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In long tej~ID.ge:>JeJ:'ab,o)}expan.sion planning process,
the evaluation of ]:eliabj,lityand production cost are two
important stepso The methodologies for tbe evaluation of
these two aspects are different in case of single utility
(power company) and in case of interconnected utilities.
However, in case of a power system network having different
zones connected by tie lines and owned by a single utility,
the appropriate methodologies. to be followed is not straight
forward.

Bangladesh electric power generation system is a
small one and is owned by a single utility having two
distinct; zones, Eastern Zone and Western Zone. These two
zones are connected by a tie line with limited power trans-
ferring capacity. In this research, Bangladesh pOvler
generation system has been evaluated following both metho-
dologies, that is, treating this system as a single power
system and also treating as two interconnected systems.
The results obtained are analysed to find out the appropriate
method for evaluating a power system like that of Bangladesh.

I
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1 ,,1 J.F'i'RPDUCTJO]i

The evaJ.uation of reJiab:i.lity 8)16p!:oducd.on cost are
two.'important aspects of gene:;:'atioJD,eY..pansiO:'lplanning of
power systems. Generation planning begins with estimates
of peak demands and associated electrical energy consumption(1).
After identifying the need for generating capacity additions,
the planner develops a number of feasible expansion alter-
natives on the basis of

1. Load growth,
2. Construction time,
3. Avail ability of sites,
4. Availability of fuel.

Given th~se alternative plans, it is a common practice
to evaluate each plan on the basis of reliability to ensure

--',.,. ...,.,.I-;T~that c!p,e:ad0:P;ted;'p']:Bi;is~s<3,.:tis-t:yccd:e13ired:~:'re.I4:.?l:;~rrty.;nv~l-\",1,'0_
., _ . _. - .,-.::#"Y ,.- '- ~~~~ :.r',:::- _':I __~~"~

Plans that do not meet the reliability criteria are eliminated
Or appropriately modified, and plans which satisfy the
required reliability level are evaluated on the basis of
economics. For each potential plan, financial and environmental
impacts are analyzed. Finally, the alternative plans are
compared in order to identify the one that impacts on the /'.
pOwer company as a whole in the most favourable manner. In
Figure 1.1 the planning process is depicted in the form of
block diagrams.
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Figure 1.1: Generation expansion planning process.
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Obviously, it is an enormous task to discuss in
detail the entire planning process. Therefore, it is chosen
to concentrate on the reliability and economic analysis of
a generation expansion plan deyised by the planner.

Several measures have been devised to evaluate the
reliability performance of a given expansion plan. The
simplest and most common of all is the loss of load probabi-
lity (LOLP)(2,3).

The main factors which enter into the cost analysis
of a given plan are:

1. Capacity cost,
2. Production cost,
3. Timing of unit additions.

The production cost includes the cost of fuel and the
operation and maintenance cost. The evaluation of the energy
production cost is by far the most complex part of cost
analysis associated with a particular expansion plan.

The reliability and economic evaluation of interconnected
systems is different from that of a single area system. If
tve available capacity in a geographical region can be
transmitted wherever it is needed without tie line restric-
tions then this region may be treated as a 'single area,(4).
Although the simplest way of evaluating interconnected
systems is to consider them as a single area system, however,

c
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there are very good reasons for keeping the identities of
the constituent systems seperate. The reasons are the
fOlloNing(5 ,6).

i) A utility is primarily. interested in the benefits
that its own system can obtain from interconnections.

ii) The ties forming interconnections are usually limited
in capacity and, in addition, are subject to failures.

iii) The load characteristics in the various interconnected
networks may be different and, in addition, these
load patterns may be iDtlependent or dependent on
each other.

iv) It is necessary to incorporate the export/import
of electrical energy between interconnected systems
in the evaluation.

A 'single system' treatment of the entire interconnected
system cannot take into account appropriately the above
features.

The power generation system of Bangladesh is a typical
one. The only electric utility which is responsible for the
generation and transmission of electrical pONer throughout
Bangladesh is 'Bangladesh Power Development Board' (BPDB).
Hence it may seem to be relevant to evaluate the power system
of Bangladesh as a single system. But a look at the overall
structure of the power .system of BPDB reveals that it

,e
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can be divided into two zones: the East Zone and the West

Z.one seperated by the riven3Padma. Jamuna and Meghna. The

only interconnection between these two Zones is the East-

West Interconnect9r (EWI)which is a double circuit line.

presently operating at 132 KV. The power transmission

capacity of the EWlis limited to only 180 TWA per circuit

at 132KV. For this reason a two area approach@ eval uating

the overail power system of Bangladesh seems to be logical.

The controversy whether to evaluate power systems like that

of Bangladesh as a single area system or as a two area

interconnected system has not yet been given adequate

attention. In this research.an attempt is made to find out

the approach which is more logical in evaluating such systems.

1.2 HISTORICAL BACKGROUND- -- -- --- - ~ "'"

Probability methods are used extensively at present,

for evaluating the reliability and production costs of pOwer

systems. The historical development of these methods is

extremely ill:teresting, Interest in the application of

probabilHy methods to the evaluation Of capacity requirements

became e'vid:;m"tin 1933, The first large g:r'oupof papers was

published in 119470 'rh,e papeTs, by Galabrese(7), Lyman(8),

Seely/9), Lmilne and lrIa'GChorn(10)'proposed some of the basic

concepts uponwhich SOlffiaof the raet,hods in USe at th,,, present

!;:lme aI'S baetiL In 19L,8, 'Ghe first; AlEE 8u1JC())Illllitte,e on
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the Application of Probability Methods was organized. The

Subcommittee submitted several reports containing compre-

hensive definitions of equipment outage classifications in

1949(11), 1954(12) and 1957(13). The 1947 group of papers

proposed the methods which with some modifications are now

generally known as the 'Loss of Load Approach', and the

'Frequency and Duration of Outage Approach'. They are

described in detail in a 1960 AlEE Committee Report(14). The

effect of interconnections and the determination and allocation

of capac.ity benefits resulting from interconnect;ions were
, '(15) . (16)

discussed by Watchorn and Calabrese in 1950 and 1953

respectively. Until'1954 most probability studies had been

done either by hand or using conven.tional desk calculators.

The benefits associated with using digital compu.ters were

noted by WatChorn(17) in 1954 and illustrated in 1955 by

Kirchmayer and his associates(18) in the evaluation of

economic unit additions in system expansion studies. In 1960

Brown, Dean aDd Caprez(19) published the results of a

statistical study of five years of data on 387 hydro--electric

generating units 0 Shortly afi;er this in 1961 the AlEE

Subcomilli~tee produced a Jl\a:a:'ual(20) outlining :reporting

proceduX'es and methods of analyzing i'orcE,d o1.:1"i:;age cLa-'l;ausing
, r-)

digi 'cal equipment" (Jook e'!; al.,':; Pl::,oposed.:La .their paper

the basic .w.ethod ;;;01' evaluating xm:,p G.f -);,1'0 interconnected

""

! \
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frequency and duration indices in generating capacity
reliability evaluation was modified by the introduction of
a recursive approach. This technique is described in detail
in a serieS of four publications(21,22,23,24).

The most important development in the evaluation of
LOLP and production cost by probabilistic simulation was

, (25) (26)suggested by Baler~aux and Booth 0 In 1980, Rau, Toy
and Schenk(27) proposed a computationally fast method, which
approximates the discrete distribution of,load (equivalent

iload) through Gram-Charlier series expansion as a continuous
functiono Rau and Sche~k(28) proposed the utilization of the
bivariate Gram~Charlier expansion to evaluate the LOLPs of
two inte,:rconnected sys'cems.The bivariate Gram".Charlier
expansion has also been utilized by Rau et alS29), by Noyes(30)
and by Ahsan etal.(31) in the evaluation of production costs
of two interconnected systems. Schenk et alS32). recently,
proposed the segmentation method for the evaluation of expected
energy generation and LOI~ of a single area system. In this
method 'I;he alxcb.orsavoided the inherent inaccuracies of series
expansion but s'{;jJ.lretaining the computational efficiency.
Th,B segm,8n'J;a'l;ion method has been e::<'.:;endedby Schenk, Ahsan and
, o::n c' '. h " . b'""~ l''lassos V) :cIlCocupo:,re.'Ge 'I; e :;:e."_~aJ .."J.,(;y eva uat:con of two

. ,. '(34) ,
'.',D.+-,e:CCOIr(1~(": Ged systext\s" .~..•.~1Ban aiD,d Sc,heDk' h~-ue 11.~'l;zed th•.C u _, ~~._. e
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1.3 THESIS ORG~IISATION

This thesis consists of nine chapters. In Chapter 1,
the background of this work is presented. The basic concepts
of the evaluation of reliability and production cost are
presented in Ohapter 2. The generation and load models used
in probabilistic simulation techniques are derived in
Chapter 3. A brief discussion on various probabilistic
simulation techniques is given in Chapter 4. The benefits of
interconnectiOn between seperate pOwer systems and the

,
I~~ of tie line capacity on the reliability of inter-
connected systems are the subject matter 'ofChapter 5. In
Chapter 6, the segmentation method for evaluating the LOLP
of a single area system as well as that of two area inter-
connected systems is presented. The segmentation method, for
the evaluati~ of production cost of a single area and that
of two area~terconnected systems is given in Chapter 7.
Chapter 8 con~ins a brief discussion on the electric power
generation ~tem of Bangladesh. The generation and load
models used iillt, this research as well as the results obtained
are also incl~ed in Chapter 8, Chapter 9 presents diSCussions
and conclusic'l1Srelat.i.ng to the concerned problemo Some
recoJ!l1l\endatit1JSfor fl1:cthex'~!ork are also pI'esented in
Chapter 90



CHAPTER 2

BASIC CONCEPTS OF THE EVALUATIONOF RELIABILITY

AND PRODUCTION COST

2.1 INTRODUCTION

9

The objective an utility (power company) is to supply
customers with reliable electrical energy at minimum price.
The economic and reliability constraints make the decisions
in the expansion planning and operation o~ a pOwer system
sometime complex. In generation expansion planning the
reliability of a number of alterna tive expans:ion plans are

i

first evaluated. The plans which do not comply with the
desired reliability level are either modified or discarded.
The plans satisfying the reliability constraints must be
evaluated on the basis of

.the one,plan. that impacts
~f~~~~~,:~'

economics in order to ident;ify
on the utility ,[ii':'Ctne~:nlo-S't'f~w:ur~

-........~~ •.."59-~ '-:-""'W~,;i.!'-

In this chapter, a brief description of variousreli_
ability indices is presented. The'procedure to eValuate the
production cost is also discussed briefly.

2.2 POWER SYSTFM R.F;L,IABJLJ~Y~-"" ...-- ...~-. -_.'--"_.O_'~'__ .' _~. __"C,""'.=,",,- __-" _",-'c. ~_._,"

In o)('dor to quantify the reliability of a PO",e:(' sys tem
the terRn ':i:"eliability' must be de:f:L1l.edasp:recisely as
pos'sible0 Th"" class:ical de:finiJ:;:1,on of :l.'elia'otlHy:l.s: (5)
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Reliability is the probability o£ a device or
system per£orming its £unction adequately, for
the Eer10d of time intended, under the operating
condit;!.ons encountered.

