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ABSTRACT

By virtue of the vital nature of electric power, both to our
economic and personal well being, apower system isexpected to supply
electrical energy as economically as possible, and with ahigh degree of
quality and reliability. The developed countriesin general place higher
reliability standards on the performance of electricity supply. However,
there has been no significant study in the context of the Indian power
sector to analyze reliability in terms of loss of load probability; the
technical appraisal of the State power systemsin general is confined to
examining the plant oad factor (PLF) asameasure of capacity utilization
only. The present study is amodest attempt to evaluate the reliability of
the Keralapower systemin Indiain the framework of atheory-informed
methodology: following a detailed discussion of the methodology used
in this study, the maximum likelihood estimates of availability and
forced outage rates as well as loss of load probability measures are
calculated for the 10 hydropower plants of Kerala.

JEL Classification: C2; Q4.

Keywords: Reliability, forced outage, loss of load probability, power
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1. Introduction

Electric power is vital to both our economic and persona well-
being and hence a power system is expected to supply electrical energy
as economically as possible, and with a high degree of quality and
reliability. In fact, few products have a greater need for quality and
reliability. Reliability in its broad sense refers to the probability that a
component or system comprising components is able to perform its
intended function satisfactorily during a specified period of time under
normal operating conditions. Thusthe reliability assessment of a power
system is mainly concerned with its capability, which is related to the
existence and availability of sufficient facilities to satisfy customer
load. Thebasicfacilities of asystem areinthethree sectorsof itsfunction,
viz., generation, transmission and distribution, which are usually
vertically integrated. Electric power produced at the generation end is
carried to the consumers via transmission and distribution facilities. In
this paper our focus is only on the generation sector.

A modern power system isvery large and complex, composed of
N power generating stations, where power is generated from fuels (fossil
or nuclear) or by hydroelectric stations. Each generating station or plant
consistsof M plant units or generators, each with arated capacity. Each
of the N stations has an installed capacity K; megawatts (mw), whichis



the sum of the rated capacities of its M units, and the system installed
capacity to supply power isthe sum of the installed capacities of all the
stations. In the case of a hydropower system, each power station has
usually associated with it a big reservoir behind a dam that supplies
hydraulic power to drive each of the M generators.

A power system is unique in that its product is one that must be
generated the instant its service is demanded. Another significant
characteristic is that the demand for electricity varies greatly at random
according to the time of the day and the season of the year. Therefore a
power system isdesigned to supply instantaneoudly the power demanded
by consumers. However, failuresin the system do occur when demand
exceeds supply asin the case of any other goods and services.

Demand can exceed supply for two main reasons. Oneistherandom
deviations of the demand from its expected level such that avery high
peak demand exceeds the installed capacity of the system. Capacity of
apower systemisin general determined after taking due considerations
of such unforeseen fluctuationsin demand. Thisis effected by means of
reserve or standby capacity over and above the expected peak period
demand that is to be met.

Shortage may still occur, even if the load is not far from its
expectation; a high demand that does not exceed the installed capacity
of the system can exceed the available capacity at that moment. Thisis
dueto generator deratings, scheduled preventive maintenance and forced
outages of generators. Generator deratings result from equipment
problems and changesin operating conditions, and are afunction of the
age of the equipment. Outage refers to a certain state of a unit when it
becomes unavailableto perform itsintended function due to some event
directly associated with it. An outage may be either a scheduled one or
aforced one. Scheduled outage (or maintenance outage) is a planned
event, whereby a component/unit is deliberately taken out of service at
a chosen time for preventive maintenance or overhaul or repair; thisis



to keep the generating unitsin proper running condition. Forced outage,
on the other hand, results when a unit falls out of service due solely to
random events such as breakdown, malfunction of equipment, etc.

In the case of a hydropower system, besides these two scenarios,
shortage can still occur if the hydraulic power in any storage is not
sufficient to turn the concerned generator. The plant unit is then shut
down, and the system capacity falls accordingly.

A modest attempt is made in this paper to evaluate the reliability
of the Kerala power system. Following a detailed discussion of the
methodology used in this study, the maximum likelihood estimates of
availability and forced outage rates as well as loss of load probability
measures are calculated for the 10 hydropower plants of Kerala.

2. Lossof Load Probability: Theory

Availability and Outage Measures

InaMarkov process, thelife history of arepairable electric power
system component during its useful life period is represented by atwo-
state model, the two possible states being labeled ‘up’ or ‘functioning’
and ‘down’ or ‘unavailable’, denoted by 1 and O respectively. Thus
when the component fails, it is said to undergo a transition from the up
to the down state, and conversely, when repairs are over, it is said to
return from the down to the up state. Thisideathen facilitatesto interpret
the concept of reliability in terms of the fraction of total time the
component remains in the up state. The length of functioning period is
also referred to asthe time-to-failure, and that of the period under repair
as the downtime.

The probabilistic approach to power system reliability analysis
views the system as a stochastic process evolving over time. At any
moment the system may change from one state to another because of
events such as component outages or planned maintenance.



Corresponding to a pair of states, say (i, j), there is a conditional
probability of transition from the state i to the state j.

