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The reliability of the electric power system is becoming an increasingly important issue for utility planners
because of the recent increase in load demand growth
and the limited amount of new generation that is currently planned.
The primary function of an electric utility is to provide energy to satisfy the system load demand as
economically as p o s s i b l e while maintaining a
reasonable level of reliability. If a utility has no interconnections t o outside systems and operates in a totally isolated environment, the only options available for
maintaining system reliability are to upgrade existing
equipment o r to add new generating units and transmission facilities. If a utility has ties to neighboring systems, which is usually the case, it will rely on these
systems t o provide some of the reserves needed for
reliability. This sharing of reserves takes advantage of
the load and outage diversities that may exist between
neighboring systems, and allows each utility to maintain the desired level of reliability with lower installed
reserves compared t o isolated operation. The result is
reduced reserve costs.
In the past, calculating the reliabilityof asystem with
many interconnected areas has been difficult due to the
lack of accurate and efficient computer models. Most of
the system reliability models currently used are based
on the traditional analytical approach of convolving the
generation outages with the loads t o determine an expected number of outages per year. While this technique works well for single-area systems, it requires
excessive computation time when expanded to several
a r e a s . Modeling a multi-area s y s t e m within a
reasonable a m o u n t of c o m p u t e r time mandates
numerous approximations and assumptions; these can
often lead to inaccurate results.

Monte Carlo Simulation
for Reliability Evaluation
The Monte Carlo approach to reliability evaluation
avoids these problems. It provides a detailed and accurate modeling of the system with computer running
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times that are significantly less than those of other
methods for studying multi-area systems.
In a Monte Carlo simulation, a series of scenarios or
snapshots of the system is obtained by hourly random
drawings on the status of each generating unit and
transmission link and determining the hourly load
demand. The desired capacity margins o r other
measures of performance are calculated for the hour,
with the process repeated for t h e remaining hours in
the year. Annual indices are calculated from the year’s
accumulation of data generated by the simulation
process. The year continues t o be simulated, with new
sets of random events, until obtaining statistical convergence of the desired indices.
There are two types of Monte Carlo simulation approaches:
Nonsequential
Sequential.
Rather than progressing through time chronologically or sequentially, a nonsequential simulation process
considers each hour to be independent of every other
hour. Consequently, nonsequential simulation cannot
accurately model issues that involve time correlations.
T h e r e f o r e , t h e modeling of u n p l a n n e d o u t a g e
postponements or unit starting failures and the calculation of time-related indices, such as frequency and
duration, are impossible with this technique.
A sequentialsimulation, however, steps through time
chronologically, recognizing that the status of a piece
of equipment is not independent of its status in adjacent hours. Equipment forced outages, for example,
are modeled by taking the equipment out of service for
contiguous hours, with the length of the outage period
determined from the equipment’s mean time t o repair.
The sequential simulation can model any issues of concern that involve time correlations and can be used to
calculate indices such as frequency and duration.
The Multi-Area Reliability Simulation (MARS) program is based on a sequential Monte Carlo simulation.
The first phase of t h e program was funded by the
Empire State Electric Energy Research Corporation
(ESEERCO) to enable New York State utilities t o analyze
comprehensively the reliability of the interconnected
electric power generation system in New York and
neighboring areas. The version of the program current-

0895-0156/91/0100-0021 $ 1 , 0 0 0 1991 IEEE

January 1991 21

'Hie daily LtlLE indicates the expected iiuinber of
days per year \vlien the ~~~~~~~~~~~~~c
capacity at t h e tinre
of daily peak is icss thati the lc~ad.This does not riwes-

The f o ~ l o ~exartiple
~ ~ i ~ ~dg e ~ ~ ~tire~ a p~p ~ zi ~ , a~” t ~ a ~ ~ ~
tion of Monte Carlo simulation iri e v a l ~ a t i nt ~h e
r e ~ i a ~ benefits
~ ~ ~ ~ tofy sharing reserves I U a multi-area
environment. The data f o r t h e sample system i s
X~aserlon actual ~ ~ t ~ l i t ~but
d ahas
t a beerr rnodified for
this example and is not irite~dedt o reflect t h e
r ~ ~ l ~ a ~ of
~ i any
l i t yactual ~ i ~ ~systems.
~ i t y ‘The sample
systeni comprises I5 areas arid ti po,nis. ‘The first pool
consists af 1 I areas (Area 1. lflrough Area 1I>, and the
remaining pcmls iiiave orie area e a c h (Area 12 thrcntgh
Area 15). The erztire system has a ~ ~ p ~ o ~I,i1011
~ ~ ~ a ~ e ~ y
yenerati rig units
The installed c a p a ~ i t ~ arid
e s peak loads for tlre a r c s
art;: listed In Table 2 Kithin Pool I, the iocatirriis of the
geizeration and load are such that srmt3 areas hamh
I

Table 2. Area arid pooi ciaiiy L A Ll!;, c!a!;s p r r
wit 5. ii i.)cs$ernai iate ~ ' C Oti r i w t ioirs.1

. ...................... .

. ..... .............

.

........

The large system used in the example was composed
of 15 areas and 1,100 generating units. Forced outages
were iiiodeletl with up to four capacity states for each
unit. I n addition to calculating daily LOLE, the program
also calculated hourly LOLE, unserved energy (LOEE) and
frequency and duration. The impact of emergency operating procedures was calculated at 10 different margin
states. The Pool 1 LOLE converged to a standard error of
8 percent in 55 CPU minutes on a VAX mini-computer.
Operation on an IBM mainframe would be about five times
faster.

Summary

Figure 3 . Comparative running times
Figure 4 gives a good indication of the computer time as
a function of the interconnected system size by showing
the relative computer time versus the number of areas
studied for the two different modeling techniques.
With Monte Carlo simulation. the computer time for a
single replication is approximately proportional to the
total number of generating units. and only slightly a function of the number of areas arid interconnections. However, the number of replications required for statistical
convergence is affected by the reliability of the system: in
general. the more reliable the system. the greater the
amount of simulated history that is required for stable
statistical results. This is offset by the fact that the need
for accuracy is most important for unreliable systems.
Generally. it makes little difference if the system expects
an outage every 100 years or one every 200 years. However. it is important to know if there will lie 10 outages per
year or 20 outages per year.
The nature of the system being studied also influences
the rate of convergence. Large systems that are not
dominated by the status of a few large generators tend t o
converge after fewer replications than sinaller s y s t e m
that are similarly doniinated. This is true because the
reliability performance of a large. finelv-divided system
has little variation from year to year. compared to a
system with relatively few generating units. As a result.
the cornputer time required for convergelice of the
reliability measures is roughly the same for sinall and
large systems. Consequently. Monte Carlo simulation
tends to lie inore computer-timeeffective than the analytical methods for large systems.

Monte Carlo simulation is an effective method for calculating the reliability of systems that consist of five or
more interconnected areas. In addition to being able to
study systems that previously could not be represented
in detail because of the excessive computer running time
of existing models, the Monte Carlo simulation provides
additional information on the reliability measures in the
form of the probability distributions. Results obtained
from the sample system indicate the importance of including the benefits derived from the utility’s interconnections with neighboring systems in the reliability
evaluation.
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