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In power system generation planning, many design and operating criteria and techniques have been
developed to resolve the conflict between economic and reliability constraints. The objective of
generation planning is to provide sufficient generating units for the future in such a way that the
investment and operating costs are minimized, while satisfying the system load requirements with
specified reliability and under the operating, environmental and financial constraints encountered.
This paper describes a tool that was developed as part of an In-House Practical Training (IHPT)
by a group of 18 second-year electrical engineering students at the Nanyang Technological
University. The basic objectives of developing this software were to be able to perform generating
capacity reliability assessment and capacity expansion planning of power systems in such a way
that the software users would also learn the basic concepts and theories involved. The developed
software utilizes a probabilistic as opposed to a deterministic approach, since probabilistic indices
are more and more accepted by utilities and regulatory bodies worldwide. The developed software
can perform various tasks such as evaluate reliability indices, production costs, power generation
costs, maintenance scheduling, generating unit additions and removals, etc. It is expected to be a
very valuable tool for students and utilities alike in studying the performance of generating systems,

and to plan future generating capacity additions.

INTRODUCTION

ADEQUACY EVALUATION of power genera-
tion systems is usually concerned with assessing
the ability of the generation facilities to meet the
system load requirements. In this assessment, the
associated transmission and distribution facilities
are assumed to be fully reliable and capable of
transmitting and distributing the generated energy
to the customer load points. In its simplest form,
the capacity model and the load model are
convolved to create a risk model which defines
the reliability performance of the generating
system in terms of reliability indices [1, 2]. The
two most commonly specified indices are the loss
of load expectation (LOLE), and the loss of
energy expectation (LOEE) [1]. Long-term capa-
city expansion planning is based on one or both of
these indices. In addition, power generation costs
are also considered in the capacity planning. The
determination of unit additions in the future is
based on an acceptable level of risk (LOLE and/or
LOEE) and on the rate of load growth expected for
the planning horizon. The planning procedure for
the expansion of generating capacity by adding
new units, based on the criterion that a certain risk
level should not be exceeded, is selected largely by
economic considerations.

The software package developed by the students
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creates the capacity outage probability table,
COPT, utilizing two-state or multi-state repre-
sentation of generating units, and calculates the
LOLE and LOEE for a given load model, i.e. daily
peak load variation curve (DPLVC) or load dura-
tion curve (LDC). The indices can also be calcu-
lated by including the seven-step load forecast
uncertainty [2] assuming a normally distributed
probability function. In addition, the expected
energy output of each unit, together with the unit
operating cost is obtained using the software.
Finally, all the above can be done for a period of
20 to 30 years projected planning horizon, in
conjunction with the present worth of unit addi-
tions. Different types and sizes of generators
(including gas turbines) can be considered for
capacity expansion analyses, with the basic objec-
tive of comparing alternative expansion plans in
terms of power generation costs (PGC) and pres-
ent worth (PW) [4]. The basic expressions utilized
in the software are given below.

N
LOLE = piti
k=1

N
LOEE =Y piE;
k=1

M
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Fig. 3. Polynomial approximation of the load model.

where:

pir = individual probability of capacity outage
Ok
tr = number of time units that an outage Oy
results in a load loss
N = number of capacity outage states in the
COPT
E;. = energy curtailed by capacity outage Oy
EES; = expected energy supplied by unit j
OC; = operating cost ($/MWh) of unit j
FC; = fixed costs of unit j, and
M = number of units in the system.

It can be casily appreciated that manual calcu-
lations using the above equations can be quite
cumbersome and unwieldy, especially if the capa-
city planning is to be conducted for a long term
such as 15 to 20 years. It is therefore desirable to
develop a user-friendly software that can perform
the above tasks very efficiently and without losing
any accuracy, while at the same time changing any
system parameter and studying its impact on the
planning indices. The basic objective of this paper

is to describe a computer software that has been
developed at the Nanyang Technological Uni-
versity’s School of Electrical & Electronic Engi-
neering. The software can quantitatively assess the
reliability of a power generating facility using one
of the many probabilistic techniques available,
including load forecast uncertainty. In addition,
power generation costs can be evaluated and
capacity expansion planning conducted using the
developed software. Capacity expansion analysis is
based on LOLE and/or LOEE and present worth
analysis (PWA). The software was developed to
run in the Windows environment using a graphical
user interface (GUI). The program is structured in
such a way that students and novice users can
assimilate the facts and fundamental concepts
associated with generating capacity reliability
evaluation, before they conduct detailed studies
and expansion planning.

It is anticipated that the software tool described
in this paper can prove extremely useful to third
and final year undergraduate power engineering
students, as well as postgraduate students con-
ducting research, and last but not least to utility
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engineers and planners who can carry out pre-
liminary studies and make objective, economically
justifiable decisions.