Suppose the performance of a power plant is continuously
monitored to record the sequence of failures and repairs during sustained
operation in order to assess its performance. During each failure-repair
cycle, the time to failure (when the plant isin up state) and the time to
repair (when the plant is in down state) are recorded. The number of
failures per unit of timeis known asthefailure (or hazard) rate, and the
number of repairs per unit of time, the repair rate. The reliability of a
power plant is often measured in terms of two availability indices, viz.,
instantaneous availability, A(t), and steady-state (long-run) availability,
A(==). Theformer refersto the probability that the power plant isavailable
for operation at any time t and the latter to its avaiability for large
values of t, that is, in long run. Thus,

A(t) = Prob(available at timet), and
A(e0) = lim A(t).
t—ooo

The first step in an availability study is to specify certain
probability models for the two variables, time-to-failure, denoted by X
and time-to-repair, denoted by Y. The second step isthe derivation of the
availability indices, whichin general arethe functionsof the parameters
of the statistical models specified for Xand Y.

Usually the failure and repair rates are assumed to be constant;
this leads to the assumption that the time-to-failure and the time-to-
repair variables follow exponential distribution. The exponential
distribution is one of the two (the other being the geometric
distribution) unique distributions with the memoryless or no-ageing
property. That is, future lifetime of a component remains the same
irrespective of its previous use, if its lifetime distribution is
exponential.



Thus we assume that the time-to-failure, X, is an exponential
variablewith parameter A, so that itsdensity function, viz, failure (hazard)
1 - X

density function, f(x), isgiven by f(x) = 1 exp(/lj ,forx>0.The

parameter 1/ is the constant failure (hazard) rate. For an exponential
distribution of the aboveform, themean isgiven by A. Hencethe mean-
time-to-failure (MTTF) of the power plant is equal to A; this is also
known asthe expected survival time. The probability of aplant surviving
at timet in aconstant failure rate environment, i.e., itssurvival function,
denoted by R(t), is then obtained by integrating the failure density
function, f(x), and is given by R(t) = exp(-x/A). The complement of this
survival probability is the probability of failure in timet, given by
1-exp(-X/A).

Similarly we assume an exponential model with parameter i for
thetime-to-repair variable Y, so that the density function of Y, viz,, the

repair density function, g(y), isg(y) = 1exp[_yJ,fory> 0. Inthis
U U

model, 1/u isthe constant repair rate and its reciprocal, u, isthe mean

down (repair) time (MDT) or the expected outage time. The sum of
MTTF and MDT istermed the mean-time-between-failures (MTBF) or
cycletime.

Shooman (1968, Chapter 6) and Gnedenko, Belyayev and
Solovyev (1969, Chapter 2) have shown that for the above exponential
models, the instantaneous availability of a power plant is

A u 1 1
Alt) = A+ + v exp{— (z + lu)t}.

The steady-state availability is obtained by taking the limit of
A(t) ast approaches infinity. This gives
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A MTTF
"(A+u) MIBF’

Corresponding to these availability measures, we can also define
two down-state probabilities, instantaneous forced outage, denoted by
R(t) and steady-state forced outage, denoted by R(0) (Pillai, 1992, Chapter
4). Thus the instantaneous forced outage rate of aplant is

R(t) = o A exp{— (l+l)t} \

A+u) (A+p) A u
and the long-run (steady-state) forced outage is

R(es) = 4 _ MDT .
A+u  MTBF

Now if welet Pj;(t), (i, j = 0,1) be the probability of the transition
of statefromi toj inasmall interval of timet, where 1 denotes‘up’ and
0, ‘down’ state in a Markov chain, it can be shown (ibid.) that the
instantaneous availability and instantaneous forced outage rate, as
obtained above, are nothing but the same state transition probabilities,
P11(t) and Pgq(t) respectively. That is, P11(t) = A(t) and Pgg(t) = R(t). This
gives usthe remaining two transition probabilities (from ‘up’ to ‘ down’
state and from ‘down’ to ‘up’ state) of the Markov chain:

A A
Po1(t) = 1-Pgo(t) = T exps— 1+£t
+u A+ u A u

1 _ M u (11
P1o(t) =1-Pp1(1) drn Atz EXD{ (z+;]t}

It is significant to note that the initial state probabilities obtained
for t = 1 are nothing but the state transition probabilities, Pj;. That is
Po1(t = 1) = Poy; Poo(t = 1) = Poo; P1o(t = 1) = P1g; and Py (t = 1) = Py.

When t — oo, these probabilities are known as limiting state
probabilities that give the steady-state (or stationary or long-run)
probabilities of the Markov chain:
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tlim Poo(t) = Poo(e) :tlim P1o(t) =P1o(e0) =R= w/(A+ p),
—>o0 —>°
gives the forced outage rate (FOR) as defined earlier, and

M P =Pu() = 1M Por(t) =Po=) = A= A+ ).

t— t—oo

is the availability rate.

H /A Ry

Now it can be shown that R = = =
A+u 1UA+Uu PBy+PB,

, and

_ A __Uu _ K
A+p UA+Uy P+B,’

where P;; = Pjj(1), (i, j = 0,1), as specified above.

