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The concept of reliability yan be applied to many aspects of
the electric power industry. For this presentation we will be concerned

,

with the reliability of planned system generating resources for meeting _

proj ected loads. System transmission reliability is not included; although,
_

interconnections with other systems are. Generation reliability calcula-

cions require the use of probability theory to determine the chances or.
.

i

probabilities of certain events occurring or not oc cu rring.

There are two basic types of events for which probabilities are
,

ulculated.. The first type can be classified as capacity outage. The second,

loss of load. Today, most utilities using a reliability criteria.,for planning

system generation carry their calculationa through the loss of load stage.

This requires that capacity forced outage probabilities be determined first,

and then loss of load probabilities can be calculated.

The technique used to determine the probabilities of capacity forced

outages depends upon the principle of independence and upon the mutual exclu-
'

siveness of events. Here mutually exclusive means that the system being

analyzed can exist in only one outage state at any point in time.

To abbreviate some descriptions we can inc. . uce some notation which

is conunonly used in texts on probability heory. "r' will b;: a random variable

which will represent the capacity on forced nutage at any point in time. The

mathematical statement for the probability thr.t the capacity on forced outages

"X" is greater than or equal to any chosen amount "x" is the function: P(X T x' .
.

.

l*

If P(X t x) is plotted versus "x", the qualitative result is as shown in the I

following graph. o
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The graph shows that the possibility of having a force outage equal

to or greater than a chosen valee of "x" becomes smaller as "x" is increased.

stated in another way, for any scheduled reserve capacity "xf', the graph

indicates the probanility that forced outages will equal or exceed that

capacity.

*

To develop a plot similar to that illustrated above requires some

data for the system being analyzed. For small systems with relatively few

units the resulting plot is usually quite stepped, whereas for large systems

with many dif ferent unit sizes it is fairly smooth.

Assu=e the hypothetical system outlined below:

Hypothetical. System.

IPLANT No. Unita Caoacity g, p= 1-q

A 1 100 MW .10 .90
3 1 50 MW .03 .97
C 1 60 MW .07 .93

o is the probability that, if a unit is observed, it will be
running.

.
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g is the probability that, if the unit is observed, it will be '

shut down on forced outage.

' In this example the unit can be either on line or out on forced
-

I
'outage. Therefore, the probability of either of these two nutually exclu-

sive events occurring is p + q = 1.*

By applying probability theory to this problem, the probability
.

of the occurrance of each possible forced capacity outage can be obtained.

For example, the probability that there are zero megawatts on-

forced outage for the hypothetical system with three units is mere'ly the ,

i

product of the probabilities that each unit is on line or PA * p3 x pC- TO

find the probability that exactiv 50 megawatts are on forced outage, we see
i

that this would mean unit B would be on forced outage and units A and C on

line. This is represented by p x pc * 9-g 3
'

,

The sus of the probabilities for each posvible outage sust equal

one, if all possible outages have been considered for the system.

' Forced Outage Pr,obability Units en Forced
in W P(X = x) Outage

O pA pB PC .81189 0=

50 PA PC 9B .02511 1
'

=

60 pA P3 9C .06111 1=

100 pC PB 9A .09021 1=

110 pA 9B 9C .00189 2s =

150 pC 9A9B .00279 2=

160 PB 9A 9C .00679 2=

210 qg q3 qe .00021 3=

1.00000

This column lists all This coluen shows the
possible capacity outages. probability of having ex.
Note this does not include actly the listed amount
forced deratings. of forced outage.
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To determine P(X & x), the probabilities of all possible outages i

greater tnan the given outage must be s'uzned including the probability of

having exactly that outage. Por example, if it is desired to find the
,

probability of the occurrsnce of a forced occage equal to or greater than
'a

150 megawatts, P(X 3150), the exact forced outage probabilities of 150,
!

160 and 210 must be eummed: -

,.

I

P(X 2150) = P(X 150) + P(X 160) + P(X 210).= = =

~

.00979 .00279 + .00679 + .00021=

'
The individual probabilities may be summed because they are for

mu tua11v exclusive events. The P(X2 x) La determined for each value of "x"

(0, 50, 60, 100, 110, 150, 160, 210) by cumulative adding of P(X=x) values

starting at the highesc x value (i.e., 210).

Force.d Outage
in NW P (X= x) P(X 2 x)

0 .81189 1.00000

50 .02511 .18811
<

60 .06111 .16300

100 .09021 .10189

110 .00189 .01168

150 .00279 .00979

160 .00679 .00700

'210 .00021 .00021
1.00000

.

The plot of P(X) x) shown on the following page (Chart 1) indicates

the stepped appearance generally found in small systems with relatively large

unit sises, and therefore, a limited number of possible outage states. Chart

2 follows Chart i and represents a large system having a relatively much smaller

maximum unit size and many units. This results in a s=oother P(X 2 x) curve

which yields a more uniform response to changes in reserve capacity in reliabi- ,

11ty calculations. !
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Por reliability calculations, accurate ansie:r can be obtained only

if the P(X=x) function is calculated a5ter removing from consideration any

unita that art scheduled out of service for overhaul. |

The three unit system analyzed .above da of the simplest form.
1

Complications usually occur and some of these can be dealt with. Suppose-

that a fourth plant is added to the base system and that it is a conson-feed
.

type unit. ,

bNew Unit: Boiler: p = . 9 8, q = . 02-

() (3 Generators: p = .97, q = .03
,

The new system can be schematically represented as follows:

New System. .
g ,.) , ,

SO SO Sc y aoo
-

The probability function P(I = .x) for the common feed plant is

as follows: i

Forced Trobability
*

Outage P(I = x)
(MW)

0 p3 x pc * PC= .98 x .97 x .97 = .922082

50 2(p x p x g ) = 2(.98 x .97 x .03) = .057036g g

100 pB * TG* SC+ PG* PG* 93+ 2(q3 xpg x qc)+

.98 x .03 x .03 + .97 x .97 xq3 x qC * 90 =

.

.02 + 2 (.02 x .97 x .03) + .02 x .03 x .03 .020882

. -
.

-
.

,

. .'
. .