Thus reliability is defined through the mathematical concept
of probabili~. This is a fundamental association since
uncertainity is a major element in the planning of an
electric pow~ system. For eXlliuple,the random failures
of the gener&ting units is the most apparent, source of
uncertainty in the generating system.

Regarding the generation system •.the concept of
adequate per!8rmance relates to the amount of capacity
needed to meet the demand under random failures of the
generating ~tso Regarding transmission system, the term
adequate per~rmancerelates to the ability of the system
to withstand]ine overloads, to maintain adequate voltage
levels withi@the system stability limits, etc. To.obtain
a quantita~iq,eassessment of system adequacy it is necessary
to define s~jtablereliability criteria or indices which is
highly d8pe~ent ~pon the generation mix, unit size, load
chaJ.'aci;2:'.'istic'3and system interconnections. The considera_
tion of them c'.sp"ctstogether with other less tangible
elements in.the planning and operation of a pOwer system
is u.su'ally,~:i.gn.ated"generating capacity :t'eliability
evaluation'.•Als0 the Eont:iD:y.i:ty_'?)'_2~:(:yi9-,o. is impo:ctant



aspect for a power system" It is desirable that the supply,
of electric pOwer is continuous ~ing the period for which
the service in wanted.

The operating conditions aI'e'also important in
determining the reliability of a WQver system.

It is now clear that the reliability of a power system
is the probability of providing the users with continuous
service of satisfactory quality. ~he quality constraint
refers to the requirement that the frequency and voltage
of the power supply should remain within prescribed tolerances.

2.2.1 Value of Power System Reliability

Different customers may have different sensitivity
to the service of the electric power company. Some may
require most reliable service, others not. Therefore, a
general approach is not applicable to find out the value
of reliability. However, the reliability of a power system
. _,_•.:""~'-=;-~.i~."'7;o~=-•••.,.[?-~,.,.::-"L....:-_~s usually quantified in terms of the~a~~r~~~~
resulting from an interruption of service. From the custo-
mer's point of view the value of reliability is dependent
upon expected service requirement and the customer's percep-
tion of his losses. From the utility's point of view the
determination of the value of reliability due to an interrup-
tion of service may be approached by assigning a cost to the
loss of revenue from load not served.
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The power supply industry should not spend less on
reliability than the value of the loss, damage, or incon-
veniences of supplies and at the same time, it should not
spend more. This concept may be depicted in Figure 2.1.

Cost

.Reliability
Figure 2.1 ; Reliability vs.cost.

[
iIn Figure 2.1, curve 'a' is the utility's cost which

increases greatly as the reliability (availability of supply)
approaches 10ry~, curve 'b' represents the customer's costs
for not getting the-power supply. Note that this is clearly
zero with 100% reliability. Curve 'c' is a combination of
the two. Costs are minimized for tqespecified reliability
at point m.
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2.3 RELIABILITY REQ.UIRE~1ENT IN GENERATION EXPAi~SIOi( PLANNIN.G
.!It

The time span for a power system is devided into two
sectors: the planning phase and the operating~hase. Accor-
dingly it is customary to divide reliability assessment into
two categories: static reliability assessment and spinning
reliability assessment. Static reliability assessment applies
to planning while spinning reliability assessment applies
to operation.

For the assessment of reliability, distribution of
forecasted load and the scheduled generation is required,
especially for the assessment of static reliability. In the
operation of a power system what is mainly required '~@Jthe
ability to operate the system as economically as possible
with adequate operating reserve. In the assessment it may
be necessary to include one or more of the following factors:

(i) rapid start units such as gas turbines 'and
hydro-plant,

(ii) interruptable loads,
(iii) assistance from interconnected systems,
(iv) voltage and/or frequency reductions.

In what follows some of the t'erminologi,esrelated to
static reliability assessment are defined (5,6).

. /::>
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a) Outa~es and interruptions

An outage describes the state of a component when it
is not available to perform its intended function due to
some event. A component outage may or may not lead to an
interruption of service to consumers depending on system
configuration.

An interruption is the loss of service to one or
more consumers or other facilities as a result of one or
more component outages.

b) Forced outage and Scheduled outage

The forced outage is an outage that results from
emergency conditions directly associated with a component,
requiring that component be taken out of service immediately
either automatically or manually by switching operations.
An outage may also be caused by improper operation of
equipment or by human error.

The scheduled outage is an outage that results when
a component is delibrately taken out of service at a selected
time, usually for the purposes of construction, preventive
maintenances or repair.

c) Outage Rate

For a particular classification of outage and type of
component, the mean number of outages per unit exposure of
time per component is called outage rate.



1.5

Generating reserve capaci tjT, oX" ,siimplyreserve capaci ty

or, reserve is defined as the differencl11)etween the installed

capaci ty and the peak load during the c$rl<cifiedperiod of

time ~ Thus '

R = IC - PL
where

R = Reserve capacity

IC = Installed capacity

PL = Peak load

e) Available Capacity (ACl

(2.1)

The installed capacity minus the outage capacities

is called available capacity. Thus the available capacity

may be expressed as

AC= IC - FOC- SC

i ,

(2.2)

In Equation 2.2 SC represents the scheduled outage capacity.

The forced outage capacity (FOC)depends on the random

failures of the generating units. T!J,islllakes ACa random
variable.

f) Capacity Reserve Margin (RM)

Capaci ty reserve marginC},or silllply reserve margin

is defined as the difference between the available capacity

,•.
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and the peak lOF~d.,

RI'I = AG •• P.L

Loss of load will occur when RJ:1 is negative" It is clear
from Equation (203) that if the peak load exceed.sthat
available generation the system will experience loss of
load. The quantities IC. AC. PL. FOC, R and Rl"l are shown
schematically in Figure 2.2.

1'2 R
~

PEAK {1 RM ~ FOC "1LOAD

I I IPL AC IC
~ CAPACITY, 1"lW

Schematic of reliability terms (SC has beenneglected) • ' .

~-
1---

.0

I
Figure 2.2:

The terminologies defined above are graphically shown
in Figure 2.3.

2.3.1 Major Factors Influencing Reserve Capacity
The major factors influencing reserve capacity and,

therefore generating system reliability are:

• 41
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i) Unit size

Capacity reserve requirement (CRR) increases as the
average unit size increases.

ii) Number of units

CRR increases as the number of unit increases.

iii) System load factor

CRR increases as the system load factor increases.

iv) Dela.yed capacity additions

CRR increases as delays in planned capacity addition
increases.

I

v) Scheduled and forced outages ;'

CRR is strongly affected by forced outages of
generating units as well as by the scheduled outages.

vi) Interconnections with other systems

CRR decreases with addition of interconnections.

vii) Uncertain total energy and peak demand
CRR increases as the degree of uncertainty in future

growth in electricity and peak load demand increases.

•
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2.4 RELIABILITY INDICES

Till 1930~, the methods applied in evaluating the
power system reliability Here all based on deterministic
approach. Their essential weakness is that they do not and
can not account for the probabilistic or stochastic nature
of system behaviour, of customer demands or of component
failures. The need for probabilistic evaluation of system
has been recognized since at least 1930s. The main reasons
for not considering such stochastic nature of the system
in the past is the limitation of computational resources.
Now, the computinG facilities are greatly enhanced and
many probabilistic evaluation techniques have been developed.
In order to quantify the reliability of power system a
number of reliability indices have/been deviced. Some of

,.

the commonly used indices are desc~ibed below.
/

i) Loss of load probability (LOLP)

The loss of load probability is the probability that
the available generating capacity of a system will be
insufficient to meet its demand. Thus,

LOLP =Prob {AC< L]
.'

(2.4)

The evaluation of LOLP can consider forced and scheduled
outages of generating units as well as load forecast

(
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uncertainty and as;.istancedue to interconnections. LOLP
does not give an indication of the magnitude or duration
of the generation deficiency. This reliability index only
provides the probability of occurance of the loss of load.
The LOLP for a system is a realistic indication than the
reliability figure for an individual machine operating in
the system or even of a section of the entire power system.
As LOLP is the simplest and most commonly used reliability
index(2,3) it will be used in this thesis.

ii) Loss of energy probability (LOEP)

The ratio of the expected amount of energy not supplied
during some long period to the total energy required during
the same period is defined as the Loss of Energy Probability.
This index reflects the frequency;.magnitude and duration

/

of the capacity outage. However, the true loss of energy
cannot.be accurately computed on the b'asis of the cumulative
load curve. For this reason, the loss-of-energyindex is
seldom used.

. (5)iii) Frequency and duratlon (FAD)

This gives the average number of times' and the average
length of time during which available generation is inadequate
to supply the load. This requires consideration of the daily
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load c;ycle and da\~a on the frequency and duration of unit
outages. One problem ",ith the FA.D techni(:ue is -chat it
requires more detailed ~ata than is usually available. In
addition to :faiIure rates of various components, repair
times must alEC>.be available"

iv) Monte Carlo Simulation (MCS)

In MCS the actual realization of the life process of
a component or a system is simulated on the computer and,
after having observed the simulated process for some times,
estimates are made of the desired reliability indices. Thus
the simulation is treated as a series of real experiments.
During its course, events are made to occur at times deter-
mined by random processes obeying predetermined probability
distributions. The method is comp~tationally expensive.

/
However , it may produce a solution in cases where more
traditional analytical techniques faiL

In order to evaluate any one of the these reliability
indices, the following steps are reqUired:

a) Development of a Generation Model.
b) Development. of a Load Model.
c) Combination of these two (convoluti~n) to define

the appropriate index of reliability.



/
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Chapter 4 describes the various probabilistic
simulation techniques for evaluating LOLP.

The prediction of the cost of generation is an
important aspect of system planning. The cost of generation
includes capital and construction costs, the costs of
maintenance, the cost of fuel, starting and shutdown costs.
The evaluation of financial aspects listed above are large
domains of expertise in themselves and there is continuing
work in these areas for further sophistications in modeling.
In this thesis only the evaluation of the cost of fuel will
be considered. The cost of fuel along with the operation
and maintenance costs constitute the production costs of
a generating system.

The production costs of a particular expansion plan
can be accurately determined only if

i) a realistic loaa""model is known for each future
week or month in the planning period, and

ii) the units are committed to supply load in a manner
that reflects actual operating procedures and
conditions.

The load models necessary for probabilistic production
cost simulation are derived from the load duration curve (LDC) •
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or directly from the chronological load cUJ~"t.re(load model

will be discussed in Chapter 3) 0 To obtEdJl a realistic

com:mit:~entsched,u~Gfor generating lDJ,i,ts, it is necessary

to :1-ncludt:1 n.ot onl~l the forced outages of a 1Jn~Ltbu.i;also
-t .'., ~ t "... . '..L1.-.3 SCbeaU.L80.. ou'cage ..Lor mal:~!.l;cnanC8r:. The unit, with lowest

incremental cost is loaded first, then the un:itwith second

lowest incremen'tal cost and so on,_ This order of loading

uai ts v'hj eh ).:'8su.l-;;", :Lna minimumcost of energy production

is referred to as 'che economic cOmInitment schedule (ECS).

Units must be convol'\1ed into the load distribution in this

order if we 2~e attempting to simulate the way units will

actually be used if the expansion plan is indeed implemented.