Fromthisit followsthat P1g= 1/A, and Py, = U/u, with Pog = 1—Pg,
and Py; = 1 — P4, where /A is the failure rate and 1/u is the constant
repair rate. That is, we arenow ableto estimate all thefour statetransition
probabilities simply by using the MTTF and MDT. Thisisan important
result.

Maximum Likelihood Estimators

In practice, however, the parameters A and u of the exponential
models assumed for the time-to-failure (X) and time-to-repair (Y) are
usually unknown. Thus the availability and outage indices are also
unknown for most practical problems. Hence we need to estimate these
measures from a sample of values on X and Y. Note that both A(t) and
A(=0) , aswell asR(t) and R(e°), arefunctionsof Aand u, the parameters
of the exponential modelsassumed for X and Y. We can, therefore, obtain
the maximum likelihood estimates of these measures by substituting
the maximum likelihood estimators (MLE) of A and u in the above
results (Zehna 1966).
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To calculate the maximum likelihood estimators (MLE) of A and
U, we observe the power plant unit through n failure-repair cycles, and
collect thedataon T time-to-failure (x4, Xy, ....., X7) and T time-to-repair
(Y1, V2, ----» Y7)- Actually the data sets are two independent exponential
samples.

The maximum likelihood procedure as developed in Kendall and
Stuart (1967, Chapter 18) gives the following estimators:

the MLE of MTTF (A\): A =>x/T = X, and

the MLE of MDT (W): 2 =3y/T=y.

Then the maximum likelihood estimators of availability and
outage are obtained by substituting A and ¢ into the above results.

Thus the MLE of availability, A= -——&’—
' DIETEDINT
Thus the MLE of outage, R = —Zi— .
PEEDINT

The steady-state (long-run) forced outage is generally known as
forced outage rate (FOR), computed as a ratio of the unit's average
down-time to the total available time, say, 720 hours a month; that is,

FOR = average forced outage hours/available hours.
The availability measure is then obtained asA = 1 — FOR.
Mobility

A measure of (what we call) ‘propensity to down’ (mobility) is
given by

k k
D=Y YRR} li-il
i=1j=1
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where k is the number of states of

nature, P; is the long run probability and Pj; the transition probability.
Inthe case of k=2, withi, j =0, 1, we have

_ Px Py
1= 5, Ph=c———,
Pio+ Po1 Pio + Po1

2Py1Pio

andhence D= .
Pio + Po1

D varies between 0 for immobility (least propensity to down) and
1 for extreme propensity to down.

Capacity Outage Distribution

The next step in the generation reliability model is to combine
the capacity and availability of theindividual unitsto estimate expected
available generation capacity in the system. Thus we obtain a capacity
model, in which each generating unit is represented by its nominal
capacity kjand its FOR, R;, j =1...N. Note that for each of the N units of
the generating station, the expected available capacity ij, j=1...N,is
arandom variable that can take the value O with probability R; and the
value k; with probability Aj = 1 — Ry as shown below:

(k, Ay =1-R), if unitisavailable;
A
k™(k,R) o
(0, R), if unit isin outage.
Then the expected available capacity of aplant unitj is ij: KiA
and the expected total generating capacity available at the plant
leve is.

N

KA=>k!

i
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Note that the available capacity at both the unit ij and the plant
level KA is a random variable; and the units fail and get repaired
independently of such events of other units. These conditions help us
obtain the probability distribution of KA by combining the independent
individual probabilitiesof kJ-A.Thisinturn givesusadiscrete (available)
capacity distribution KA = (K;, R}, i = 1,...,2N. The available capacity
states take on 2N values, equal to the number of combinations of up and
down units (due to forced outages) in an N-unit system. Each capacity
state represents an outage event with one or more units unavailable.
This capacity probability distribution is tabulated and referred to asthe
capacity outage probability table.

The capacity of theith state, Kj, with M available unitsand N—M
failed units is the sum of the capacities of the M available units,
that is,

Given the outage or availability probabilities, the probability
corresponding to each available capacity state can be calculated.
Remember that the probability of the simultaneous occurrences of two
or more independent events is the product of the respective event
probabilities. Thusthe probability of theith stateisequal to the product
of the availabilities A; of the M available units and the FORs R; of the
N — M out-of-service units, that is:

Pi = A1A2AM Rl R2---RN—M-

For illustration, below we give the capacity outage probability
tables for a 2-unit and 3-unit plants and their generalisation:
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1. Caseof a2-unit Plant

Capacity state Plant availability
Unit1 | Unit2
All up Up Up AlAr
1 up, 1 down Up Down AR+
Down Up ARy =
ARy + ASRy
All Down Down | Down RiR>

Note: R = 1-A isthe FOR and A isthe steady state availability of unit j.

2. Caseof a3-unit Plant

Capacity state Plant availability
Unit 1 | Unit 2| Unit 3
All up Up Up | Up A1AA3
2 up, 1 down Up Up | Down AARs +
Up Down| Up ARAz +
Down Up | Up RiAYA3 =
A1 AR AR A HR1ACA3
1Up, 2Down Up Down| Down ARRs +
Down Up | Down R1ARz +
Down | Down| Up RiRyA3 =
A1RR3HR1 AR R R A3
All Down Down | Down| Down RiRoRs

Note: R =1-A istheFOR and A isthe steady state availability of unit j.