Shown on the following page are the possible forced outages for the

ce=r.on feed unit and all states yielding that forced outage.
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W ON FORCED OUTAGZ.
,

,

O .S~O /0O |
|

*

cfb !b
:

E9 on rarced outage .

,

O Available i

'

.

..

Once the probabilities of all possible outage cases for. the
..

,

comon feed mits are known, the units can be cochined with the other units in

the systen using the independence principle. The probability of each possible
.

outage can then be determined. In this case several possible (mutually exclu-
'

sive) situations may result in the sac:e amount of forced outage. For example,

it is possible to have a 50 W outage, if the common feed units are on line, '

but the 50 MW unit in Flant 3 is off line. It would also be possible if one ,

of the generators of the comon feed unit were off line and all other units
,

"

were on line:. Using the independence principle and multiplying probabilities '

together, the probability of each event that will result in exactly "x" W of

forced outage can be obtained. Suassing probabilities for events which result

in the same forced outage, "x", the probability of that outage occurring within
.

the whole systen is obtained. P(Ia x) is then determined as explained in the

first example. The detail of calculations is shown on Table I. ,

Units which have partial outage states are treated the same as

comen-feed type units. Quite often it is desirable to represent a unit by

three or more forced outage states (two of which are on and of f) particularly

if a unit repeatedly suffers the same forced curtailment.
|

|
,

i

I

l
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Computer progress have been developed to carry out the calcula-
.

|

tion described. Several of these programs require a complete reco=putation f

of the probability ' unctions every time a change is made in unit schedules _f

or capacities. These changes usually can be associated with overhaul schedules

and hydro plants capabilities where affected by head variations from month co
.-

month. Because the computational process is quite time consuming especially ,
.

for large systems it is very desirable to find a short eut. .

A short eut exists which givei accurate results provided care is ,

,
taken in writing the computer program. The array containing the P(X = x)

must not be cumulated into a P(X 2 x) array. P(I 2 x) values should be

stored in a separate array for use in reliability calculations. This is

because any changes that occur are incorporated into the P(I = x) array.

If an attemptis made to reduce the P(X 2 x) array to a discrete P(X = x)

array, problems arise because of significant figure rounding inside the

computer. On an IBM 360-65 double practsion is required for accurate reruits
.

in probability calculations.
.

This next example illustrates hev the forced outage effect of a

unit with three outage states can be removed from capacity outage probability

tables. The logic can br rtended to any number of outage states desired.*

In order to verify the removal procedure, we can add this three outage state
!

.

unit to the system and then remove it.
!

|

l
l

i

I

__. _ _ _ _
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Initial System i
.- y

.10 f3 40 MW units q =

5
2~ 10 MW -units q .10 .

=

' Unit to be added - .40 MW's with a 10 MW partial outage '

state. Number of outage states = 3

.

Added Unit :
-

0 '10 40
Po(X = x) .80 .10 .10 PA * (x -x)-

0 0 10 40 C'

.59049 472392 .059049 .059049 472392,
,

10 10 20 50 10
.13122 .104976 .013122 .013122 .164025

20 20 30 60 20
.00729 .005832 .000729 .000729 .018954

40 40 50 80 30
.19683 .157464 .019683 .019683 .000729,

50 50 60 90 40 {.04374 .034992 .004374 .004374 .216513
.

60 60 70 100 50
*

.00243 .001944 .000243 .000243 .067797 .

80 80 90 120 60
.02187 .017496 .002187 .002187 .007047

90 90 100 130 70*
i .00486 .003888 .000486 .000486 .000243
1

100 100 110 140 80
.00027 .000216 .000027 .000027 .037179,

120 120 130 160 90
.00081 .000648 .000081 .000081 .010449.

|'
,

.

130 130 140 170 100 {.00018 .000144 .000018 .000018 .000945 '

140 140 150 180 110
.00001 .000008 .000001 .000001 .000027

120
1.00000 .002835

1

etc.
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Suppose now that we schedule this added unit to be out of service

.

for overhaul at some point in time. We subtract this resource from the total
~

resources and we also need to change our capacity outage probability table

because this unit cannot contribute to forced outage probabilities while it's
.

on the floor.

Unit to be removed from service
'

C 10 40 *

,

P a (X= x) .80 .1% . lg Po(X = x) 5
. t u, Pr* * . o n . c o. s *

'

.

0 0 10. " " 40 T -' O -

.4723 92 -> + # * . 59049 .059049 .059049'' .59049
"' / M *,$"$$< / '

10 10 2 0 ,.s s . m a, 5 0 , / ' "/ *? 10--- g

, .164025 10497 .013122 *' .013122 - .1,3122t

20 20 30 60 20
.018954 .005832/.8 .000729 .000729 .00729

30 30 40 70 30
.000729 0 0 0 0

40 40 50 80 40
.216513 .157464/.8 .019683 .019683 .19683'

50 50 60 90 50
.067797 .034992/.8 .004374 .004374 .04374

60 60 70 100 60
.007047 .001944/.8 .000243 .000243 .00243

70 70 80 110 70
.000243 0 0 0 0

*
80 80 90 120 80

.037179 .017496/.8 .002187 .002187 .02187

90 90 100 130 90 '

.010449 .003888/ 8 .000486 .000486 .00486

100 etc.
.000945

110 ;te logic diagram for cesputer solution to this
.000027 procedure is' on the following page. It should be noted

th t the discrete probability array uses the outage states
120 as indices and all cutage states are increased by 1 so

.002835 that the 0 outage state is stored in the first position.

130
.000711

!

etc.

!

!
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LOGIC , DIAGRAM FOR

; MAKING CHANGES IN CAPACITY

OUTAGE PPODABILITY TABLES -,

'

N = Unit Number

NS = Number of outage states for unit -or plant:

I

DP = Discrete probability array P(X = x)e .

. S

,' L. = Length of outage table

f PP = Probability of unit outage state
,

I '

| M'*P = Megawatt outage associated with outage state
..

i

Do /Di

' 3 - ), L
.

I
_

| DP(J ) = DD (3 )/.PP(N, /)'

I
. .

t
,

i Do r *

;

7s 2, c

I.