As units are convolved into the load distribution, the

expected energies generated by each unit are calculated.
, i

Multiplying the expected energy ge~erated by a unit with,,
its average incremental fuel cost, the expected cost of

energy production by that unit is obtained.

I
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generation exp,,"'lsio)) pl&Jw'", S using any meth.od.require two

basic lilodelu; the load. !'"!oGel 8J'ld the generation model. The

\T8.riousmodels fo:c genera:c)OIl and, those for th, system

. loao.; differ gl:'e8~~lyin 'i;"eir degree of sophistication. The

L.iode12. sui.t3ble fo:c iD.CC!l"~~)O~a,tionof the probabilistic or

r,,',:ochast:i.cnatUX'8of system behaviour are presf, ..ted in this

chapter. Such models are \videly used in varJ.ous probabi-

listie simulation techniques.

3.2 GENERATION CAPACITY MODEL ..
!

/

Different types of generating units are in use today

and all types of units are randomly forced off-line because

of technical problems during normal period of operation. To

account for the random outage or availability of a unit,

it is necessary to determine the probability density function

(PDF) that describes the probability that a unit will be

forced off-line or ~ill be available during its normal period

of operation. It may be assumed on the basis of historical

data that the availability of the generating capacity of a

given unit may be graphically represented ~s shown in

~igure 3.1. This figure conveys the idea that random failure
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and repair of a unit can be defined as a two-state stochastic
.process. A stochastic process is defined as a process that

develops in time in a manner controlled by probabilistic laws.

Up state
(State 1

Down state
(State 0)

Up ~time
m1 m2

Failure ,- Hepair ,

r1 r2~-----_....•.~Down t~me

Time
Figure 3.1: Run-fail-repair-run cycle for a generating unit.. .

The system alternates between an operating state, or,
up state, followed by a failed state, 'or down state, in which
repair is effected. For .the i-th cycle, let

= UP time

ri = DOWN time

The random history of a generating unit may be represen-
ted in terms of an average (mean) UP time and an average
DOWNtime as follows:
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m ~ mean up time 1
IO-

N
~ j.

Z
i

-Co t" 1r •• mean uown ~me = N

~ ... -
-~where N is the total number of run-fail-repair-run cycles.

Thus the unit failure rate A and the repair rate ~ may

be expressed as

'---- - ->.. _ unit -:failure rate = 1
m 0.1)

.;k = unit repair rate 1
=-r (3.2)

With these two parameters the random failure and repair

of a generating unit can be defined asa state~space diagram
;

(two state) as shown in Figure 3.2. /

I
? /

,

•

Figure 3.2 : -Generating unit stat~:::space diagram.

!
parameters can be obtained from this
I

i

I
availability - the long term probability that1. Unit

Twoimportant

model:(6)
•

.
#

the unit will be in the, UP state.

2. Unit unavailability - the long term probability
.//~---

that the unit will be in the DOWNstate.
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To obtain the expressions for long-term availability
and unavailability of a generating unit, it is first necessary

,
to recognize that the stochastic process we are considering
is a very special one, c~led a zero-order, discrete state,
continuous transition Markov process. Such a stochastic
process has the following properties(36):

1. Mutually exclusive and discrete states, that is,
the generating unit can be in either the UP or the
DOWN state, but not in both simultaneously.

2. Collectively exhaustive states, that is, since we
assume that only possible states for a generating
unit are the up and the d0¥U states, then these

;

states define all the pos~ible states we ever
expect to find a unit in.

3. Changes of state are possible at any time.

4. The probability of departure from a state depends
only on.thecurrent state and is independent of time.,

5. The probability of more than one change of state
during a small time interval 6t is negligible.

Let
P1(t+t>t) = Probability that.the unit'W1.11 be in

the UP state at time (t+~t)
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,
Probability of being

P ( .) in state 1 at time t1 t+~t C and not leaving that
.-state during interv

At. ,

Probability of
+ being in state 2 0.4-at time t and

moving to state 1
during interval At

Consider that the distribution of a unit failure can
be described by the exponential distribution.

->-t •
= e c Probability of unit being

available upto time t

Expanding the right hand side of Equation (3.5) into infinite
series and neglecting higher order ~erms, it is obtained as

1 - ;:\.l't +

.where

A= Probability of unit being
available during time At 0.6)

Again

•••= Probability of transferring from state 1..to state.2 in time At

F () -At A b .2 t = e .c . Probability of unit eJ.Jlg
unavailable upto time t

Expanding into an infinite series/and neglecting higher
order terms, it is obtained as

F (t):' 1 -AAt2
A= Probability of unit being

ll?ayailable during time At 0.8)
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where

AAt = Probability of transferring from
state 2 to state 1 in time At

Similarly,

0.10)

Rearranging these two E:1uations, we have

/

Letting At - 0, the following differential equations are

obtained

0.11)

0.12)

with
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Equations (3.11) and (3.12) can be written in the matrix
form as follows:

SolVing( 6 )

0.14)

where P1(0) and P2(0) represent initial states (conditions)
such that

J
i
!

/

Consider that at t = 0 the generating unit is in the
UP state, i.e, state 1.

. • P1(0) = .1 and P2(0) = 0

• P1(t)
A .il.e-("'+A-)t

• • = "+A + .:>..+A

A
A e-(>..+.A-)t

P2(t) = >..+A )I.+A

0.16)
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In generation expansion planning long-term (steady-
state) probabilities are required. Hence, letting t~oC,

Equations (3.16) and (3.17) are obtained as

Thus the long-term probabilities of unit availability
and unavailability are given by:

Frob {Up state} = p = A m
=.:>t+"k m+r (3.18)

Frob fDOWN stateJ= q =

.";80"that,
p + .q = 1

r= m+r

I
i (3.20)

The traditional term for the unit unavailability is
'forced outage rate' (FOR), a misnomer in fact, since the
concept is not a rate.-An estimate for this important
parameter may be given by

F.QR forced outage hours
= forced: outage hours + service hours

or, FOR = FOH
FOH + SH (3.21)

The usual method of accounting for partial outages
is to increase the forced outage hours by an appropriate

o
"
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amount of time called 'equivalent force outage hours'(EFOH).
This duration is obtained if the actual partial outage
hours are multiplied by the corresponding fractional capacity
reduction and these products are then totalled. Considering
a single occurrence, for example, a unit operating at 60%
capacity for 80 hours will have an equivalent forced outage
duration of 89(0.4) = 32 hours. Based on this approach, an
estimate of 'equivalent forced outage rate' (EFOR) may be
defined as

EFOR = FOH + EFOH
FOH + SH (3.22)

where the service hours (SH) include the actual partial
outage times as well.

!
i

3.2.1 Probability Density Function6f Available and
Outage Capacity

IFor a generating unit of capacity C MW, FOR = q and
availability p, the probability density functions (PDF) of
available and forced outage capacity are given in Figure 3.3.

q
fLA

6
Available

p

c
capacity(XA) ,MW

p

q

o C
Outage capacity (Xo) MW

- Figure 3.3: PDFs of available and forced outage capacity.
..'t'

I
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The PDF of forced outage capacity may be conventionally
expressed as

c.

where
fLo = PDF of forced outage capacity

~(.) = Dirac-delta function

3.3 PROBABILISTIC LOAD MODELS.

Proper modelling of load is an important factor in
the evaluation of LOLP and production cost. The probabilistic
load model which is widely used describes the probability
that load will exceed a certain value. The data required
to develop such a model are readily available, since conti-

l j
nUQUS readings of system demand and ,energy are usually

/obtained on a routine basis by electric utilities. If a
recording of instantaneous demands were plotted for a
particular period of time, a curve such as depicted in
Figure 3.4(a) might result. This is knovm as the 'Chronolo-

"

gical Load Curve I (CLC). From this curve the so called
'Load Duration Curve' (LDC) in Figure 3.4(b) is easily
constructed. The load duration curve is created by determining

.what percentage of time the demand exceeded a particular
level.
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Demand,Mw

-' -

';,,:Demand,L
- .- l'IW-......

oTime
(a) Instantaneous demand vs. time (b)

100
. % of time
Load duration curve

Figure 3.4:' Chronological load curve and load duration curve.

3.3.1 Load Probability Distribution

For generation system studi~s ~t is necessary to
/

interchange the axis parameters in Fig. 3.4(b) and nomilize
time, producing ~oad probability distribution' in Figure 3.~.
This curve is also called 'inverted load duration curve'.
This load distribution will be denoted generally by Fk(l) ,
where k indicates the time period for which the distribution
is applicable.

Demand, MW

1.0

0.0

Figure 3.5: Load probability distribution for week k.
,(
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3.3.2 Hourly Load

Another load model which is often used in various
probability methods for evaluating LOLP and production cost
is the hourly load. It is .derived from the chronological
load curve (CLC). Figure 3.6 shows a CLC, the time axis

..
being divided into a number of small intervals between times

Load,
I"I\oI

.t
n-1 time

Figure 3.6( CLC with time axis divided into n
small intervals.

l
iIn Figure. 3.6~ the energy demand during the period

.. -.I

(3.24)L dt

.between tr_1 and tr'is given by the area Ar/under the OLC
between tr_1 and tr• Hence

tr

= f
tr-1
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Dividing this area by the period of time (tr ~ tr_1) ,
the average load during that period is obtained. Thus

Lr ,=
avg.

/

In ,this,way the average load for all other time
intervals are :obtained. If the average load for each time

, , ',
interval is assumed to remain constant for the corresponding

/

interval, then a distribution of load as shown in_Figure 3.7
will result. Note that by such construction of load curve,
the energy demand for each interval remains unchanged. '

Load ,L
MW

tn-1

Figure 3.7: Load distribution assuming constant
load for each small interval.

If each of the time intervals into which the time axis
is divided equals to one hour then the resulting distribution
is called 'hourly load curve'.
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3.3.3 Equivalent Load

The randomness in the availability of generation,
capacity is taken
tious load, known

into consider~tionby defining a ficti~~
as I eqUiva1e~t load'(Le)<3_6)•.Figure 3.8

depicts the relationship between the system load and genera-
.ting units, where actual units have been replaced by ficti-
tious perfectly reliable (100% reliable) units and fictitious
random loads; whose probability density functions are the
outage capacity density functions of the units.

Capacity C1 -'
(10~~ reliable) 1

Capacity C22 (100% reliable)
Random outage load

system

Figure 3.8: Fictitious generating units and
system load model.

If LOi represents ..therandom outage load corresponding _.

to the i-th unit, the equivalent load (Le) may be expressed as

n
Le ••L + ~n=1

Lo.
].

0.26)

where n is the total number generating units •.When Loi= Ci,
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the net demand injected into the system is zero for the
i-th unit, just as it would be if the actual unit of
capacity Ci were forced off-line. Note that the installed
capaci ty of the system is give;n by

The outages of the generating units may be assumed
i

independent of the system load .Then ,th"e',distributionof
the "equivalent load will be the outcome of convolution of
two distributions: fLo and fL representing the PDFs of the
outage capacity and the system load, respectively. For the
discrete case the PDFs, fL and fLo' respectively, may be
written as

(3.28)

Then the PDF of equivalent load fLe may be given as

"'I

(3.30)

where • indicates the convolution and PL and PLo are the
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probabilities of load and outages of machine, respectively.