In genera,

Plant availability (capacity state probability, P;)
when all plant unitsareup =11 A for all j.

when all plant units aredown = IT (1-A)) for al j.
for a 2-unit plant, when 1 unit is up and 1 unit down =

X AL-A):ij=12

i#]
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for a 3-unit plant, when 2 units are up and 1 unit down =
. Z A-Aj Q-A);ij k=123
i#]zk

for a 3-unit plant, when 2 units are down and 1 unit up =

> A@-ADA-A):iL k=123

i#j#k
Loss of Load Probability (LOLP)

The unreliability of a system in this context is viewed as its
inability to meet the daily peak load. A loss of load occurs whenever the
system load exceeds the available generating capacity. The overall
probability that there will be a shortage of power (loss of load) iscalled
the Loss-of-L oad Probability or LOLP. Itisusually expressed in terms of
days per year, hours per day or as a percentage of time. When expressed
as the expected accumulated amount of time during which a shortage of
power is experienced, the measure is more correctly referred to as the
loss of |oad expectation (LOLE). The LOL P measurewasfirst introduced
by Calabrese (1947).

By combining the availability of each capacity state with the
system load duration curve (LDC), we obtain the expected risk of loss of
load. A load duration curve is defined as a function whose abscissa
specifiesthe width of thetimeinterval, usually the number of hoursina
year, during which customer’s (peak) demand for power (D) equals or
exceeds the associated level of available capacity (KA) given on the
ordinate (Fig. 1). Thusit shows the time duration for which a capacity
outage would cause a loss of load (D > K). By normalizing the time
variable asaproportion of thetotal, the value at any point on the abscissa
can be taken as the (cumulative) probability that the corresponding
load will be equaled or exceeded (D > K). When the daily peak load
curve is used, the value of LOLE is in days for the period of study,
usualy days per year. Because of its monotonicity and continuity, the
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function can be inverted to obtain the proportion of this time interval.
This inverse function can in turn be interpreted as the complementary
cumulative density function (i.e., the distribution function) of the
customer’s demand.

Fig. 1: Load duration curve
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The LOLP can be used to measure loss-of-load risk asillustrated
in Fig. 2 with a daily peak load curve. O; is the magnitude of the jth
outage in the system, R; is the probability of a capacity outage of
magnitude O;, and t; is the number of days that an outage of magnitude
O; would cause aloss of load in the system. Note that capacity outages
less than the reserve will not lead to aloss of load; a particular capacity
outage greater than the reserve contributes to the overall risk by the
amount P, tj. Then the system LOLP for the period is:

LoLP= 2P
J

Now how to estimate the outage duration, t; ?
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Fig. 2: Estimation of LOLP
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Supposethe customer’sdaily maximum demand on apower system
over one year can be represented by a normal distribution with mean n
and standard deviation ¢. Then the proportion of time during which a
capacity outage would cause aloss of load (i.e., D > KA) isgiven by

Prob(D > KA) = 1-Prob(D < KA) = 1-0(2),
wherez= (KA - n)/o, and ¢(2) istheareaunder the standard normal curve
given by

02 = (v2r)™* |2 exp(-x* 1 2)dx

which can be read off a standard statistical table. KA here denotes the
available capacity in acertain capacity state; thus we obtain the ‘ outage
duration’ that is, the proportion of time during which a forced outage
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resultsin aloss of load (D > KA) in each of the possible capacity states.
The relative contribution of this outage to the overall system loss of
load isthen obtained by multiplying the availability of acertain capacity
state by the corresponding proportion of time that available capacity
level is equaled or exceeded. The total LOLP is the sum of all
contributions due to the different capacity outages. Multiplying the
LOLP by 365 then gives the expected cumulative number of daysin a
year when loss of load is experienced due to forced outage.

3.LOLP of theKeralaHydro-Power System

Till the mid-1980s, Kerala had a predominantly hydroelectric
power system; with the increased dependency on energy import, the
hydro-thermal mix has come down, and now hovers around 52:48
(Fig. 3). However, if we consider installed capacity, the system is till
predominantly hyde (Fig. 4). There are 30 power generating stations,
including 24 hydel, fivethermal and onewind, with aninstalled capacity
of 2649.25 MW; out of whichtheKeralaState Electricity Board (KSEB)
owns one wind, two thermal and 22 hydel stations, accounting for 78.5
percent of the total installed capacity. The present study considers only

Fig. 3: Energy Availability: 2005-06
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Fig. 4: Installed capacity: 2006
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the 10 old hydropower stations of the State, in view of the availability
of sufficiently large time series data. These power stations in the

Fig. 5: Installed capacity vs. Peak load (mw) of Kerala Power system
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descending order of age (the last plant, Idamalayar, was commissioned
in 1987) with their important characteristicsaregivenin Table 1. These
ten power stations, with an installed capacity (IC) of 1476.5 megawaitt
(mw), accounts for about 80 percent of the total own hydel 1C (1842.6
mw) and 71 percent of the total own IC (2079.23 mw) of the Kerala
power system.