MUP(N,JB)&7
~

IN0X- =

r Dp (rucx) = pp(rgox.) - Dp (5) * PP[N,78)
* I

-

, _ )O C ON 7*/NUE
l

For the previous exs=ple the syste= had six units in service beforc Unit'

No. 6 was scheduled out for overhaul. Unit No. 6 is the 3 state unit
that was added to the initial 5 unit system. The following data would be
stored by a computer for Unic No. 6: ?P (6,1) = . 80, PP(6,2) = .10,
PP(6,3) = .10, NS = 3, K.IP(6,1) = 0, MWP(6,2) = 10. EiP(6,3) = 40

.

, - -- a
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Peliability Calculations |
*i

!.
Reliability chiculations require that expected loads be

!
incorporated into the analysis in seme manner. There are many dif- !

:

ferent approaches used to develop what can be called a load model. '

[

'They vary from those which employ a normal distribution to an esti-

mate of the monthly or annual peak load. The reliability index !

obtained from any reliability study depends upon the type of load *

-

model and the method used to calculate system reliability. ~

1 .. .

Reliability indicies are obtained from calculations which

begin by determining the probabilities not meeting projected loads.
i :

Whether the reliability index is a pure probability or an expected

value depends upon what is done with the probabilities of not i

meeting the projected loads. i

Expected Value Method of Loss of Load Reliability Calculations

PG and E uses the years / day of expected load loss as its |

reliability index. This index is often stated as the loss of load

probability is one day in N years, where N is the reliability index.

The reliability index for this method of expressing generation
c

~

reliability is obtained by first determining for a given study
,

period the expected nu=ber of days that the projected loads cannot

be met with the planned recources. Because study periods can vary '

in length the reliability index is deter =ined by calculating the

number of years that could be composed of the same study period

repeated over and over before the expected number of days of load

loss would equal 1.0. For exa=ple, if during a one year study period

the expected nu=ber of days lost were computed to equal 0.1, then it

is calculated that you would expect to lose load 1 day for every 10<

years that were identical to the year studied. The load model used

.. - - - - -
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.

is a daily peak one because it is assumed that calculating the

chance of not meeting the daily peak provides an appropriate test

of reliability. -

The following charts on pages 17 and 1S show how the
.

reliability index for a 10 day study period is determined for an

example system with twelve 100 mw units each having a 10% F.O.R.**

:
'

First a capacity forced outage probability table is calculated by

'
the procedure previously detailed (Fesulting capacity forced outage

,
. .

!
,

probability table is on page 17) . The chart on page 18 shows how

the load model is subjected to a reliability test. Given a load

model, the reserve capacity on each day can be determined. The

probabilities of exceeding the reserves is obtained by a table

lookup procedure.in the capacity forced outage probability tables.

In computer core, the capacity forced cutage probability table,

an array of P (X 3 x) , is stored, so that the array index is equal

to the reserve + 1 mw [0 mw occupies the first position in the

P (X T x) array).

The expected number of days of load loss is determined by

su= ming the daily probabilities of not meeting the load. The-

expected number of days lost per year would be calculated from:

.147 days = D*

10 days 365 days

D = 5.37*
,

D is the expected number of days per year that generation would not*

be sufficient to meet the load. The reliability index, N, would be

less than one year in this case:

N= 1.0 = .186 years / day
3777 days / year
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The N value is then checked against a reliability

criteria to deter =ine whether or not system reliability is sufficient.

If the reliability criterion was something like 1 day in 0.1 years , -

'
this system would pass. PGandE's reliability criterion is 1 day /;.

in 10 years and this example system would fail miserably. .

.

I

_ Aids to Revising Resources
-

Because reliability testing. is a trial and error process
a

of resource adjustment, it is most advantageous to know about how
.

much the reliability index will change if resources are changed.

This can be most easily accomplished in a computer program by

internal modification of the load model so that say six different

load redels are tested at the same time and reliability indicies

for all six are determined. This requires very little extra

cormuter time because the capacity forced outage probability
~

tables remain the same. The chart on page 19 shows the resulting

reliability index curve verses increases or decreases in projected

loads. By inspection of this graph, it is possible to make a good

estimate of how much to change resources by, to obtain the desired
.

reliability index on the next try. Because changing the load

represents effective or perfect megawatt changes, some knowledge '

of the effective load carrying capability of various types and
,

sizes of units is required. For exa=ple, a 1000 =w unit might

only have 600 mw of effective load carrying capability if it was

the largest unit on the system and had a high forced outage rate.

If the reliability index curve showed that the system was over

designed by 600 =w in a particular month, it might be possible

to delay the 1000 mw unit.

|

!
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,

.

R\ \ TORV _CAJ .

.

12 '00 MW 3 "S
'

O % 20 RCD 0f AGE 1 ATE |..

i- -

Cepecity Outage Probebi/ities
'

-

'
: POSSIBLE PROBABILITY OF .PROBABluTY OF

OUTAGE EXACT OUTAGE EQUAL OR -
,

STATES STATE OCCURRING GREATER OUTAGE I

t.

0 .28243 L.0 ,

LOO .37657 .7 757 ).

s
200 .230'3 .34L00 j
300 .085233 ~'087 i.

.

400 .02'3077 .025637
500 .00378807 .00L3293 ;

600 .00049 05 .00054'23 j
700 .0000467665 .000050'8 -

-

.

800 .00000324767 .0000034"35 i

900 .000000'60375 .000000'6583 1
'

:000 .000000005346 .000000005.455 j
' '

00 .000000000'08 .000000000'09
'200 .00000000000' .00000000000' .

.

sum L.000000000000 !
'

i

|

_ - _ _ _ _ _ _ _ _ _ _ - _ _ _ . -
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GYSTEh1EEUABM/W TE97#/G
.

1200 YW NS- A'__ J CAoACT Y . ;
- ,

UNITS PROSAS!UTY OF EQUAL
* * ~ . .

:; :w, ~;:4 g. fe ;; 1;- CUT OF OR GREATER NUMBER OF'

.- .

1100 r -; , -: y SERVICE UNITS OUT OF SERVICE7. ,g9
5r$r10 2 5' if f. E ~ '' ?35 6; d

.

.T '

- m c. - 3 . J:;?!Q.d.If 4; 1 .71757 2

O' ~f 5 N?O2 2 .34100
"** .