The small case lett.ers within bracket of Dluation (3.30)

are the values of the corresponding random variables (RVs).

Recall. that LOLPhas been defined in terms'of random

terms of randGmsystem load (L) and ,available capacity

(AC) by Equation (2.4). LOLPcan also be expressed in

terms of equivalent load (Le) as

LOLF= Prob. {Le > IC}

(
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CHAPTER 4
PROBABILISTIC SIMULATION TECHNIQUES

4.1 INTROPUCTION

Probabilistic simulation may be defined as a method
for obtaining the expected energy generation, loss of
load probability (LOLP) and production cost of a system
of generating units meeting- a demand by taking into
consideration the random nature of generation and demand(37).
Probabilistic simulation method finds wide use throughout.
the power industry a~ a useful tool in generation expansion

!planning. Since the introduction of this method a number
of different techniques have been developed with an ultimate
target to improve its computational efficiency and flexibi-
lity. The probabilistic techniques that have been developed
can be classified into two categories, exact and approximate •.

This chapter presents a brief description of the
techniques of probabilistic simulation. Before describing
these techniques, the economic commitment procedure of the
generating UNits is discussed briefly.

4.2 ECONOMIC COMMITMENT PROCEDURE

The generating unit with lowest incremental cost should
be committed first. But it is'seldom economical to commit
one unit completely before calling on another. To simulate
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these facts the generating unit capacities are segmented
into several capacity blocks. The,reason for segmenting'

./the unit capacities is the basic; shape of the heat rate
,

(HR) curve'. A typical HR curve is shown in Figure 4.1.
Clearly on this curve the second segment corresponds to
higher efficiency, since fewer Btus are required for each
MWh of energy produced. In~onomic Commitment Schedule' (ECS),
the segments with lowest incremental cost are committed first.

;

But lower capacity blocks of any unit should, be committed,
before any higher block.

MBtu
MWh

Segment

I
I
I
I1jSegment 2
I

MW

I

•:Segment 3
I
I
I

Figure 4.1: Typical heat rate curve.

From the basic HR curve of Figure 4.1 the input/output
(I/O) curve can be obtained by multiplying every y-axis value
by its corresponding x-axis value. A typical I/O curve is
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depicted in Figure 4.2. Differentiating thel/O curve, the
incremental heat rate or simply lHR curve is obtained as
shawn in Figure 4.3. The lHR c~e is used for calculating
the incremental fuel costs of t.hegenerating-units.

MBtu
hr

.,/
,

I,
MW

Figure 4.2: Typical input/output curve.

MBtu
Nwll

MW

Figure 4.3: Typical incremental heat rate curve.

•
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To quantity these relations, we have for the k-th
unit (or segment)

I/Ok = L HR(L)

IHRk(L) = d I/Ok
dL

. (4.1)

(4.2)

In the special case when HR curve is assumed to be constant,

H~(L) = ~, then

This special cas~,is important, because in economic analysis
i /

the assumption that ~(L) is constant makes computation
simpler. For the k-th unit (or segment)

IHR(L) x UF'Ck
HVk

(4.4)

where IFCk = Incremental fuel cost for k-th unit (Tk./H'Wh)
UFCk = Unit fuel cost for k-th unit (Tk./bbl or Tk./ton)
HVk = Heat value for k-th unit (MBtu/bbl. or.MBtu/ton)

If HRk(L) is constant then, for the k-th unit (or segment)

(4.5)
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4.3 EXACT TECHNIQUES OF PROBABILISTIC STI"IULATION

Two exact techniques for probabilistic simulation
have so ~far been developed: one is the 'Baleriaux-Booth'

,

technique more commonly known ~sthe 'recursive' .method
Iand the other is the 'segmentation' method.

4.3.1 Baleriaux-Booth Technique

The starting point of this method is the load probability
distribution, F(L) and the generation system with the asso-
ciated FOR of each unit. The probability distribution of
equivalent 10ad,F(LeY,isobtained by convolving F(L) and
the PDF of machine outages using Equation (3.30). In F(Le),
the MW axis represents a fictitious,loade81i~d 'equivalent
load'. The units are convolved into F(L) in their economic
merit order of loading in order to simulate the way units
are actually loaded in a practical system. In a n unit system,
when r units are convolved, the probability distribution of
equivalent load is represented as Fr(Le) and is shown in
Figure 4.4. If this figure ,Iik! denotes peak load.

The expected energy generation (Er+1) by the (r+1)-th
unit, assuming single block for each unit, is represented by
the area it occupies lmder 1[I'(I,e)g:i.venas

.•...'.

E ~ T Pr+1. r+1 (4.6)



1.0

F(Le) ..

.I~' PEAK J,qAJ)

,/I~" C1+C2+ •••••. + Cr
.-.'.

FigD.re 4.4: F(L) and Fr(Le).

,
where T = period of hours considered,

Pr+1 = availability of capacity Cr+1 of the (r+1)-th unit

= (1- FORr+1)

r+1
L:
i=1

C.,~

The cost of energy produced by the (r+1)-th unit,
assuming single block for each unit, is obtained by multi-
plying E 1 by its average incremental fuel cost.r+ .

When all the n unit~ are convolved, the final equivalent
.n...load probability distribution F (Le) is shown in Figure 4.5.

In this figure IC denotes installed capacity and is given by

(4.()
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F(Le)
" (\J r<\1------- -.j s:l
+> +> +> +> +>,
OM OM OM OM OM:s g:s :s:s

o IC~l ~02'tj4 03 ~l------_--~-~~n-~I:n.1

1.0

LOLP

Figure 4.5: Final load probability distribution,FU(Le).

The loss of load probability is simply the probability
;,

(4.8)f(DNS) =

obtained from the curve FO(Le)at the point corresponding to
IC. The expected demand not served is obtained from the area
under Fn(Le) between the ordinates at 10 and (IO+~~j.This
area is shown hatched in Figure 4.5 and is given by

IC+iPV
J ' -Fn(Le) dLe
10

Hence, the expected energy not served is given by
~,,?~

IO~Pll'i
E(ENS) = T J ,""Fn(Le) dLe

10

This technique is also capable of incorporating the
multiblock loading of generating units. The capacity blocks
of a unit may occupy non-adjacent positions in the merit
order of loading. The basic consideration in the simulation
of multiblock loading is that ~ upper block of a unit cannot
be loaded unless the corresponding lower blocks have been
already loaded. In order to correctly carry out the probilistic
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simulation procedure, lower blocks must be deconvolved before
the joint lower and upper blocks are convolved.

4.3.2 Segmentation Method

The segmentation method is an exact and computationally
efficient method; It provides accurate~esults as compared
to the Baleriaux-Booth method on LOLP and production cost,
and simultaneously, is computationally Veryefficient(3~2,33,34)"

This technique is based on obtainingthe prob;"b:i.iity
density function (PDF) of demand by sampling the daily
Chronological demand curve every hour or any other suitable
interval. The demand is subdivided into equal capacity segments
where capacity of each segment is equal to a common factor of
capacity of all units ~d/or the capacity of the smallest unit,
and the zeroeth and first order moments of each segment is
obtained. As generating units are convolved in a merit order
of loading, the zeroeth and first order moments for each
segment are re-evaluated. From :thefirst;"and zeroeth moments

,
of the expected unserved demand after each convolution, the
unserved energy is calculated. The expected energy generated
by a unit k is the difference of unserved energies (UE) before-
and after 10ading unit k as: -

~ = U~- - ~ (4.10)



LOLP of the system is
moment of the last segment
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the /probability of the zeroeth
i

after convolving all'units.

The segmentation metho~ for evaluating LOLP and produc-
tion cost of both single area-system as well as two area
interconnected systems will be discussed in detail in
Chapter 6 and Chapter 7 respectively_

!

I,
I

4.4 APPROXIMATE TECHNIQUES OF PROBABILISTIC .SIMULATION

All the approximate techniques developed so far are cased
oa the Gram-Charlier series expansion. These approximate
techniques are much faster than the conventionalBooth-Baleriaux
technique; but the accuracy of the results' in computing
expected energy generation is highly. system dependent (No. of
units, FOR,size of units, load Shape). Only one of approximate
techniques, commonly known as 'cumulant method' is described
here.

4.4.1 Cumulant Method

The 'cumulant method', also called the'method of moments'
approximates the discrete distribution of load (equivalent load)

/
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through Gram-Charlier series expansion as a continuous
function. The convolution of generating unit outages with
the LDC is performed in the mer~torder of loading. However,

_ i
this convolution.is obtained by;a very fast method called
the moment method. Also, the e~ergy calculation, that is
the area under the convolution curve, is not obtained by
a numerical integration but is obtained from the normal
probability table built into the program.

A successive convolution fez) of several density
functions can b~ _expressed by the Gram Charlier series(27)

, . .

f(z) = N(zY-G1NC3) (z)/3!+G;f(4\ z)/4!

-G3N(5)(z)/5!+(G4+10G~)N(6)(z)/6! (4.11) .

where the normal PDF N(z) and its derivatives are given by

N(z) =

N(z); r = 1,2, ....

(4.12)

The normal PDF and its derivative are related by the
recursive relations

N(1)(Z) = - zN(z) (4.14)

N(2)(z) 0: (z2_1) N(z) (4.15)

and Nr(z) = ( ) (r-2)( . (r"'-1) (4.16)- r-1 N z)-ZN (z);r=3,4, ••
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Using these recursive relations, Equation (4.11) can
be expressed in terms ofN(z) and powers of z, the normalized
variable, normalized capacity in,rN in this case. In

/
"Equation (4.11), G1, G2, ••••

,expressed in terms of the mome~ts of individual distributions.,
The n-th moment, mn, of any PDF p(x) is ~efined :as

""I ~p(x) dx
_00

(4.17)

To obtain the expansion in (4.11) from the data of
i

machines and th~ir FOR and the LDC, six moments about the
, ", ,

origin(n = 1 to 6) for the normalized LDC (f(x)) are
calculated as,

mnL = 1
A

PLJ xn f(x) dx
o

(4.18)

where A = Area under the LDC
PL = Peak load

Let us consider a two-state representation of the
generating units as described in Section 3.2. For the i-th
machine in a system, the failure PDF consists of just two
impulses, one of magnitude p. at 0 MW and one ,of magnitude~

qi(FOR) at Ci MW and Pi+qi = 1. The moments (about the origin) -
of such two-state failure PDF are given by,

m (;) = cn. 1 2n • ~ qi; n = " •••
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At any stage where r machines are convolved with the LDC,
for each machine (1 to r), the follo\ringsix moments about
the origin are calculated usingrEquation (4•.19)

m1(i) = Ci qi

m2(i) = cf qi

m3(i) = C~ qi

(4.20)

(4.21 )

(4.22)
! -_. -

and m4(i), m5(i), m6(i) similarly.
I

For eacihof the rmachines the central moments
(moments about ,the mean) are calculated using the following.

"relations. iI

l'l2(i)= vt = m2(i)-m~(i) (4.23)

l'l3(i)= m3(i) - 3 m1(i) m2~i) + 2 m~(i) (4.24)

l'l4(i)= m4(i) - 4 m1(i) m3(i)+6~~(i)m2(i)
- 3 m~(i) (4.25)

l'l5(i)= m5(i) ~5m4(i) m1(i)+10m3(i)m~(i)

-10 m2(i)m~(i) + 4 m~(i) (4.26)

l'l6(i)= m6(i) - 6 m5(i) m1(i) + 15 m4(i)nq(i)

-2~3(i)m1(i)+15m2(i)mt(i)-5m~(i) (4.27)

For each of the r machines the cumulants are calculated.
using the following expressions.