Table 1: Characteristicsof the 10 Hydropower Stations

Unit | Installed | AverageDesigned Storage

Power plants Capacity | Capacity|  Generation capacity
Potentia (ADGP)
(Noxmw)| (mw) | mu |%tolC| mu |%toADGH

Pallivasa 3x5+3x7.5| 375 | 284.7| 86.67 | 79.54 | 27.94
Sengulam 4x12 48 182.2 | 4333 | 4961 | 27.23
Neraiamangadam | 3x 15 45 2374 | 60.22 | 67.58 | 28.47
Panniar 2x 15 30 157.7 | 60.01 | 4547 | 28.83
Poringal akuthu 4x8 32 1717 | 61.25 | 6343 | 36.94
Sholayar 3x18 54 233 | 49.26 | 99.47 | 42.69
Sabarigiri 6 x50 300 | 1337.7| 50.90 |770.32| 57.59
Kuttiyadi 3x25 75 268.1 | 40.81 | 41.46| 15.46
[ dukki 6x 130 780 | 2397.6| 35.09 |2147.83 89.58
Idamalayar 2x 375 75 380.2 | 57.87 |254.45| 66.93
Totd 14765 | 5650.3| 43.69 (3619.21| 64.05

Sincetheearly 1980s, K eralahas been suffering from severe capacity
shortagein the power sector. Even by 1984-85, the State had aninstalled
capacity of only 1011.5 mw against an estimated demand of 1122 mw.
During the two decades from 1976, Kerala's installed capacity in the
power sector was growing at an exponential rate of only 3 per cent per
annum against 6 per cent of the maximum demand, which in effect was
restricted in many ways by power shortage (see Fig. 5). Only since the
late 1990s has there been some perceptible addition to the IC.
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That a hydropower system is at the mercy of the vagaries of the
monsoon isaforegone conclusion, especialy with aninsufficient storage
capacity. Once the monsoon goes dry, close on the heels follow severe
power shortages as was the case in the 1980s and thereafter in Kerala;
power cut/load shedding has become the rule of the day since 1982-83,
evenwith very largeimport of thermal power, often more than 60 percent
of the total available power.

Availability and Forced Outage Rates

Therelevant datafor aperiod of 26 yearsfrom 1978-79 (to 2003-
04) were collected from the Kerala State Electricity Board (KSEB); in
the case of Idukki 11 stage (3 units) and |damalayar, commissioned during
1985-87 period, the data are from this period onwards.

The estimated mean-down-time (MDT; forced outage time),
measured in hours per month, of each of the units of the 10 hydro power
generating stations are given in Table 2; with a cycle time (MTBF) of
720 hours in general, we derive the corresponding forced outage and
availability rates.

The long run availability is the highest, coming very close to
unity, for (all the units of) Kuttiadi power plant. Neriamangalam,
Poringal kuthu, Idukki, Sabarigiri and Idamalayar plants also have higher
availability for al their units (above 90 percent). All but two (units 111
and V) of the 6 units of Pallivasal also have higher availability;
Sengulam also follows suit with one unit (1V) having the highest FOR of
0.29. The remaining two plants, Panniar and Sholayar, bear the whole
brunt of higher FOR. Sholayar unit | has the second highest FOR of
0.24; Panniar unit | follows with only 79 percent of availability.

It isworth finding that an average outage of more than one month
in one year occurred in the case of 8 out of the total 39 plant units;
Sengulam unit 1V hasthe fate of having the maximum mean outage of a
cumulative period of more than 3 months a year and Sholayar unit I,
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nearly 3 months; the credit of having the minimum mean outage of less
than one day in one year goes to the 3 units of Kuttiadi, with 7-18 hours

ayear only.

Inthe case of Kuttiadi, instantaneous availability readily collapses
on the steady-state one, owing to the least MDT (or FOR). For al other
plant units, the long run evolves through time limit. For Sabarigiri unit
| and Sengulam unit I1, it takes acumulative period of nearly one month
to reach the steady state; other unitstake much moretime. Inthe case of
Sengulam unit 1V and Sholayar unit |, with very high FOR, thelong-run
is evolved across a cumulative period of more than 3 months.

Table 2: Long run Availability and Forced Outage Rates

Monthly
Plant Units | MDT (hours) FOR Availability
Pallivasal 1 39.97 0.0555 0.9445
2 23.23 0.0323 0.9677
3 72.53 0.1007 0.8993
4 74.76 0.1038 0.8962
5 40.43 0.0562 0.9438
6 29.09 0.0404 0.9596
Sengulam 1 49.59 0.0689 0.9311
2 8.07 0.0112 0.9888
3 40.05 0.0556 0.9444
4 207.72 0.2885 0.7115
Neraiamangalam 1 11.24 0.0156 0.9844
2 15.48 0.0215 0.9785
3 26.39 0.0367 0.9633
Panniar 1 153.43 0.2131 0.7869
2 95.87 0.1332 0.8668
Poringal akuthu 1 55.69 0.0773 0.9227
2 20.83 0.0289 0.9711
3 14.18 0.0197 0.9803
4 14.10 0.0196 0.9804