D$ $$- E I S .11087
' '

~ '

q .e a
i 4 .025637N sa '"

,

= w
5 .0043293 !,

I
2n 6 .00054123

4
'" 7 .00005018

'

1 2 3 4 5 6 7 8 3 * 8 .0000034135
DAY

,
.

.

UNITS OtTT 70
|

PROBA51UTY 3

DAY LDAD RESERVE REOUIRE LCAD . OF EXCEEDING 1

.
CURTAILMENT RESERVE :

'

1 750 450 5 or more .0043293 :

.0005412 i2 700 500 6- -

.00054123 700 500 6- -

.0256370 |4 825 375 4- -

'

.11087005 940 260 3- -

.0000502
-

6 525 675 7- -

.0000034 ;7 430 770 8- -
,

'

.00432938 800 400 5- -

.00054129 675 525 6- -
-

.000541210 650 550 6~- -

.

.H73640 Exp;cr:0 wuesa es cas

v//fH SOME A M C UAfi~ OF \
|DC1 L CAC FOR ;~ME |
fin DAY PERioO

I
-

|
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RESERVE POOLING .

:

Case of Infinite Canability IntcIconnection

This case is the easiest to handle because the trans:nission
,

-

system is capable of transferring the entire reserve capacity of

cach pooled utility to any other pooled utility at any time. For
' '

reliability studies all of the pooled units can be put into the
,

- capacity outage tables directly. This is what we assume when analyzing
,,

our FG&E area. .

.

Case of Limited Canability Interconnection
*

.

If two systems are interconnected as shown on the diagram
.

below and firm power flows in the indicated direction,' a li=ited

intertie situation exists.

.

A > 3

Interconnection c.apacity 1200
Fir:: transfer 1000
Reserve transfer capability 200
Inaccessible reserve 1800

.r',......N . ' ' . ,
.

,

/ A B \
r

|
,

\
.

/ Ceneration 10,000 - Generation 8,000
'

+-

/ . Load 7,000 jItterconnectioncapacity1200 Lead 7,000
[ Tirm transfer Firm transfer ,

'i
i out of area 1,000 Firm transfer 1000 > into area 1,000
\ Reserve 2,000 \. Reserve 2,000 /

,

*

\ \

/
.

g

,

'~
.

Non belivery of firm transfer 1000 -

.

Remaining reserve in area 3 _1000
Reserve transfer capablitty 2000

A4 -- 3

.

.

.

>
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For reliability studies, -each 4:ea can consider .the reserve *f

Icapacity in the other area as a . source of . generation -vith an infinite
[

number of partial . outage istates. .The maximum <apacity of this source
t

of generation is, of course, , limited by available reserves .or intertie - '

I
capacity whichever is least. To represent this external source of

generation, a tie model is developed for each system from its " isolated"
,

' '

capacity outage table. .The diagram on page 22 shows how a 1000 anr
.

tie model' was developed for a particular week fres a capacity outage
I

'

table for the PC&Z system. Five ' outage states were chosen to repre-
t .

, sent the availability of the reserve capacity. For each partial.

outage state of the tie model, the probability is obtained by determin- j

ing the probability of forced outages on the system occurring anywhere.
i

vithin the interval represented by the partial outage state. For the 1

200 mv partial outage state, the outage rate .is P(I D 1000) - F (I A 1200)
,

t

or .0285 .0110 = .0175. Probabilities for other partial outage

states are similarly obtained except :that the .1000 av outage state

- must include the probability of any outage over 1800 av - not just those

between 1800 and 2000 av.
i
! Intertie Model

0- 200 500 800 1000
-

.9715 .0175 .0082 .0022 .0006

Intertie Model Including Outage,

! - , Rate of Interconnection (.002)*

P(I = 0) = (1.0 .002) (.9715) .9695570=,

' *

. P(I:i- 200) .998 x .0175 .0174650= =

P(I - 500) .998 x .0082 .00S1836= =

P(I = 800) .998 x .0022 _ .0021956= =

P(I = 1000) .0006: + .002 .0006 x .002 = .0025988=

1.0000000
0 200 500 800 1000

.969557 .0174650 .0081836 .0021956 .0025988

.

_ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _
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.eThis intertie model is incorporated into the receiving area s capacity
[:;

i

|

outage tables-and resources. Th'e _nu=ber cf outage states used and the
!|

j g Trequency of intertie model computation (veekly, daily, monthly, annually)

are yariable. Increasing both will result in higher reliability indicies.
i

i

The process of reserve reduction in both areas is by trial and 5

New generation is postponed and intertie codels are redevelopederror..,
,

and exchanEed. Intertie models rast be redeveloped because their outage '
~

probabilities increase as reserves are reduced. With the two area pool,,

J closure on the desired reliability index can be reached by the third round.
1

1

0

i
:
a

-
.

0

I

.

b
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O
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, , , , , , , , ,

.

- Honorable Samuel Chilk 'W *
Secretary +
U.S. Nuclear Regulatory Commission

6'*%..%Washington, D.C. 20555 g,.
b.o~ . . u

'

Cid$g 3| Attention: Docketing and Service Section i~'"'
'

'OCe cf t'. 3 fa

$[d h,3!?' "Re: Pacific Gas and Electric Conpany I,
pj~ '' ''

Stanislaus Nuclear Project Unit No. 1 g
NRC Docket No. P-564A , %| t o: sy% -

,

Dear Mr. Chilk: a

It has been brought to our attention that some pages of a document
which were to be a part of an exhibit to Pacific Gas and Electric
Comoany's Answers to the Fourth Set of Interrogatories Propounded
by the California Department of Water Resources served on July 16,

'

1979, were not copied correctly. .

,

I

I have enclosed for filing with the Answers a complete copy of'

Exhibit I to the Answers. The superceded Exhibit should be
,

discarded and the replacement copy substituted in its place.
This day I served copies of the Exhibit on those persons who were
served the Answers.

I regret any inconvenience occasioned by our mistake.

