164
468
472
472
476
477
478
479
479

482

436

438

452
441
444
448
452
462
464
464
462
468
473
482
473
477

477

478

479
480

482
484

3.128
1.904
3.762
0.024
6.256
3.808
2.176
4.896
2.448
2.4148
0.024

'5.576

3.128
0.952
0.024
1.7558
0.024
0.024
0.68
0.816
2.448

1.224

—

10.0
10.0
10.0
168
10.0
10.0
10.0
10.0
10.0
10.0
168
10.0
10.0
10.0
168
13.69
168
168
10.0

"10.0

10.0
10.0
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2. Improvements to System,

(i). Addition of Capacitors to buses 448, 452, 464, 432,
Effect is the improvement of voltage at some buses under
certain outage conditions. ‘

(i1) Addition of Parallel Transformer betweeen buses 401 and
402. Effect is the alleviation of overloaded condition of
existing transformer under certéin outage states.

(iii) Addition of transformer bekween buses 406 and 401,
"Effect is to prevent loss of generation under outage of
existing transformer. |

(iv) Transformer added between buses 472 and 473--to prevent
overload of existing transformer. |

(v) Addition of extra transformer between buses 403 and 402.

(vi) Addition of 30mw of reserve generation.