Contd...
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Monthly
Plant Units | MDT (hours)| FOR Availability
Sholayar 1 173.58 0.2411 0.7589
2 127.19 0.1767 0.8233
3 79.39 0.1103 0.8897
Sabarigiri 1 7.58 0.0105 0.9895
2 37.59 0.0522 0.9478
3 33.96 0.0472 0.9528
4 41.12 0.0571 0.9429
5 48.27 0.0670 0.9330
6 56.67 0.0787 0.9213
Kuttiyadi 1 1.52 0.0021 0.9979
2 1.09 0.0015 0.9985
3 0.58 0.0008 0.9992
I dukki 1 12.44 0.0173 0.9827
2 45.02 0.0625 0.9375
3 25.29 0.0351 0.9649
4 9.82 0.0136 0.9864
5 24.82 0.0345 0.9655
6 14.83 0.0206 0.9794
|damalayar 1 31.17 0.0433 0.9567
2 38.96 0.0541 0.9459
Total 46.24 0.0642 0.9358

Note that minimum mean outage time does not necessarily mean
higher mean operating period, as the case of Kuttiadi clearly shows.
Even though Kuttiadi has the highest availability (and the least FOR)
as per definition, its service period, when accumulated, amounts on an
average to only about 7 months ayear; that is, al the three units of this
plant remain shut down for acumulative mean period of about 5 months
for scheduled maintenance and/or for want of sufficient water in the
reservoir. Panniar and Sholayar with lower levelsof servicetime(MTTF)
arealso shut down for about 3 —4 months. The shutdown period of other
plants in general accumulate up to 1 — 3 months a year.
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Averaging all the data, wefind that the whol e system has an annual
MDT of 46.24 hours per month per unit, with a FOR of 6.4 percent and
availability of about 93.6 percent. We can aso find that a cumulative
time of about 1 month is required for translating the ‘instant’ into the
long-runfor the system. However, a6 percent FOR in theface of capacity
shortageimposes aheavy tax on the system. Assuming an annual average
generation of 6100 million units (mu; average generation of the last 6
yearsfrom 2001-02), with sufficient hydraulic power capacity, thislevel
of FOR impliesapotential energy shortageto thetuneof 6100 x 0.0642/
0.9358 = 420 mu ayear. At an average revenue of Rs. 3.25 per unit asat
present, thisrepresentsafinancial lossto the system of Rs. 1365 million
ayear. Moreover, the potential energy (lost) of 420 mu is equivalent to
about 80 mw installed capacity at 60 per cent load factor. A zero FOR in
this case then implies that it could dispense with the investment
requirement of adding about 80 mw capacity to the system, saving
immensely in capital costs and working expenses. Note that this saving
isin addition to the gain in sales revenue.

Table 3 reports the state transition probabilities along with the
measures of propensity to down and return periods. The initial
instantaneous availability (P11, when t = 1) for al the plant units is
much higher, close to unity, with very low measure of D, the propensity
to down; so istheinitial instantaneous forced outage rate, but less than
P,,: it takes some time for repair. The system average follows suit.

Capacity-Outage Probability and LOLP

Thefirst step inthe estimation of LOLPistofind out theavailable
capacity state probabilities. Table 4 reports the distributed levels of
available capacity with the corresponding probability of occurrence in
accordance with the different combinations of up and down (due to
forced outages) units of each of the 10 power stations, estimated as per
the section on ‘ Capacity outage distribution’. Note that the available
capacity probabilities of all the states add up to unity. Given the
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Table 3: Transition Probabilitiesand Propensity to Down

Transition Probabilities Propensity

Plant Units Poo Po1 P11 P10 to down
Pallivasal 1 |0975| 0.025| 0.9985 | 0.0015 | 0.00274
2 |0.958 | 0.042| 0.9986 | 0.0014 | 0.00272

3 0986 | 0.014| 0.9985 | 0.0015 | 0.00276

4 10987 | 0.013| 0.9985 | 0.0015 | 0.00276

5 |0976 | 0.024| 0.9985 | 0.0015 | 0.00274

6 0966 | 0.034| 0.9986 | 0.0014 | 0.00273

Sengulam 1 |0980| 0.020| 0.9985 | 0.0015 | 0.00275
2 |0.884| 0.116| 0.9987 | 0.0013 | 0.00261

3 | 0975 | 0.025| 0.9985 | 0.0015 | 0.00274

4 10995 | 0.005| 0.9981 | 0.0019 | 0.00277

Neraiamangalam 1 |0915| 0.085| 0.9987 | 0.0013 | 0.00266
2 | 0937 | 0.063| 0.9986 | 0.0014 | 0.00269

3 | 0963 | 0.037| 0.9986 | 0.0014 | 0.00272

Panniar 1 |0.994| 0.006| 0.9982 | 0.0018 | 0.00277
2 |0.990| 0.010| 0.9984 | 0.0016 | 0.00276

Poringalakuthu 1 |0.982| 0.018| 0.9985 | 0.0015 | 0.00275
2 | 0953 | 0.047| 0.9986 | 0.0014 | 0.00271