K1(i) = m1(i)

K2(i) = l'lii)= V?~
(4.28)

(4.29)
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K3(i) = 113(i)

K4(i) = M4(i) - 3 11~(i)

K5(i) = 115(i) - 10 113(i);112(i)

K6(i) = 116(i) - 15 114(i)'l1ii)

~ 10 11~(i) + 30M~(i)--

(4.30)

(4.31)

(4.32)

For the complete system of r units and the LDC, the
cumulants of equivalent load are calculated using the
following relation.

(4.34)

where Kk(ELr) = k-th cumulant of equivalent load curve
when r units have been convolved.

= k-th cumulant of LDC.

= k-th cumulant of the ith generating unit.

Note that the first cumulant ,of equivalent load curve is the
mean (11)and the second cumulant is the square of standard
deviation (V2) of the distribution.

•
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The G-coefficients are now calculated by

G. ; K(. 2)(EL )/Vi+2 ; i; 1,2,3, •••1 1+ r .
!

(4.35)

T~e values upto Equation!(4.33) are considered to
be fundamental parameters and are stored. Convolution of
_.additionalmachines will mean that each time Equations
(4.34) and (4.35) are to be computed. This is done by
keeping a running total or-the quantities represented by
these equations and by adding corresponding incremental
quantities due to the'addition (convolution) of each
machine.

i
-'

Having obtained theG-coefficients as outlined above,
the Gram Charlier series describing the convolution of
LDC with the machine outages is obtained.llIo1lll';the area' 'at
under the equivalent load curve between values z1 and z2
may be calculated as

a = f(z)dx - fez) dz (4.36)

where fez) ; Equivalent load distribution
zi ; Standardized random variables (RVs)

(4.37)

in which Xi is any capacity
mean and standard deviation
bution.

(HW), and M. and V. are the
1 1

ot the equivalent load distri-



The integral in equation (4.37) is calculated as
follows

-0

I = { f(z)dz =
z.
1.

"" i
J N(z) dz + F(z.)z. . 1 ~
1. i

(4.38)

where F(zi) = G1N(2)(zi)/31 -Gl'(3)czi)/4! -

+ G3N(4)(zi)/5! -(G4+10G~)N(5)(zi)/51 (4.39)

Equation (4.38) consists of areas under the normal probability
density function and factor F(z.) which can be readily

1.

calculated. By;!~uilding a normal table of areas in the, ..
. ! Iprogram, a numerical integration is avoided.

The expected energy generation of a particular
unit is obtained by multiplying the area under the equi-
valerit load curve between the appropriate limits by the
availability of the unit and the time period.

LOLP of the system is the value of the ordinate
of the final equivalent load distribution (after convolving
all the machines in the system) at the installed capacity •

.- - -.-.-.--_ ..-
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CHAPTER.-2

INTERCONNECTED SYSTEMS

5.1 INTRODUCTION

Interconnections between'systems (power companies/
utilities) is an effective means of improving the system
reliability: as well as decreasing the production cost. The
simplest waY to evaluate interconnected- systems would be
to consider them as a single system where the number of
generating units is the sum of the units in the constituent
systems, and the _load is the total of-the loads in these
systems. There are reasons, however, for keeping the
identifies of the constituent systems separate and evalua~
ting their reliabilities and production costs individually.
The reasons are the following:(5,6)

(i) A utility is primarily interested in the benefits
that its own system can obtain from interconnections.

(ii) The ties forming the interconnections are usually
limited in capacity and, in addition, are subjected
to failures.

(iii) The load characteristics in-the various inter-
connected systems-may b_e.different and in addition
the loads of interconnected systems may be inde-
pendent or dependent on each other.
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These features can not be accounted for if the entire
interconnected system is considered as a single system.
Also, single system treatment ~an not accommodate the
correlation between the loads.

5.2 BENEFITS OF INTERCONNECTION

The rationale of interconnections between power
systems is well understood. Subject to the capacities of
the tie line between such connected systems and to possible
contractual limi~ations, a participating system will be

I
able to receive additional generation from the others
should its own generation be unable to meet the demand.
It may happen, of course, that all the connected systems
are experiencing loss of load due-to low available generation
at the same time; however, on many occations assistance
will be available because of

(i) time-zone differences,

(ii) the diversity of loads and unit failures

As a result, the reliability of the global system as well
as the individual systems will improve and so the produc-
tion cost. ~o achieve a certain l~vel of reliability, less
reserve capacity is required if assistance from interconnec-
ted systems can
capacity due to

be relied upon. The benefits in installed
.~

interconnection are mainly dependant on
c
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(i) the tie line capacity,

(ii) the type of agreement between the two systems.

The cost of ene~gy production in one system may be much
higher than the other. Interconnection between the systems
allows transport of cheaper electrical energy to the system
in which energy production cost is higher. The .benefits
of interconnection may be summarized as follows:

(i) iilcreased reliability',

(ii) less reserve capacity requirement for a
certain level of reliabiiity,

(iii) lower cost of energy production.

5.3 TWO INTERCONNECTED SYSTEMS

Figure 5.1: Two area interconnected system.

Let us consider the two.area system as depicted in
Figure 5.1. Let

T12 = transfer limit of tie line from 1 to 2
T21 = transfer limit of tie line from 2 to 1
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Operating Policy

Reserves are transferred only upto the limit
of the tie line or reserve margin, whichever is minimum.

Let the possible assistance be, therefore,

~2 = min (RM1• T12).

A21 = 'min (RM2, T21)_
!where,

~2 = Assistance from system 1 to system 2
A21 = Assistance from system 2 to system 1

RM1 and RM2 are the reserve margins in system 1 and 2
respectively.

For system 1 being assisted by system 2, the relevant
quantities may be schematically shown in Figure 5.2.
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To study the effect of interconnection on the loss
of load probability (LOLP) , the capacity 'outage tables
for each system are first constructed. Note that a capacity
outage table is a table expressing the probability that
various amounts of generating 'capacity will be unavailable.
The table is usually given in terms of exact and cumulative
probabilities. The outage tables for the two systems are
combined to form an array containing 'the probabilities
of various capacity levels in the two systems. The procedure
is_..explainedin~detail in-the'next section.

I

5.3.1 Effects of,Interconnection on LOLP

To study the effects of interconnection on LOLPs,
an example is considered in what follows. The generation
data of two systems in given in Table 5.1.

Table 5.1: Generating system description
,

System No. of Unit FOR Peak load Totalunits capacity capacityMW l"iW l"iW
-

2 10 0.201 30 501 30 0.10
-

2 15 0.102 40 551 25 0.30,
,
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.--- -- /

Tie line capacity ',:.: T12 = T21 = 10 MW
"e.

Reserve capac{'ty in system 1 . R1 = 50 - 30 = 20 I1W.
Reserve capacity in system' 2 . R2 = 55 ;~ 40 = 15I1W.

, ; ,,

The capacity outage probability tables (exact probabi-

lities) are given in Table 5.2.

Table 5.2: Capacity outage_t!lgles

.', .;"~

. ..; ...-
, .•.. ,

Ca~acity on . Exact probabilities..~
ou age .Sy.S'tem1 System 2MW

.-.,. ..

0 ! - 0.~516 0.567I , "''1, ,,
I

5 . - -
10 0.288 ',", .'" , -

.,,
15 - ": ...,' ,'- ",. 0>.126

20 0.03.p -
25 --"". 0.243

'"

30 , 0.064 .0.007
~', ,

.J'..
35

.. ,.. .- _.
40 0.032 0.0)4

45 - -
50 0.004 -

."
55 .- - 0.003

- . ....-- . ,
,

By multiplying the exact probabilities in both systems

a two dimensional array showing theprobilities of simul-

taneous 'capacity outages in :,ethetwo systems is obtained ( ') '\
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This two dimensional array is shown in Figure 5.3. This
graphical representation of joint probabilities may be
referred to as the Venn Diagram. The array is divided into
different sections. These sections are shown in Figure 5.4.

The LOLPs for the global system as well as for the
individual systems may be computed from the joint probi-
lities shown in Figure 5.3. In what follows the LOLPs for
different conditions are computed.

i) Without tie line

In the absence of an interconnection between the
two systems there will be no assistance from one system to
the other. Hence, each system will experience loss of load
when the outage capacity in a system exceeds its own
reserve capacity. In this case, the LOLPs of individual
systems and,the global LOLP are calculated. 'asfollows:

" ....•.

LOLP of system 1 ,

LOLP1 = Z + X + X' + Xu = 0.1

LOLP of system 2,

LOLP2 = Z + Y + Y' + Y" = 0.30700
(
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01' 02 are the outage capacities in system 1 and 2 respectively~
P1' P2 are the corresponding exact probabilities.

Figure 5.3: Venn diagram for two area system.
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Venn diagram for two systems with
limited tie line capacity.

y /

II
Y

T12

T

r
li'ig. 5.4

I'" Rl . =:j-T.21 f-- PL1 ..\

T / '!
W X X

R 2

X

Rl' = 20
MW

1 y z

.'

W = 0.6237
,-X = 0.033012

X'= 0.036288
Y = 0.062316
Y'= 0.213984
Z = 0.03070

Fig. 5.5 Venn diagram for two systems with
infinite tie line capacity.
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Global LOLP,

LOLPS = Z + x + X' + X" + Y + Y' + Y"

= LOLP1 + LOLP - Z.2 .

= 0.3763

ii) With limited tie line capacity

In this case, the assistance available to each system
is limited by the tie line capacity and the reserve margins
of the participating systems and this can be evaluated by

,
using B:luation (5.1)'. The LOLPsof each system assisted
by the other and the LOLP of the global system are obtained
from Figure 5.4. These are given below.

LOLP of system 1 assisted by system 2 is

LOLP12 = Z + X + X" = 0.063712

LOLP of system 2 assisted by system 1 is

LOLP21 = Z + Y + Y" = 0.097048,

LOLP of the Global system is

LOLP = Z + X + X" + Y + Y"
'5

= 0.13006

Note that LOLPs have decreased when assistance between the
interconnected systems is considered.

"

,
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iii) Inf:inite tie line capacity,

In this case, the line capacity is considered to be

infinity.
,

-,:"'. '~/.. -.' ---.' -'-
That is the amount 'of as sis ta.i.1ce)g1ven by one! .

system to the other'is'not limited by the tie line capacity.
, !

Therefore, Equation (5.1) becomes

A12 ""RM1

A21,'" RM2

In this case, the internal structure of the Venn

diagram mainlY/depends on the reserve margin. The Venn
J /

diagram for two intercom:i.ected systems with infinite tie line.

capacity is shown in Figure 5.5.