SOFTWARE FEATURES AND
USER INTERFACE

An overall skeleton of the menu, which is
designed to be very user-friendly, is shown in
Fig. 1. There are three command boxes, namely
Load Model, Generating Capacity Reliability and
Show Indices. When running the software, only the
Introduction and Load Model commands are
enabled. Once the user has entered the values of
the load model, the generating capacity reliability
command is enabled, and once the input for this
step is completed the Show Indices command is
enabled.

Load model module
There are basically four options to the user to
define his/her load model, i.e.,

Option 1—use a predefined ‘test’ system data [3]
(see Fig. 2);

Option 2—use a polynomial up to the fifth order
to approximate the load (see Fig. 3);

Option 3—use approximations (where two more
sub-options allow the student/user to create
different load models, i.e., the load duration
curve LDC or the daily peak load variation
curve DPLVC);

Option 4—input new load database (LDC or
DPLVC).

For either the LDC or DPLVC sub-options in
Option 3, the student/user can then go on and
select various approximations such as a one-line,
two-line or three-line approximations, or even a
constant load model. A very versatile feature of the



Windows-based Educational Software for Power Capacity Assessment 361

software is its ability to plot the graph once all
relevant data have been entered. A software screen
display from Option 4 is shown in Fig. 4.

Generating capacity reliability module

The user is expected to provide the input data for
the probabilities, capacities, fixed costs and variable
operating costs of the various generating units in the
system. A sample screen from the software for this
session is shown in Fig. 5—it can be appreciated
very easily that the educational value of such a
detailed analysis is tremendous, since all the prac-
tical pertinent factors that affect the system relia-
bility are being considered by the developed
software. There are six sub-modules of this
module, viz., input generation data, COPT (capa-
city outage probability table), Scheduled Main-
tenance, Generator Removal, Generating Capacity
Expansion, and last but not least Sensitivity
Studies.

Figures 6 and 7 show the Input Generation Data
and the COPT screens respectively, whereas Figs 8
and 9 show the screens from the Maintenance
Scheduling module. The user may select any
existing generator and schedule it for preventive
maintenance. The maintenance charts utilized are
the monthly and yearly ones. This is a very
versatile feature of the software since most genera-
tors are scheduled for maintenance periodically
during their useful lifetimes. Once the main-
tenance charts are entered and specified, the
system reliability can be evaluated.

The generator removal module enables the
users to remove any generators from the capacity
available—this compliments the Maintenance
Scheduling module in such a way that sometimes
generators are removed from service if the system
load is off-peak, etc. Once the unit numbers of
the generators to be removed are specified, the
software will enable the user to re-evaluate the
reliability indices.

The objective of generation planning is to
provide generating units for the future so that
operating and investment costs are minimized
while satisfying the load with specified quality
and reliability [2, 4]. The determination of unit
additions in the future is based on an acceptable
level of risk (LOLE and/or LOEE) and on the rate
at which load grows across the planning horizon.
The planning procedure for the expansion of
generating capacity by adding new units is selected
largely by economic considerations—this involves
assessing the present values of future investments
which in turn depend on interest rates, depre-
ciation, life span of generators, etc. [5]. The neces-
sary background details of performing capacity
expansion planning are provided [2, 4]. This
paper concentrates more on the developed soft-
ware and its capabilities and features to enhance its
educational value. Figures 10 and 11 show some
sample studies using the software.

The sensitivity studies module allows the student
to conduct some more studies by changing some

pertinent data such as the availability of any
generator. The new values of the reliability indices
are recalculated and displayed on the screen, as
shown in Fig. 12.

Show indices module

This module allows the student to evaluate the
reliability indices such as the LOLE, LOEE and
the power generation cost. The results may be
evaluated using any uncertainty in the load
model. The user can select two types of probability
distributions, i.e., Gaussian and rectangular to
model the uncertainty in the future load. The
data required to be entered for the Gaussian
distribution is the mean load and the standard
deviation associated with the mean value, and the
new reliability indices can then be evaluated The
basic idea here is to allow as much variation/
uncertainty in the load as possible, so as to be
able to arrive at more realistic reliability indices.

EDUCATIONAL OBJECTIVES

The developed software is intended to be used
by undergraduate electrical engineering students at
the final year level, i.e., in the fourth year of the
four-year degree program—particularly those that
take power engineering as their area of specializa-
tion. It is being considered at our university as part
of a ‘design’ class (details of the design module are
provided in [4)] where the power engineering
students are required to use the software in order
to understand the basics of generating capacity
reliability assessment and determine the reliability
indices such as loss of load expectation (LOLE)
and loss of energy expectation (LOEE). Further-
more, the authors intend to use the software for
educating their postgraduate students on the
concepts of probabilistic generating capacity
planning. It can therefore be easily appreciated
that the developed software has versatile teaching
and educational uses.