3 | 0932 | 0.068| 0.9986 | 0.0014 | 0.00268

4 10932 | 0.068| 0.9986 | 0.0014 | 0.00268

Sholayar 1 |0.994| 0.006| 0.9982 | 0.0018 | 0.00277
2 |0.992| 0.008| 0.9983 | 0.0017 | 0.00276

3 /0987 | 0.013| 0.9984 | 0.0016 | 0.00276

Sabarigiri 1 |0876| 0.124| 0.9987 | 0.0013 | 0.00260
2 | 0974 | 0.026| 0.9986 | 0.0014 | 0.00274

3 | 0971 | 0.029| 0.9986 | 0.0014 | 0.00274

4 | 0976 | 0.024| 0.9985 | 0.0015 | 0.00274

5 10980 | 0.020| 0.9985 | 0.0015 | 0.00275

6 [0983| 0.017| 0.9985 | 0.0015 | 0.00275

Kuttiyadi 1 | 0518 | 0.482| 0.99898 | 0.0010 | 0.00203
2 | 0.401| 0599 | 0.99909 | 0.0009 | 0.00182

3 10178 | 0.822| 0.99934 | 0.0007 | 0.00132

I dukki 1 |0.923| 0.077| 0.9986 | 0.0014 | 0.00267
2 |0.978| 0.022| 0.9985 | 0.0015 | 0.00275

3 | 0961 | 0.039| 0.9986 | 0.0014 | 0.00272

4 |0.903| 0.097| 0.9987 | 0.0013 | 0.00264

5 |0961| 0.039| 0.9986 | 0.0014 | 0.00272

6 [0935| 0.065| 0.9986 | 0.0014 | 0.00268

Idamalayar 1 |0.968| 0.032| 0.9986 | 0.0014 | 0.00273
2 |0.975| 0.025| 0.9986 | 0.0014 | 0.00274

Total 0.979 | 0.021| 0.9985 | 0.0015 | 0.00275
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availability and the nominal capacity of each unit, we can find the

available capacity ( ij) corresponding to each state.

Pallivasal, as shown in Table 4, has different levels of available
capacity and availability in each of the possible capacity states due to
different unit capacities- it has 3 units of 5 mw each and another 3 of 7.5
mw each. Thusinthe‘1-unit-down’ capacity state, we havetwo level s of
available capacity, depending on the capacity of the unit that goes
down; if a5 mw unit fails, the available capacity will be 32.5 mw andin
the other case, 30 mw. Also note that in two capacity states (‘3 unitsup’,
and ‘2 units up’), the same level of available capacity (15 mw) is
obtained; in the ‘ 3-units-up’ state, it may so happen that al the 3 units
of 5 mw each may bein operation (with the other 3 unitsof 7.5 mw each
in outage) and in the next ‘ 2-units-up’ state, 2 of the 3 units of 7.5 mw
each may be in service. All other plants have same-capacity units and
hence each capacity state has a unique level of available capacity and
probability.

Asisalready evident, Kuttiadi hasthe highest availability (almost
nearing unity) of maximum capacity (when al units are up). Only 3
plants have an all-units-up availability of more than 90 per cent
(Neriamangalam, Kuttiadi and Idamalayar), and 5 plants, of more than
80 per cent (including Poringalkuth and Idukki). Sholayar is the only
plant with an all-up availability of less than 60 per cent.

The second step in the estimation of LOLP isto bring in the load
duration curve (LDC) and derive from it the complementary distribution
function of customers' demand. Thiswe accomplish by assuming that the
customers' daily maximum demand onthe K eralapower systemfollowsa
normal distribution. Thus data on the daily maximum demand on each of
the 10 power stations for three years from 2001-02 were collected (from
the KSEB) and averaged to avoid variability; and then the respective
mean and standard deviation were estimated (Table 5). The maximum
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demand on Kuttiadi powerhouse is the most variable (coefficient of
variation: 43.6%; due to seasonal operation necessitated by insufficient
storage) and that on Idukki, the least (coefficient of variation: 9.8%).

Now using these parameters (the mean daily maximum demand
and standard deviation), the expected available capacity (ij ) in each
possible state is transformed into its corresponding standard normal
variate, z, and the associated areaunder thenormal curve, 6(z), isfound
fromastandard statistical table. Then 1—6(z) representsthe (cumulative)
proportion of the outage duration, i.e., the proportion of time during
which the load equals or exceeds the available capacity, determined by
forced outages in a certain capacity state (Table 4). Thus, in the case of
Panniar, about 16.9 percent of the time the maximum demand is likely
to equal or exceed the available capacity when all the units are in
operation; or, in other words, inthe ‘ all-units-up’ capacity state of Panniar,
about 17 percent of the time aforced outage islikely to result in aloss
of load. It increases to 84 percent in case any one unit falls down.