Now, LOLPscan be computed as follows

LOLP12= Z + X = 0.063712

LOLP21'"Z + Y = 0.093016

LOLPs '"Z + X + Y

= LOLP12+ LOLP21- Z
= 0.126028

This small example reveals that

i) increasing the tie line capacity T21, from 10 to

15 MWdoes not improve the reliability of system 1,

ii) increasing the tie line capacity T12, from 10 to

20 MWimproves the reliability of system 2,
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iii) there is a limit beyond which the increase of tie
line capacity is ineffective in improving the
reliability of a syste~,,

iv) If the capacity. ofthJ tie line between two
i,

interconnected systems is considered to be
infinite then the two systems are merged into
one.pool (single area) and loose their identity.
This .isknown as pooling operation (34). Obviously,
the value of LOLP obtained by pooling_operation
(single area evaluation) of two interconnected
systems is different from the value obtained
considering the tie line constraint.

\
\



67

CHAPl'ER 6
EVALUATION OF LOLP USING SEGMENTATION METHOD

6.1 INTRODUCTION

In generation exp~sion planning, reliability evalua-
tion is essentially the first step to compare between
alternative plans. Reliability evaluation is.also important
to an utility since reliability index is a measure of the
standard of service to its consumer. The simplest. and most
common of all the reliability indices is the loss cifload
probability (LOLP)(2,3)•

In this chapter, the methodology based on segmentation
method for evaluating LOLP of a single area system is
presented. 'rhemethod is then fully described with a
simple example. The segmentation method for evaluating
the LOLP of two interconnected systems is also presented
in this chapter. The computational procedure is described
step by step considering correlated load.

6.2 EVALUATION OF LOLP OF A SINGLE AREA SYSTEM .

Recall that the LOLP is defined in terms.of installed
capacity and the equivalent load as

\

LOLP = Prob. {Le > IC}
,. :\ . i

(6.1)

Thus in order to evaluate LOLP the distribution of
the equivalent load (Le) incorporating the outages of all
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the generating units in the system is required.

The starting point of the segmentation method is the
formation of segments of equal sizes by dividing the demand
axis. The size of the segments,depelldsonthe largest
common factor of the generating unit capacities. To each
segment a probability'value is attached which is equal to
the sum of the probabiliti~s (zeroeth moments) of the load
impulses (in ,yhePDF ot load) lying in the range of the

iparticular segment. One segment beyond the installed
capacity (IC) is considered. It'should be noted' that the
LOLP is obtained ,'whenthe equivalent load is larger than
the installed capacity. Hence, the probability (zeroeth
moment) attached to the last segment in the final distri-
bution is the LOLP. Since the probability of occurrence of
any load lower than the base load is zero, the formation
of segments starts from the base load. Clearly it shows that
the'numerous; number of'impulses~have been-reduced to a few
number of segments.

In order to account for the random outages of units it
is necessary to get a new distribution of segments incor-
porating the outages of all units. Considering the k-th
segment and assuming a generatinguni t of capacity C MW and
FOR=q, to be convolved, the probabili ty~.ofthe k-th segment,
after convolution may be expressed as

(6.2)
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where,
rvPk = Probability of the k-th segment after the

convolution.
,,

A i

- Pk = Probability of the k:"'thsegment after the shift.

Pk = Probability of the k-th segment before convolving
the unit.

The procedure for convolving a generating unit may be
"described as follows:

j

i) The original distribution Of segments is multiplied
I -by the'availability of the units (1-q).

.. ! /
! .

ii) The original distribution is then shifted by the
unit capacity and multiplied by the FOR of the
unit q.

iii) The values of the corresponding segments, obtained-
in (i) and (ii) above, are added.

It should be noted the probability value of the last
segment is the sum of the probabilities of all the segments
exceeding the installed capacity. Also, the segments below
the already committed capacity can be deleted, since the
probability values of these segments will not further
contribute to the value of the last segment. Therefore, as
the convolution process proceeds, the number of segments
decrease.

In what follows an example will be presented to
clarify the method.



70

Let us consider the hourly ,load as shown in Figure 6.1 •.
The dotted line represents the chronological load while'the
firm line represents the hourly load. The hourly load is

• J

obtain."ed.fromthe. chronologicalloaa-assuming th.atthe
!

average.load for an hour exists for that particular hour.
I,

The hourly load of Figure 6.1(a) is sampled at an
interval of one hour (may be sampled at any equal interval)

- - ..- _.--" -

and by assigning to each sampled hourly load an equal
probability, i.e., 1/5 in this case, the PDF of load shown
is In-gure6.1(b) is obtained.

\ '-
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Let us now consider the generating system as shown
in Table 6.1.

/Table 6.1: ..Generating system description
I
!

.-

,
No. of units Capacity I FOR Installed!, , capacity,

. MW . MW

/

2 10 0.2
- 45 ..

1 25 - 0.1 .

,:;;: <.

The segment size is chosen to be 5 MW using the _1argest ..
common factor of-.the generating unit capacities or'Table 6.1.

r .:

Thus the demand axiS upto45 MW is divided into 9 segments
each of 5 MW size. Out of these 9 segments two initial
segments are omitted since there is no impulse before 15 MW
(base load) and one additional segment is considered at the
end which is snown in Figure 6.2(a). The probability value
of each segment corresponding to the respective impulse of
Figure 6.1(b), lying in the range of the particular segment
is also shown in Figure 6.2(a). The numbers shoWn in the
boxes of Figure 6.2 should be divided by 5 to get .the actual
value of PDl!'.

The different steps"of convolution of load and the
-generating units of Table 6.1 are depicted in Figure 6.2.

To convolve the first 10 MW.upitthesegments of Figure 6.2(a)
are shifted towards right in Figure 6.2(b) by the unit

(

,
\
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.~~---~IC=45MW 1>"1

010
Zeroeth -'>- / I
moments
of PDF

20
'2.

40
.• x(1-0.2) ( a)

(b)x 0.2:
~ I I ''2. I --,.1-10MW

( c)x(1-0.2)
-

0.8 Q.g I.g I O..y. 0.2.nw1"'-10

t-10Nw-- o.g O.g I.g I 0.4 o.z-, x 0.2 (d)

I~ 20 MW I.{' 0.% o.GS 0.3{, D.OS 0.04 x(1-0.1) (e)

I~ 25 MW ------<••.•..•B- x( 0.1 r . en

I .•• 45 MW -----1[:>"'8 (g)

Figure 6.2 : Schematic of convolution procedure
(All numbers in the boxes should be
divided by 5).

i

(
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capacity, i.e., 10 MW. The original distribution in Figure
6.2(a) is multiplied by the availability of the unit, 0.8
aDd the shifted dis'tribution of .Fi.gure6.2(b) is mUJ.tiplied

-by the FOR of the unit, 0.2. The distribution after convo-
lution is obtained by adding ,the probability values of the
corresponding segments of Figure'6.2(a) aDd Figure 6.2(b).
This is shown in Figure 6~2(c). The same procedure is
followed for ,the rest of the units.

It should be noted that the segments belQw the convolved
capacity are deleted during the convolution process since the
probability values of these segments will not contribute
further in the evaluation of LOLP. Also, the probability
values are shifted toward the last segment and a number of
them may be accumulated in this special segment. Thus. the
last segment of Figure 6.2(f) is the sum of the last six
segments of6.2(e).

Now theLOLP is simply the probability value of the
last segment of Figure 6.2(g). since LOLP is obfained when
the equivalent load is larger than the installed capacity.
Thus ,

0.408LOLP = 5 = 0.0816 ...-

6.2.1 Computational Steps
The different computational steps to evaluate LOLP by

segmentation method are listed below.

(
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Step 1: The hourly load (or aJJYaverage load at equal
interval) is obtained from the chronological load
for the period under s~udy (this may be predicted

idemand in case of planning).
I,

Step 2: The hourly load (or:any average load) is sampled
at every hour or aJJYother suitable interval and

-by'assigning equal probabil.ity to each sample the
distribution of load is obtained.

/

Step 3: The FORs of the generating units are-obtained-
i

from the past history of the gener.ating units as
mentioned in SectIon 3.2. (In some cases, FOR is
provided by the"manufacturer).

Step 4: The distribution of segments is then obtained by
dividing the demand axis and assigning a probability
to each segment equal to the sum of the probabilities
of the load impulses lying in the range of'that
particul ar segment.

Step 5: The units are then convolved one by one. For.LOLP
evaluation only, convolution of the units in the
merit order of_~oading is not required.

Now LOLP is obtained from the final distribution of
segments. ..
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6.3 EVALUATIONOFLOLPOF TWOAREAINTERCONNECTEDSYSTEM

The segmentation method for the evaluation ofLOLP of

two interconnected system is based on the calculation of

the PDFof load obtained from ,the chronological load curves
i'

of the two systems. It util£z~s the segmentation ot"unit

capacities as described in S.'ection'6~2 •
./

For the case of independent loads the PDFaf' equival'ent
,

load of each system is obtafned by convolving the units with.

its owndistribution of load). Th'e joint probabilities of

the equivalent loads of the two'systems are obtained by

properly multiplying the probab{Litie~ (zeroeth order

moments) of the'correspondirig segments of the individual

system. The LOLPsare obtained,~'by summing the j oint proba-

bility values of the segments under appropriate limits.

For correlated loads two dimensionaI',s'egments are

utilized corresponding to a j.oiIi:t load distribution. The

generating units of each syiiiem"~re convolved to'e'ach system
ft .' _.

seperately. Summingthe j oin.t' probabilities under appropriate

limits the LOLPsfor the two interconnected systems are

obtained.

It is more realist:i,c that there exists some correlation":'

between 1:he loaas or the twc)'-riiterconnected systems. In

case of correlated loads the computational steps for

evaluating LOLPsof two interconnected systems are fully

descr10ea with a simple example below.
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//"
Let us consi~r the hourly loads for the two inter-

connected systems as; shown in ']igure 6.3 and the generating

units shown in Table 6.2. The two systems are interconnected

by 10 MWtie lirie.

.- ---.., -

: ,:,system 2
I I
I
I,

I,•... - ---

System, 1

. ;~

1 2

Hours

4-

Figure 6.3: Hourly loads for the two systems.

Table 6.2: Generating system description

SYSTEM 1 SYSTEM 2
No. of Capacity FOR Installed No. of Capacity FORInstalled -
units capacity units capacity

MW MW " ' MW MW
-

2 10 0.2 , 2 15 0.1
50 , 55,

1 30 0.1 1 25 0.3
-'

f
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First a two dimensional array of segments of equal

size is constructed. The ,segment size is chosen to be 5 MW

using the largest commonfactor of the generating ruqit

capaci tile s and the tie line capacity. As in the case of

single area system,' there is nO,need of constructing

segments before the base load., In this example, the, segment
".'

construction starts with 15 MWload in system 1 and 20 MW

load in system 2 as'shown"inFigure 6.4. The x-axis is
I

attributedt9 system 1 and y~axis is attributed to system 2.

Assigning to each sampled hourly load equal probability,
/ '

(1/4 in this c~se'), ~hejo1.nt probabilities of the loads of

the two systems '.are obtained. Thus,thejG'int probability' ,

of 15 trw load in system 1. a~d. the corresponding 25 hW load

,in system 2 is 1/4. In the same manne:!?;the, rest ,of the joint

probabilities are obtained.' The"Segments are'then filled up

with the joint probabilities of, loads as shoviIlinFig'. ,6.4.