Sincerely,
n

*% . /

a

RLM:ll Richard L. F.eiss
encl.

cc: All Parties on Service List

4

_. _
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The concept of reliability can be applied to many aspects of

['

[
the electric power industry. For this presentation we will be concerned

with the reliability of planned system generating resources for useeting _ g

Iproj ected loads. System transmission reliability is not included; although, 4

interconnections with other systems are. Generation reliability calcula-

tions require the use of probability theory to deter =ine the chances er.

:
~ probabilities of certain events occurring or not occurring.

There are two basic types of' events for which probabilit*es are

calet4ated. The first type can be classified as capacity outage. The second,

loss of load. Today, most utilities using a reliability criteria. for planning

system generation carry their calculations through the loss of lead stage.

This requires that capacity forced outage probabilities be determined first,

and then loss of load probabilities can be calculated.

The technique used to deteruine the probabilities of capacity forced j

outages depends upon the principle of independence 4ad upon the mutual exclu-
'

"

siveness of events. Bere rutually e clusive means that the system being

analyzed can exist in only one outage state at any point in time.

To abbreviate some descriptions we can introduce some notation which

is comanonly used in texts on probability theory. "X" will be a random variable

which will represent the capacity on forced outage at any point in time. The

mathematical statement for the probability that the capeity on forcea outage '

s

"X" is greater than or equal to my choren amount "x" is the function: P(X ! x) . i
.
*

If P(X t x) is plotted versus "x", the qualitative result is as shown in the

.

following graph.
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Megawatt Outage z --+

The graph shows that the possibility of having a force outage equal
:

to or greater than a chosen value of "x" becomes smaller as "x" is increased, i

Stated in another way, for any scheduled reserve capacity "x", the graph

indicates the probability that forced outages will equal or exceed that

capacity.

To" develop a plot similar to that illustrated above requires seme
.

data for the system being analyzed. For small systems with relatively few

unita the resulting plot is usually quite stepped, whereas for large syste=s -

with many different unit sizes it is fairly smooth.

Assume the hypothetical system outlined below:

Hypo thetical. Sys tem.

PLANT No. Units Capacity g o= 1-q

A 1 100 MW .10 .90 |
3 1 50 MW .03 .97 '

C 1 60 MW .07 .93

g is the probability that, if a unit is observed, it will be
ru nning.

|

|



.,

,r . .... . . . . .. _ . ..

;

y A Y l 2 :s 0 9 932 ;

.:

is the probability that,.if the unit is observed, it will bee '

shut down on forced outage.

!
In this example the unit can be either on line or out on forced >;

.. j

outage. Therefore, the probability of either of these two mutually exclu-

sive events occurring is p + q = 1. '-

By applying probability theory to this problem, the probability

of the occurrance of each possible forced capacity outage can be obtained.

For example, the probability that there are zero megawatts on-

forced outage for the hypothetical system with three units is mere'ly the i

s -

product of the probabilities that each unit is on line or pA * PB*P. ToC

find the probability that exactiv 50 megawatts are on forced outage, we.see
1that this would mean unit B vould be on forced outage and units A and C on

line. This is represented by pA * PC * 9B*
~

The sum of the probabilities for each possible outage must equal

one, if all possible outages have been considered for the system.

~ Forced Outage Probability Units on Forced
in N'I P(X = x) Outage

O pA PB pC .81189 0=

50 PA pC 9B .02511 1=

'

60 pg p3 qC .06111 1=

100 pC PB 9A .09021 1=

110 pA 9B 9C .00189 2s =

150 pC 9A 93 .00279 2=

-

.

160 pB 9A 9C .00679 2=

210 qA 93 9C .00021 3=

1.00000

This column lists all This coluen shows the
possible capacity outages. probability of having ex-
Note this does not include actly the listed amount
forced deratings. of forced outage.
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To determine P(X & x), the probabilities of all possible outages

*[
gre ater than the given outage must be iummed including the probability of h

?
8

having exactly that outage. For example, if it is desired to find the
.

.

probability of the occurrance of a forcec oucage equal to or greater than
'

i150 megawatts, P(X 1150), the exact forced outage probabilities of 150, ;

< !

160 and 210 must be rummed: -

,.
t

* '
, P(X2150) = P(X 150) + P(I 160) + P(I 210).= = =

~

.00979 .00279 + .00679 + .00021=
_

'
The individual probabilities may be surmed because they are for

'

mu tually exclusive events. The P(X2 x) is determined for each value of "x"

(0, 50, 60, 100, 110, 150, 160, 210) by cumulative adding of P(X=x) values

starting at the highest x value (i.e., 210), f

Force.d Outage j
in MW P (X= x) P(X 2 x)

. .

0 .81189 1.00000
t ?

50 .02511 .18811 i

60 .06111 .16300 $

100 .09021 .10189
4

110 .00189 .01168

150 .00279 .00979-

160 .00679 .00700 ,

'

210 .00021 .00021
1.00000

,

.
.

The plot of P(It x) shown on the following page (Chart 1) indicates

the stepped appearance generally found in small systems with relatively large

. unit sizes, and therefore, a limited number of possible outage states. Chart

2 follows Chart 1 and represents a large system having a relatively much smaller
!

maximum unit size and many units. This results in a smoother P(X2 x) curve |

which yields a more uniform response to changes in reserve capacity in reliabt-

lity calculations. )
I
|

l
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For reliability csiculations, accurate ans' vert can be obtained only *

if the P(X=x) function is calculated a5ter removing from consideration any

units that are scheduled out .of -service for overhaul.
_

The three unit system analyzed above -is of the simplest form. g

a

complications usually occur and some of these can be dealt with. Suppose-

that a fourth plant is added to the base system and tnat it .is a conson-feed
.

,

_ type unit. .

New Unit: Boiler: p = . 98, q = . 02-

G 6 Generators: p = .97, q = .03
,

~

The new systes: can be schematically represented as follows:

New System. .
, ,

,

SO 4,0 l00

The probability function P(X = .2) -for the common feed plant is

as follows:

Forced Trobability
*

Outage P(X = x) ,

(W)

O pB 2 Pg X Pg = .98 x .97 x .97 = .922082

50 2(p x p x q ) = 2(.98 x .97 x .03) = .057036q

q3 + 2(qB * PG * 3 )*100 pB * 9G* TG+ "G X Pg X C

. 98 x .03 x .03 + . 97 x . 97q3 x qg. qg =

.02 + 2 (.02 x .97 x .03) + .02 x .03 x .03 .020882

,

.
-

.
-

,

- , . . .