The software can be a useful tool:

® to introduce the student to the basic concepts of
reliability assessment and capacity planning of
generating systems;

® t0 enable the student to interactively create and
utilize different types of load models;

e to make the student appreciate the effects of
various pertinent factors such as unit size, unit
forced outage rate (FOR), system peak load,
unit variable operating cost, maintenance sche-
duling, unit addition and removal, load forecast
uncertainty, etc.;

® t0 enable the student to interpret the results that
are presented both graphically as well as in a
tabular form;

® t0 enable the student to learn the fundamentals
of generation planning by going through a
guided tutorial first, even before he/she uses
the highly user-friendly software.
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Capacity Outage Probability Table (COPT)
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Monthly Maintenance Chart

Dal [0ay2 [Cay3 [Dayd Cays [Da6 [Day? J0ay8 D28 [0210[0ay11Day12[0ay13[0ay14[D2y15 01602170y .
2284 2456 2407 2358 2309 1891 1842 2385 2564 2513 2462 2411 1975 1923 2327 2502 2452 2402

3405 3055 3405 3005 3405 3055 3405 3005 3405 3005 3405 3405 3405 3405 3405 3405 3405 3405
>

D sy Demand
1Geneiating capacty
4

Generator Number_[Doyl [0a2 [Day3 JDagd [Oap |Dagh [Day? JDayB [0ay3 [Day10[Dayil [Dag12 [Dayl 3[Day14 [Day15[0ap160ay17 02yt
2
EY x *

17

Legend : x - Generator to be mamtaned

Prat Chalj Esat

LOLE day / month

Fig. 9. Scheduled maintenance chart.

Svstem Parameters

No. of Years 10
Load Growth 5 %

Acceptable Risk Index (LOLE) |19 Wiy LOLE: 109014
Acceptable Risk Index (LOEE) |19 MWhiyw  LOEE- 981795

Generator Capacity [ﬁ—_ W
Avadabiity 09

Analysis Based On

LOLE J LOEE l LOLE&LOEE‘

=

Fig. 10. Generating capacity expansion sub-module.



364

L. Goel and G. Shrestha

ROLE @)

gEENEsEEY

1075088
2420M5
0514029
1165769
Q758
0606838

1525073

0976
0847850
22475
0530831
148325
0352906
036402
0234535
Nz
2330215

JooeE pawtvip]
9577620

M
223279
5.889949

360
360
380

0.602823

Fig. 11. Capacity expansion sample results.

i
:

ECOBCOBCORONONORORO SO GOO

om
0.9
0.0t
098
0.02
0985
0.015
0.385
0015
0.985
0.015

0.015
0875
0.025
0.02
0.97
003
0.97
003

oy
0.03

Present Prob.

New Prob.

Ongmal LOLE

Original LOEE

Fig. 12. Sensitivity studies sub-module.

—

—




Windows-based Educational Software for Power Capacity Assessment 365

The on-line tutorial was programmed using
VISUAL BASIC 4.0.

FUTURE RECOMMENDATIONS

The following improvements are envisaged for
the developed software, so that it can cater to
more options for system planners and also for
educational purposes:

1. Upgrading to Multimedia Standard. In order
to further enhance the flexibility, capabilities
and user-friendliness of the software, it can be
upgraded to multimedia standard, i.e., video
clips, sounds and graphics can be incorporated.

2. Homepage on the Internet. In this modern age of
information technology, exchange and transfer
of technology is vital to ensure our continuous
advancement. Hence, a Homepage on the
Internet would provide an excellent forum for
inviting suggestions, downloading of evaluation
version, and highlighting any problems arising
thereof.

3. Increasing Computational Speed. At the present
time, evaluating the LOLE, LOEE and COPT
requires constant access to various temporary
files, which slows down the software run and
increases the computational burden. This is one
area that needs to be explored further.

4. Generating Capacity Expansion. In this project
only constant load growth and single type of
generator addition over the entire capacity
expansion period have been considered. This is
clearly a restriction on the practical capacity
expansion. It is anticipated that variable
load growth and customized type of generation

additions will be implemented in the software in
the future.

CONCLUSIONS

This paper describes a Windows-based reliabil-
ity evaluation software to perform power generat-
ing capacity reliability assessment and expansion
planning. The developed software enables the
evaluation of two fundamental risk indices in
generating capacity planning, namely the loss of
load expectation (LOLE) and the loss of energy
expectation (LOEE). The software was imple-
mented in different modules before being inte-
grated into a single application. The software is
highly user-friendly and has many capabilities to
create and view load models, to perform various
sensitivity studies, to generate and plot graphs, to
consider load forecast uncertainty, to include
unit maintenance, addition and removal, etc. The
software also has an on-line tutorial to guide
novice users through the various aspects of data
entry and interpretation of results, etc. The indices
computation program has been successfully linked
with the user graphic interface to provide an
appealing software package for power utilities as
well as for educational purposes. The software was
tested using two reliability test systems, and found
to provide results that are very accurate [0].
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