The process of convolution requires the shifting of

each segment as it is described for the case of single area

system in Section 6.2. However, in this case ,the direction

of shift depends on' the system. The convolution of generating
-,

units from system 1 will' shfftthe, segments of Figur'e 6.4

in the direction of the x-axis'while the convolution of the

generating units from system 2 will shift the segments in

the direction 'of y-axis. In this process of convolut~on,

it is found to be convenient to convolve all the units of
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Figure 6.4: Joint probability matrix for systems with
correl~tedl load (all numbers in the boxes
to be dividedby.4).
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Figure 6.5: Joint probability matrix after convolving
one 10 MW unit of system 1 (all numbers to
be divided by 4).
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one system first. Deletion of segments statts when the units
of the second system are convolved, i.e., the segments
below the total capacity of the committed units of the second
system are deleted and the limits of the deletion zones are
the installed capacities of either system.

Figure 6.5 shows the joint probability matrix after
the convolution of one 10 MW unit of system 1 and Figure 6.6

shows the joint probability matrix after convolving all the
units of the two systems. All the segments below the installed
capacity of either system are deleted-in the process of

}

convolution. Also', the probability values in the last seg-
ments are simply the sum of the probaoilities above installed
capacity plus tie line capacity. l:;ummationor the j01nt
prooaOi11ties above the installed capacity of each system
will result in subtotal j01nt probabilities spanning only
the area of interest which is above the installed capacity
for each system. Now, LOLP is obtained when the equivalent
load is larger than the installed capacity. _..

The LOLPs of the system are obtained as follows:

LOLP1 = (.025204+.074188+.036288+ ••• +.019584)/4 = 0.068

LOLP2 = (.025204+.118588,...031104+ ••.• +.015552)/4 = 0.12125
--- -------~

LOLP12= (.025204+.074188+.000224+.019584)/4 = 0•.0298

LOLP21= (.025204+.118588+.003~56+.015552+.000252)/4 = 0.040763

LOLPs = LOLP12 + LOLP21 - 0.025204 = 0.045359
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the units of two systems (all numbers to be
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6.4 MULTISTATE REPRESENTATION OF GENERATING UNITS

Multistate representation of generating units can be
considered for evaluating LOLP using segmentation method.
Consider the hourly load of Figure 6.1 and let the system
have a generating unit of 45 MW. Consider a three-state'model
of the unit as shown in Figure 6.7. In what follows the
method to convolve this unit in the system load is described.
The steps are shown in Figure 6.8.

0.8

o

0.1

20

0.1

45
Figure 6.7: Nultistate representation of generator.

o
I 10

1

20 30

1 I 2 1

40 ,50

x 0.8

20 1'1W 1 1 2 1 x 0.1

45 l'lW -----1l ••.0X 0.1

0.8 0.8 1. 0.8 0.10.1 .2 O.

Figure 6.8: Convolution of multistate unit.
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In this case the shifting of segments for a mul tistate

unit is done corresponding tb each state of the unit. The

zeroeth moments for this shifted segments are calculated.

using the same technique as discussed in Section 6.2.However,

it maybe noted that this requires only a few more computations.

The segmentation method is also capable of considering.

multiblock loading of generating units.
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CHAPTER 7
EVALUATION OF PRODUCTION COST USING SEGMENTATION METHOD

7.1 INTRODUCTION

The evaluation of the production cost of exPected

energy generation requires the calculation of expected

energy generated by each unit first. The expected energy

generated by a unit is obtained from the difference of

unserved energies before and after the convolution of the

particular unit. This is the basis of the segmentation

method. Further, in this method the demand plane is divided

to form an one dimensional array for single area system

and two dimensional array for two area interconnected

system. The distribution of demand is obtained by sampling

the chronological load and in turn the distribution of

segments is derived from the distribution of_demand.

In this chapter, the segmentation method for -evaluating

the production cost of both single area and two area systems

is presented. For clarification of the method, simple examples
are also presented in this chapter.

7.2 PRODUCTION COSTlliG FOR SD~GLE AREA SYSTEM

The evaluation of production cost of a single system

utilizing segmentation method requires the formation of

segments in exactly the same way as described in Section 6.2.
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A probability value is attached to each segment which is
obtained from the probability values (zeroeth moments) of
the load impulses in the corresponding range of the segment.
Each segment is also filled up with the sum of the first
order moments of the load impulses lying in the range of
the particular segment. The first moment is given by the
expression

00

m1 = ~XfX(x)dx (7.1)
-""

where x is the random variable and fX(X) is the probability
density function of x. In discrete case,

m1= z: x.p.
. . 1. 1.

1. (7.2)

where .x. =
1.

p. =1.

value of the random variable
probability of the distribution corresponding
to Xi

Sum of the first moments of all the segments gives
the initial expected unserved demand. Generating units are
then convolved one by one in the economic merit order of
loading. Convolution of the units are carried in a way similar
to that described 1.nSection 6.2. The only difference is
that in this case each segment contains two quantities, viz.,
the zeroeth moment and the first moment of load impulses.
The shifted first moment of any segment may be obtained by
the expression

+ shift x mO
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where ma is the zeroeth moment.

Unserved demands are calculated before 3Ildafter the
convolution of each unit. The unserved demands multiplaed
by the period under study gives the expected unserved
energies. The expected energy generation of a particular
machine is the difference between unserved energies before
and after the convolution of the machine. Thus for unit k,
expected generation is given by

Ek = U~_ - U~

where Ek = Expected energy generated by the k-th unit,
UEk-= Unserved energy before convolving the k-th unit,
~= Unserved energy after.convolving the k-th unit.

The fuel cost for the unit is obtained by multiplying
the expected generation with the average incremental cost
of thel unit.

where ECk = Production cost for the k-th unit,
Ak = Average incremental cost of k-th unit.

The segments below the already committed capacity
are not required to be considered in calculated the unserved
demand. Therefore, it is not necessary to keep track of
these segments. Thus, as convolution of units proceeds, the
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numbe~ of segments decreases. It should be noted that the
moment of the last segment is the sum of the moments of
all segments exceeding- the limit. The moments of the last
segment in the final distribution gives the expected energy
not served, €(ENS). An example is given for clarification
of the method.

Consider the generating system and the load model
of the example given in Section 6.2. The PDF of load and
the generating syster.iare rewritten below.

215 --

,-- tw_5

_

o 10 20 30 MW

Figure?1: PDF of load.

Table 7.1: Generating system description

No. of Capacity FOR Average Installedunits incremental capacityfuel costMW Tk./MWHR nw

2 10 0.2 300
45

1 25 0.1 500

"
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Since the average incremental fuel cost of the two
10 MW units are lower than the single 25 MW unit, they
are convolved first. The entire convolution procedure is
illustrated in Figure 7.2. The upper number ~ each segment
represents the zeroeth moment of load, and the other one
represent the first moment. The unserved energy and the expec-
ted generation by each unit may be calculated as follows.

Unserved energy before convolving the first 10 ~~ unit

1st moment of all segments x time

= 5x(15+20+50+30)/5 = 115 M\Vh

Unserved energy after convolving the 1st 10 !"IWunit

UE1 = 5x((12+16+45+30+14+8)-10(.8+.8+1.8+1+.4+.2))/5
= 75 ffiVh

Expected energy generation of 1st 10 !"IWunit

E1 = 115 - 75 ~ 40 MWh

Cost of energy generated by 1st unit,

EC1 = 4Ox300 = 12,000 Taka

Unserved energy after convolving the second 10 !"IWunit

UE2 = 5X((40+28.8+23.8+14.4+3.6+2)
-20(1.6+.96+.68+.36+.08+.04))/5

= 38.2 !"IWh

Expected generation by the second unit

E2 = 75-38.2 = 36.8 MWh
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1"1--~IC=45 1'1\,1

o 10
Zeoeth moment-+ I

First moment -..../5
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I 2. I
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I""
~

x(0.1) (i')25 1'1w " 0,.'

I.•
45 I';W

=~ (g)
v <.36

Figure 7.2 Schematic of convolution procedure
(All numbers in the boxes to be divided
by 5).
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Cost of energy generated by the second unit,

EC2 c 36.8x300 c 11,040 Taka

Similarly for the third (25 I1W) unit

'DE = 5x(22.36-45xO.408)/5 = 4 I'1Wh. 3
E3 = 38.2-4 = 34.2 J'1Wh
EC3 = 34.2x500 = 17,100 Taka

Energy demand

ED = initial unserved energy = 115 EWh

Total expected energy generation

EG E +E E 11",j"'IWh= 1 2+ 3 =

Expected energy not served

Total energy production cost
j

EC = EC1 + EC2 + EC3 c 40,140 Taka

For a given system and for the period under study
the energy balance (EB) is the difference between the energy
demand (ED) and the sum of total expected energy generation
(EG) and expected energy not served!E(ENS) as:

EB = ED -((EG +E(ENS) (7.6)
For the present problem, energy balance is

EB = 115 - (111+4) = 0.0
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7.3 TWO AREA PRODUCTION COSTING

First, the chronological loads for the two interconnected
systems are sampled at any appropriate interval. The joint
occurrence of each sampled load point is assigned equal
probability. The demand plane is divided into a grid structure,
or segments, of equal size. Each segment contains the joint
probability or the load in the range of the selected se~ent
as well as the first moment of load, or equivalent load, and

.residual tie line capacity for each system. The generating
units are then convolved one by one in the economic merit
order of loading. Before convolving any unit the possible
expport or import are evaluated and the first moments are
modified accordingly. Unserved energies are calculated before
-and after the convolution of each unit. The expected energy
generated by a unit is obtained from the difference of the
unserved energies before and after convolving the unit.
MUltiplying the expected energy generated by the average
incremental cost the cost of energy generated is obtained.

The computational steps involved in evaluating the
production cost of two interconnected systems using segmen-
tation method, is described in detail below.

Step 1:

The chr,onological loads of the two interconnected
systems are sampled every hour (or any other appropriate
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time interval) and each sample is assigned equal probability
of occUrrence. Thus the joint probabilities of the.sampled
loads are obtained.

Step 2:

A two dimensional array of segments is constructed,
the number of segments being given by

n:] (1)-z:.. Ck + TCk=1t1 = + 14C

~
(2)Ck + TC

t2
k=1

+ 1= L>.C

(7.7)

(7.8)

where
Ck is tqe capacity of the k-th unit. The superscript
represents the system.

~ = total number of units in system 1.

n2 = total number of units in system 2.
TO = tie line capacity
4C = largest common factor of the generating unit

capacities of both systems as well as the tie
line capacity.

Each segment.contains the following parameters:

i) The zeroeth moment of load which corresponds to
the joint occurrence of load sample; this corresponds:.;
to the joint segment probability.
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ii) The first moments of load for each system corres-
ponding to load samples in the range of the
particular segment.

iii) The first moments of residual tie line capacity
(RTC) for each system.

The residual tie line capacity (RTC) for a system is
that capacity of the tie line that remains at any stage of
the loading process after having been utilized by the
previously committed generating unit or units from the system.
Initially the first moment of RTC for each system is set
equal to the product of the corresponding tie line capacity
(TC) and the joint probability of the particular segllient.

Step 3:

The loading order of the units of the two systems is
deduced from the knowledge of the average incremental cost
of the units. In this order the unit with the lowest average
incremental cost comes first, then the unit with second
lowest incremental cost and so on.