Shown on the following page are the possible forced outages for the

coe:non feed unit and all states yielding that forced outage.
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E$ On Forced Outage
,

OO Available '
>

..

Once the probabilities of all possible outage cases for, the
,

common feed units are known, the units can be combined with the other units in

the system using the independence principle. The probability of each possible
outage can then be de'termined. In this case several possible (mutually exclu-

sive) situations may result in the same amount of forced outage. For example,

it is possible to have a 50 W outage, if the cocinon feed units are ea line,

but the 50 W unit in Plant 3 is off line. It would also be possible if one

of the generators of the corison feed unit were off line and all other units
~

were on line. Using the independence principle and multiplying probabilities

together, the probability of each event that will result in exactly "x" W of

forced outage can be obtained. Sursuing probabilities for events which result

in the same forced outage, "x", the probability of that outage occurring within
the whole system is obtained. P(Xa x) is then determined as explained in the

first example. The detail of calculations is shown on Table I. .

Units which have partial outage states are treated the same as

cousnon-feed type units. Quite often it is desirable to represent a unit by

three or more forced outage states (two of which are on and of f) particularly

if a unit repeatedly suffers the same forced curtaiteent.
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(Common Feed Plant Combined With the Three Plants of Exarsple 1)
.

Tphie I
N .

.

C0tt10N FEED UNITS -~ *
.

COLUlDi 1 2 3 4 5 6 7 8< ,

# ACIU
0 50 60 100 110 150 160 210 -

.

LINE OUTAGE PROBABILITY .81189 .02311 .06111 09021 .00189 .00279 .00679 .00071
__ . ., - 14

0 50 60 100 110 150 160 210 .*
0 .922082 .7486292 .0231535 .0563484 .0831810 .0017427 .0025726 .6062609 .000I936 |

..

t
50 100 110 150 160 200 210 260 '

B 50 .057036 .0463070 .0014322 .0034855 .0051452 .0001078 .0001591 .D003873 .0000120 {

100 .150 160 200 210 150 260 ., 39 [C 100 .020882 0169539 .0005243 .0012761 .0018837 f.0000395 .0000583 .0001418 .0000044 |

?

.

.

Foreced Outage P rol> ability
For System (MW) _ F (X = x) P (X 2:.x)

0 .7486292 1.000000
50 A,2 + B,1 = .0694605 .2513708

- 60 A,3 .0563484 .i819103=

100 B,2 t C,1 + A,4 = .1015671 .1255619
110 B,3 + A,5 = .0052282 .0239948
150 A,6 + B,4 = .0082421 .0187666

*

,

160 A,7 + B,5 + C,3 - .0076448 .0105245
200 ,0020428 .0028797
210 .0006204 .0008369 :
250 0000583 .0002165 '

260 .0001538 .0001582
310 .0000044

-
.0000044

T UUUD00lT
~ '

'
_ _ _ _ _ - -

- . . - - . - - . ,. . . . . - . . , . _ . _ _ _ _ . _ - . _ _ _ _.
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Computer programs have been developed to carry out the calcula-

tion described. Several of these programs require a complete recomputation

of the probability functions every time a change is made in unit schedules .

or capacities. These changes usually can be associated with overhaul schedules

and hydro plants capabilities where affected by head variations frem month to
'

month. Because the computational process is quite time consuming especially
.

for large systems it is very desirable to find a short cut. _

A short cut exists which givei accurate results provided care is ,

,
taken in writing the computer program. The array containing the P(I = x)

must not be cumulated into a F(I 2 x) array. P(I 2 x) values should be

stored in a separate array for use in reliability calculations. This is

because any changes that occur are incorporated into the P(I = x) array.

If an attemptis made to reduce the P(I 2 x) array to a discrete P(I = x)

array, problems arise because of significant figure rounding inside the

computer. On an IBM 360-65 double precision is required for accurate results

in probability calculations.

This next example illustrates how the forced outage effect of a

unit with three outage states can be removed from capacity outage probability

tables. The logic can be extended to any number of outage states desired.*

Ie order to verify the removal procedure, we can add this three outage state
'

unit to the system and then remove it.
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Initial System ;
~

l

3 40 MW unita q .10=
;

.10 _ i2' 10 MW units q =

Tait to be added - .40 MW's with a 40 MW partial outage

state. Number-of outage states = 3
.

.

Added Unit :-

0 '10 40
'

Po (X - x) .80 .10 .10 PA * (X =x)-

0 0 10 40 o'

.59049 472392 .059049 .059049 472392: -

10 10 20 50 10
.13122' .104976 .013122 .013122 .164025

I20 20 30 60 20
.00729 .005832 .000729 .000729 .018954

'
,

40 40 50 80 30
.19683 . .157464 .019683 .019683 .000729

50 50 60 90 40
.04374 .034992 .004374 .004374 .216513

'

60 60 70 100 50
*

.00243 .001944 .000243 .000243 .067797

80 80 90 120 60
.02187 .017496 .002187 .002187 .007047

90 90 100 130 70.

.00486 .003888 .000486 .000486 .000243

100 100 110 140 80
.00027 .000216 .000027 .000027 .037179,

120 120 130 160 90
.00081 .000648 .000081 .000081 .010449o

,

130 130 140 170 100
.00018 .000144 .000018 .000018 .000945

140 140 150 180 110
.00001 .000008 .000001 .000001 .000027

120
1.00000 .002835

etc.
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Suppose now that we schedule this added unit to be out of service

.

for overhaul at some point in time. We subtract this resource from the totsi

resources and we also need to change ouh capacity outage probability table

because this unit cannot contribute to forced outage probabilities while it's
-

on the floor.

Unit to be removed from service .