The proportion of non-supply duration during which loss of load
is caused by different capacity outages in the case of all the 10 power
plants are given in the penultimate column of Table 4. This outage
duration, when al the units are in operation, is negligible for only 6
plants — Pallivasal, Sengulam, Sholayar, Idukki, Sabarigiri and
Idamalayar. About 25 percent of thetime alossof load isexperienced in
the case of Kuttiadi even when all the units are in operating condition.
For Poringalkuthu it is about 19 percent, and for Neriamangalam and
Panniar, about 18 and 17 percent respectively. Obviously, the factors
determining the extent of the non-supply duration are the capacity-
demand gap and the variability (standard deviation) of the demand
distribution. The smaller the capacity-demand gap, the larger will be
the non-supply duration. A surplus capacity coupled with low demand
variability or a deficit capacity with high demand variability resultsin
ashort non-supply duration. For Kuttiadi the major influencing factor is
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obviously the higher demand variability, whereas in the case of
Neriamangalam and Poringalkuthu, the smaller capacity-demand gap
appears to be the main culprit for larger non-supply duration. Both the
factors seem to act on Panniar.

If oneunit isthrown out of service, demand islikely to exceed for
more than 50 per cent of the time in the case of asmany as 7 plants and
for more than 80 per cent of the time in the case of 3 plants —
Neriamangalam, Panniar and Idamalayar. If the available capacity is
only one-half of the installed capacity, then demand tends to exceed it
for more than 80 — 90 per cent of the time in general.

LOLP

The expected loss of load in each capacity state is calculated by
multiplying the outage duration by the respective availability in that
state, given in the last column of Table 4. Summing this over al the
capacity states of a plant yields the measure of LOLP; the estimates of
LOLP, both asaproportion of timeand in terms of number of daysayear,
for al the 10 plantsare givenin Table 5. For example, aLOLP of 0.39for
Panniar means that on the whole about 39 percent of the time aloss of
load is expected due to forced outages in the case of Panniar. On an
annual basis, the expected loss of load is 141.5 days in one year, the
expected accumulated amount of time during which demand equals or
exceeds the available capacity causing a loss of load due to forced
outages, thisisthe maximum among the 10 plants, followed alittle afar
by Sholayar (103 days), and Poringalkuthu (99 days). Evidently, the
major determinants of this measure are the distribution of availability
and non-supply duration in the capacity states. Thus, for example, in
the case of Panniar, larger non-supply durations, coupled with the
associated, not so small, availability of the respective capacity states
contributed to its higher LOLP; that is, the relative contribution to
LOLP of larger non-supply duration of lower capacity states is
significantly highinthiscase. Ontheother hand, for Kuttiadi, therelative
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contribution to LOLP of larger non-supply durations are negligibly
smaller. The minimum LOLP is enjoyed by Pallivasal (23 days a year)
and Idukki (25 daysayear). A simple average of the LOLPsof all the 10
plants gives the system LOLP of 0.20 or 73.3 days a year with a
coefficient of variation of 51.3 percent.

Table5: Lossof Load Probability and Expected Available Capacity

Daily maximum Expected available
demand (mw) Loss of load capacity
Plant Mean | SD | Proba- | Days’ | mw | %to
bility Year IC
Pallivasa 2401 | 582 | 0063 | 2295 | 25.02| 66.71
Sengulam 3269 | 585 | 0.138| 5038 | 29.69| 61.86
Neraiamangalam 3932 | 634 | 0.238| 86.83 | 41.76| 92.79
Panniar 2566 | 7.62 | 038814146 | 20.46| 68.21
Poringal akuthu 2744 | 522 | 0.271| 98.75 27.56| 86.11
Sholayar 36.77 | 548 | 0.282|103.07 | 30.02| 55.60
Sabarigiri 261.23 | 31.60 | 0.183 | 66.71 | 217.26| 72.42
Kuttiyadi 57.61 | 2512 | 0.247 | 90.06 | 74.67| 99.56
Idukki 624.12 | 61.39 | 0.070 | 25.49 | 646.72| 8291
Idamalayar 5533 | 1149 | 0.129 | 47.06 | 67.87| 90.49
System 1184.19 0.20 | 73.28 (1181.03| 79.99

Table 5 also reports the expected available capacity of the 10 plants
(when all unitsare up; aso see column (5) of Table4); asmany as5 plants
have available capacity less than 80 percent of the installed capacity:
Pallivasal, Sengulam, Panniar, Sholayar and Sabarigiri. Note that in these
cases, the available capacity isbarely sufficient to meet the peak |oad. For
the system as awhole, only about 80 percent of the capacity is expected
to be available, again not up to the system peak load.

4. Conclusion

The vital nature of electric power, both to our economic and
personal well being, has prompted the developed countries to place
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higher reliability standards on the performance of electricity supply.
For example, most of the U.S. electric power utilitiesaredesigned onthe
technical assumption that the total accumulated time of supply
interruptions (forced outages) should be no morethan 1 day in 10 years.
This evidently appears to be a very strict design criterion even for
devel oped countries. Some studies (for example, Telson (1975)) havein
fact shown this 1-day-in-10-years reliability target as economically
unjustified, and that it could reasonably be reduced without adversely
affecting the economy. Though the reliability performance of an under-
developed electricity supply system such as Kerald's is by no means
comparablewith that of the devel oped countries, the estimates of LOLP
reported here seem on all counts to be stupendously higher. That the
expected cumulative outage time of the power generating system in
Keralaamountsto 73 days ayear isashocking revelation of the kind of
service rendered.
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