0 10 40 *

,

P A (X= x) .80 .1-'v .1 g, Po(I = x)
.Is.Dre . : n . s *." ' '

O O 10' "' " 40 T" 0 -

. 4723 92 -> .# r .59049 .059049 .059049'' .59049

' -M *.'!k$b / '

10 10 p 20 ,.r s.eLu, 5 0 , . i ' ""? 10
-

104976g .01317 M .013122 - .1,3122- .164025 t

20 20 30 60 20
.018954 .005832/.8 .000729 .000729 .00729

30 30 40 70 30
.000729 0 0 0 0

40 40 50 80 40
.216513 .157464/.8 .019683 .019683 .196G3

'

50 50 60 90 50 )
.067797 .034992/.8 .004374 .004374 .04374

60 60 70 100 60
.007047 .001944/.8 .000243 .000243 .00243

70 70 80 110 70
.000243 0 0 0 0

'

80 SO 90 120 80
.037179 .017496/.8 .002187 .002187 .02187

90 90 100 130 90 -

.010449 .003888/.8 .000486 .000486 .00486

100 etc.

.000945

110 The logie diagram for computer solution to this
.000027 procedure is on the following page. It should be noted

that the discrete probability array uses the outage states
120

1 as indices and all cutage states are increased by 1 so

|
.002835 that the o outage state is stored in the first position.

130
.000711

etc.
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Reliability Calculations

-

Reliability calculations require that expected loads be

incorporated into the analysis in some manner. There are many dif-

ferent approaches used to develop what can be called a load model. ~

They vary from those which employ a normal distribution to an esti-
.

mate of the monthly or annual peak load. The reliability index

obtained from any reliability study depends upon the type of load 5

.

model and the method used to calculate system reliability. -

Reliability indicies are obtained from calculations which

- begin by determining the probabilities not meeting projected loads.

Whether the reliability index is a pure probability or an expected
:

value depends upon what is done with the probabilities of not

meeting the projected loads.

Expected Value Method of Loss of Load Reliability Calculations

PG and E uses the years / day of expected load loss as its

reliability index. This index is often stated as the loss of load

probability is one day in N years, where N is the reliability index.

The reliability index for this method of expressing generation
~

reliability is obtained by first determining for a given study,

period the expected nu=ber of days that the projected loads cannot

be met with the planned resources. Because study periods can vary '

in length the reliability index is deter =ined by calculating the

number of years that could be composed of the same study period

repeated over and over before the expected number of days of load
,

loss would equal 1.0. For exa=ple, if during a one year study period

the expected number of days lost were computed to equal 0.1, then it

is calculated that you would expect to lose load 1 day for every 10

years that were identical to the year studied. The load model used
|

| .
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. .

is a daily peak one because it is a.ssumed that calculating the

chance of not' meeting the daily peak provides an appropriate test

of reliability. .

The following charts on pages 17 and 18 show how the,

,

reliability index for a 10 day study period is determined for an

example system with twelve 100 mw units each having s 10% F.O.R.-

i

~

First a capacity forced outage probability table is calculated by
'

the procedure previously detailed (Fesulting capacity forced outage
, . .

; probability table is on page 17) . The chart en page 18 shows how

the load model is subjected to a reliability test. Given a load

model, the reserve capacity on each day can be determined. The

probabilities of exceeding the reserves is obtained by a table

lookup procedure in the capacity forced outage probability tables.

In computer core, the capacity forced outage probability table,

an array of P (X 3 x) , is stored, so that the array index is equal

to the reserve + 1 mw [0 mw occupies the first position in the

P (X 5 x) array).

The expected number of days of load loss is determined by

su= ming the daily probabilities of not meeting the load. The

expected number of days lost per year would be calculated from:
,

1

1.147 davs = Ds

10 cays 365 days I

D = 5.37*
.

D is the expected number of days per year that generation would not

be sufficient to meet the load. The reliability index, N, would be

less than one year in this case:

N= 1.0 = 4186 years / day |
G days / year I

|
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LOGIC , DIAGRAM FOR ,

HAKING C11ANOES IN CAPACITY j
.

OUTAGE PPOSABILITY TABLES '
-

' '

N = Unit Number -

NS = Number of outage states for unit or plant

DP = Discrete probability array P(X = x).

. t"
L. = Length of outage table

. -

I

i PP = Probability of unit liutage state
.

f )GP = Megawatt outage associated with outage state
I .

Do /D
' 3 - ), L

.

|
'

| DP(J) = DD (3 )/PP(N, /)'

!
. .

I

*

; Do f
'

78 = 2, HZ

l

Mp)P(N,IB)&7INDX- =

DP {rNbx) * OP(INDX) ~ O A fb~j d ?? |j IS)S~

s
.

i

.

_
|0 CoVT/N)?v

,

|

For the previous example che system had six units in service beforc Unit
No. 6 was scheduled out for overhaul. Unit No. 6 is the 3 state unit

| that was added to the initial 5 unit system. The following data would be
| stored by a computer for Unit No. 6: ?? (6,1) = . 80, PP(6,2) = .10,
| PP(6,3) = .10, NS = 3, .WP(6,1) = 0, MWP(6,2) = 10, kip (6,3) = 40
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The N value is then checked against a reliability

criteria to determine whether or not system reliability is sufficient.

If the reliability criterion was something like 1 day in 0.1 years , -

,

'
this system would pass. PGandE's reliability criterion is 1 day /,

in 10 years and this example system would fail miserably.
.

3

. Aids to Revising Resources
.

Because reliability testing.is a trial and error process
.

of resource adjustment, it is most advantageous to know about how
-

much the reliability index will change if resources are changed.

This can be most easily accomplished in a computer program by

internal modification of the load model so that say six different

load models are tested at the same time and reliability indicies

for all six are determined. This requires very little extra

computer time because' the capacity forced outage probability

tables remain the same. The chart on page 19 shcws the resulting

reliability index curve verses increases or dm:reases in projected

loads. By inspection of this graph, it is p,- :1812 to make a good.

estimate of how much to change resources by, r;tain the desiredi.
,

reliability index on the next try. Because changing the load

represents ef fective or perfect megawatt changes , some knowledge '

of the effective load carrying capability of various types and

sizes of units is required. For exa=ple, a 1000 mw unit micht

only have 600 mw of effective load carrying capability if it was !
i

the largest unit on the system and had a high forced outage rate.

If the reliability index curve showed that the system was over

designed by 600 =w in a particular month, it might be possible

to delay the 1000 mw unit.
i
!

I
*

L
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Cepecify Outege Probahnkwes-

_
''

POSSIBLE PROBABILITY OF . PROBABILITY OF..

OUTAGE EXACT OUTAGE EQUAL OR
STATES STATE OCCURRING GREATER OUTAGE

'

0 .28243 :.0 .

'00 .37657 .7'757 )
.

200 .230'3 .3L 00
~

300 .085233 ''087.
.

400 .02'3077 .025637-

500 .00378807 .0043293
~

600
-

.00049'05 .0005L 23

700 .0000467665 .000050'8
'

800 .00000324767 .0000034 35
'

900 .000000'60375 .000000'6583
-

"000 .000000005346 .000000005455
^ '

00 .000000000''08 .000000000L09
200 .00000000000' .00000000000'

.

sum '.000000000000

.
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~
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1
*

'200 YW E A__ J CA3ACT Y -

-

-1

UNITS PROSASluTY OF ECUAL
,y, .j

e . r: 4 ;; CUT OF OR GREATER NUMBER OF
'

;
.4 e ,t ; :>e;-,. ,

1100< x.c , . -, 7- > -t .C Y 3 SERVICE UNITS OUT OF SERVICE j.

' 3-1Ce> f
}**~4 'T.9

~

?; . .e J .-.y 4 s'
.. ,

t f.M 2 i .71757- = c , .

#S.:.+.$n.s 2 .34100$,1?
'""

ygm .c

g see. 54 h2 "G 3 .11087
,,

'

. N 5= *$ 4 .025637
w

=, 5 .0043293
'

u> 6 .00054123
i'* 7 .00005018

' 2 3 4 5 6 7 8 8 5 8 .0000034135 .

DA).
.

i

UNITS OUT TO PROSASluTY f
DAY LDAD RESERVE REOUIRE LCAD . OF EXCEEDINS !

CURTA!LMENT RESERVE
_

1 750 450 5 Or more .0043293 -

.00054122 700 500 6- -
.

.00054123 700 500 6-
'

-

.0256370 ;4 825 375 4-
'

-

.11087005 940 260 3- -
-

.0000502 ' *6 525 675 7- -

.0000034 t7 430 770 8- -
,

.00432938 800 400 5- -

.00054129 675 525 6- --

.000541210 650 550 6'- '-

!-

,H73640 EXPECTED NWASER c/ C4 YS |

W/ 7H CCME AMCUMr of i

LDCf LOAD FOR THE |
fin CAY PERICO

|

l

|
,

i
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RESERVE POOLING
'

.

Case of Infinite Canability InteIconnection
,

This case is the easiest to handle because the transmiss. ion [
- |

system is espable of transferring the entire reserve capacity of

each pooled utility to any other pooled utility at any time. For _

.

*

reliability studies all of :.he pooled units can be put into the
,

- capacity outage tables directly. This is what we assume when annly:ing
,,

'

our FG&E area. .. .

.

*
Case of Limited Canability Interconnection *

.

If two systems are interconnected as shown on the diagram

below and firm power flows in the indicated direction, a li=ited

fintertie nituation exists,

r

!

A > B 5

|

i
Interconnection capacity 1200

'

; Firm trans'er 1000 ,
| Reserve transfer capability 200~

Inaccessible reserve 1800-

f ~' .

,
-.

,

,/ A B 'N|

| -

'

' ''

j Ceneration 10,000 * Generation 8,000
,1 . Load 7,000 jInterconnectioncapacity1200 Load 7,000

Firm transfer ; Firm transfer ~
i

out of area 1,000 Firm transfer 1000 > into area 1,000 '

g Reserve 2,000 \, Reserve 2,000 /
N /

-

.

,

*
*

.

Non belivery of firm transfer 1000 !.

.

Kamaining reserve in area 3 _1000
* Reserve transCet espability 2000

A4 -3

1
1

.
,

. _ . - .-. .-
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| For reliability studies,-each 4rea can consider .the reserve |

| *?
; capacity in the other area as a , source of generation with an infinite

,

number of partial outage . states. The max 1=um capacity of this source f

of generation is, of course, , limited by available reserves or intertie -

capacity whichever is least. To reprecent this external source of

generation, a tie model is developed for each system from its " isolated"
.

,

capacity outage table. he diagram on page 22 shows how a 100$ ant**

:

tie model was developed for a particular week from a capacity outage
-

,

table for the PG&E system. Five eutage states were choten to repre-
t .

sent the availability of the reserve capacity. For each partial.

outage state of the tie model, the probability is obtained by determin-

ing the probability of forced outages en the system occurring anywhere.

within the interval represented by the partial outage state. For the

200 mw partial outage state, the outage rate la P(I 3 1000) - P (I E 1200)
t

or .0285 .0110 = .0175. Probabilities for other partial outage

states are af eflarly obtained except .that the 1000 arv outage state

. must include the probability of any outage over 1800 av - not just those
;

between 1800 and 2000 av. |
\

Intertie Model l

!
0- 200 500 800 1000

.9715 .0175 .0082 .0022 .0006 l

Intertie Model Including Outage
*- Rate of Interconnection (.002)

P(I = 0) = (1.0 .002) (.9715) .9695570=

'. P(IN= 200) .998 x .0175 .0174650= =

P(I = 500) .998 x .0082 .0081836= =

P(I = 800) .998 x .0022 .0021956= =

P(I = 1000) .00D67 + .002 .0006 : .002 = .0025988=

1.0000000
0 200 500 800 1000

.969557 .0174650 .0081836 .0021956 .0025988

.
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|This intertie model is incorporated into the receiving a ea's capacity g
*

:
.- +outage tables and resources. The zunber of outage -states used and the j

Trequency of intertie model computatica (veekly, daily, nonthly, annually)
;

are yariable. Increasing both will result in higher rel. ability indicies.
.

,

The process of reserve reduction in both areas is by trial and

error. New generation is postponed and intertie nodels are redeveloped. ,

.
and exchanged. Intertie models =ust be redeveloped because their outage '

~

probabilities increase as reserves,are reduced. *dith the two area pool,

closure on the desired reliability inder can be reached by the third round.
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