Before convolving any unit, in the loading order, the
possible export or import must be evaluated. The fundamental
strategy subsumed in the evaluation of export is that each
system must keep its own interest paramount. That is, a
utility 'will only export ,power to another as long as it has
excess capacity after having met its own load. A system which
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exports power to another is known as an exporting system

and. a system which receives power from another is known as
an importing system.

The principal factors which affect the capacity
transactions between two interconnected system are:

i) the unserved demand of the exporting system,

ii) the unserved demand of the importing system,

iii) the capacity of the committed generating unit,

iv) the RTC of the exporting system.

The possible export e .. , at any segment (i,j), may~,J
be calculated by the relation

But ei,j > o.

The expected values (RVs) Z1' Z2 and Z3 represent

expected excess generation of the exporting system, expected

RTC of the exporting system, and expected unserved demand

of the importing system, respectively. These may be calculated
for any segment

SE+1

Z1 ; ;£
k;1

(i,j) as follows.

CE x p .. - m~ .(EL)k ~,J ~,J (7.10)

E
Z2 ; ~,j (RTC) (7.11)



Z3 = m~ . (EL) -l.,J
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(7.12)

where superscripts E and I refers to the exporting and
importing systems respectively and EL refers to as the RV
of equivalent load. In Equation (7.10> to (7.12) the notation
m represents the first moment and S represents the total
number of committed units.

Step 4:

The first moments of load are modified. The modified
first moments
and importing
are given by

of load (equivalent load) for the
AE AI (~)systems, m. . (EL) and ~ J' EL,l.,J ,

exporting
respectively,

m~ .(EL) E= m .. (EL) + e ..l.,J , ' l.,J l.,JI
,
,

~I (EL) Im. = m .. (EL) - e ..l.,j l.,J , J" J

Step 5:

The first moments of RTC are also modified in those
segments where transactions take place. The modification of
the first moments of RTC is necessary to carry the information
to the corresponding segment of equivalent load. The modified
first moments of RTC are

~ E'm:- .(RTC) = m .. (RTC) - e ..l.,J l.,J l.,J ( 7,.15)
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AI I
m. J. (RTC) = mi .(RTC) + e. .J., ,J J.,J (7.16)

where it is assumed that simultaneous transactions in both
directions cannot occur.

Step 6:

The expected unserved energy of the exporting system
before committing the k-th generating unit is calculated.
This is given by

(m~ .(EL) - c~ x Pi,J.)1,Ju~-=
i=t2,j=t1T2:
i,j=kl

where C~ is the total capacity of the already committed
generating units of the exporting system and is given by

(7.18)

The lower limit k1 in (7.17) is given by
.. E I

k1 = IDJ.n (w , w ), but kl 2:1

where

E SE
CE/.6Cw = ~

k=1 k

81
I

~ C~I 6Cw =
k=1

(7.20)

(7.21)
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Note that the unserved demand for any segment (i,j)
must be positive. That is

(m~ .(EL) - CE
tx p .. ) ~ 01,J 1,J

Step 7:

(7.22)

The unit is then convolved to the two dimensional
distribution of segments. The process of convolution is
simply effected by shifting each segment appropriately as
each generating unit, in the loading order, is committed to
meet the equivalent load. Assuming that x-direction of
segments is attributed to system 1 and y-direction to
system 2, then a generRting unit in system 1 will shift the
corresponding moments along the x-axis and conversely for
a unit in system 2.

Considering the (i', j)th segment and assuming a unit
of capacity C MW belonging to system 1 to be committed, the
shifted first moment of load (or equivalent load) of system 1
of the (i,j+w1)th segment may be expressed as

where

newm. .1,J+W1
old= m. . + C x p. .
1,J 1,J (7.23)

(7.24)

Clearly, the first moments of load of system 2 remain
unchanged by commitment of a unit belonging to system 1. Also
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the segments probability stays unchanged by the shift since
the zeroeth order moments are not affected by the shift.

To obtain the final distribution of segments after
convolving the k-th unit, the original distribution (before
convolving k-th unit) is multiplied by the availability
(1-qk) and the shifted distribution is multiplied by the
FOR (qk) of the unit, and these two results are added.

Sten 8:

The unserved energy, after commitment of the k-th
unit, u~ is then evaluated by using £guation (7.17) ,lith
the capacity of the k-th unit added to c~ given by Equation
(7.18).

Step 9:

The expected energy generation by the k-th unit is
given by

(7.25)

Global expected energy generation in both systems
is

(7.26)

Step 10:

The production cost for the k-th generating unit is
given by

(7.27)



The global production cost is then as follows

GEC ~ (7.28)

In order to clarify the methodology presented above,
it is exemplified through a simple example.

Consider two systems interconnected by a 10MW tie
line. The hourly loads for the two systems are considered
to be the same as that given in Figure 6.3. It is redrawn
ln Figure 7.3 i"orconvenience.

/. 0 ! ,----lSY stem 2
I I
I. :
I

MW 30 :
___4

20

10
System 1

,,
'------

1 2 3 '-HOURS
Figure 7.3: Hourly load profile.

The generation systems are shown in "Table7.2.
Table 7.2: Generation system description

SYSTm 1 SYSTEI1 2
No. of Capa- FOR ~verage No. "of Capa- :FOR Averageunits city lncre- units city incre-mental ment alcost . costNw Tk./MWh M\1 Tk •/I'l"''h
1 20 0.2 300 1 30 0.1 400
1 30 0.1 500 1 25 0.3 700



99

For these two systems interconnected by a 10 MW t'i'e
line, the segment size is l>C = 5 MY!.The segments are
filled up with the joint probabilities of load and the first
moments of load and of the line capacity as shovIDin
Figure 7.4. The first, second and third rows of each
segment contain the following: first row, the segments
probability, second row, the first moments of load for
both systems (system 1 shown first) and third row, the first
moments of RTC for both systems (system 1 shown first).
The first moments are obtained by multiplying the probability
with the numerical values of the RVs.

From Table 7.2 the loading order can be easily deduced.
The 20 Kw unit of system 1 is loaded first. This is followed
by the 30 MW units of system 2; then'the 30 r~ unit of. .

system 1 and finally the 25 MW unit of system 2.

Before the 20 MW unit is commited, the possible
export must be evaluated using Equation (7.9). The only
segment for which export is possible is the one which
corresponds to the 15 MW of load in system 1: first segment
in second row. For this segment, 5 rn~can be exported from
system 1 to system 2. Using Equation (7.13) and (7.14), the
modified first moments of load are, therefore, (15+5)/4 =20/4
for system 1 and (25-5)/4 = 20/4 for system 2•.Since system 1
is exporting 5 !'1W over the tie line, its modified first
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moment of RTC is (10-5)/4 = 5/4, in accordance with equation
(7.15). Similarly, from Equation (7.1'6)for system 2 the
modified first moment of RTC is (10+5)/4 = 15/4.

Using Equation (7.17), the expected unserved energy
of system 1 before committing the 20 till unit lS

In iigure 7.6 the distribution of load (equivalent
load) and the corresponding first moments after the convolu-
tion of 20 MW unit are shown. E'rom.ngure 7.6 the unserved
energy is recalculated. Thus, the expected unserved energy,

Iby Equation (7.17) is given by

UE1 = 4 £ (20+9+16+8+24+10+16+8)
-20(0.8+0.2+0.8+0.2+0.8+0~2+0.8+0.2)}/4

= 31 M\-lh

The expected energy generation of the 20 MW unit of
system 1 is from Equation (7.25) equal to

E = UET-
VE

1 1
= 95 - 31
= 64 MWh
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Figure 7.5: Shift of joint probability an.dfirst moments
during the convolution of the 20 MW unit of
system 1 (all numbers in the boxes to bedivided by 4).
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Figure 7.6: Distribution of load and resulting first
moments after convolving the 20 HW unit
(all numbers in the boxes to be divided by 4).



The cost of energy generated by this unit is given
.by Equation (7.27) and is equal to

= 300 x 64

= 19,200 Taka

In a similar vien the rest of the units are loaded.
The expected energies and production costs are given by

E2 = 97.2 I'l\fu } (30 NW unit of system 2)EC2 = 38,800 Taka

E3 = 32.4 I'lWh }
(30 NW unit of system 1)EC3 = 16,200 Taka .

E4 = 6.66 I'lWh } (25 NW unit of system 2)EC4 = 4,662 Taka .

,J
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7.4 SOME ADDITIONAL FEATURES OF SEGMENTATION METHOD

In segmentation method, the size of the segment has an

influence on the accuracy of the method. Only when the seg-

ment size is a common factor of the unit capacities one can

guarantee accurate results. But when dealing with a practical

system, the individual generator capacities may not have a

common factor and may not be multiples of the smallest

generating unit. To avoid this inconsistency, one approach

is to round-off unit capacities but making sure that the

first moments stay unchanged. This requires corresponding

change to the FORs. Another approach is to augment the size

of the system by a factor 5, 10 or more until a segment size

1 l'IW may be utilized (equivalently fractional segment sizes

may also be used). This last approach will increase the

computational requirements. An approximation is to use a 5

to 10 MW step size if it is not a common factor. ~he errors

are within possible tolerance. Unit aggregation is. also

possible. However, for this a multistate representation is

required or an equivalent representation matching the first
two or three moments.

The computational efficiency of the method depend on

the size of the segment. A coarse segment size, not a common

factor of unit capacities, will only produce approximate

results but with high computational efficiency.



7.5 ALWCATION OF PRODUCTION COST BETWEEN TWO INTERCONNECTED
SYSTENS

GS = GEC - GECo

where GS = Global savings,
GEC = Global production cost at zero ~1\,r tie line capac ity0

GEC = Global production cost at any tie line capacity
greater than zero ~1W.

There are a ..number of methods for allocation of the
!

production cost between-two areas which are interconnected.
One of these is called 'split-the-savings'. This method is
popular among the utilities of North America. In this method,
the actual cost shared by each utility (system) is obtained
on the basis of individual production costs,global production
cost and the global savings. The production cost shared by
the exporting system at a particular tie line capacity is
obtained by subtracting half of the global savtngs at that
tie line capacity from its production cost at zero l'iW tie
line capacity. That is

(7.30)



While the production cost shared by the importing system
at any tie line capacity is obtained by subtracting the
production cost shared by the exporting system from the
global production cost at that tie line capacity. That is

.',--.

,.., ~EG. = GEG - EG]. e
~where EG. = Production

].

(7.31 )

cost shared by the importing system.
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CHAPTER 8
NUMERICAL EVALUATION

8.1 INTRODUCTION

The methodologies of evaluating the reliability and
the production costs have been developed in Chapter 6 and
Chapter 7 respectively both for single area and for two
area interconnected systems. In this chapter, the developed
methodologies are utilized to evaluate the reliability and
the production cost of Bangladesh power system. This numerical
evaluation includes both single area approach and two are
interconnected system approach. That is, the reliability and
the production cost of Bangladesh 'electricpower generation
system are evaluated considerint; it as a single area system
and also considering the Eastern and Western grids of the
power system of Bangladesh as two separate systems inter-
connected by the East-West Interconnector (E~I). The results
obtained for both the approaches are presented in this
chapter. Some of the results are presented in the graphical
form for quick observation of the difference between the
two approaches. ~his chapter also includes a brief descrip-
tion of the power system of Bangladesh and the generation
and the load data used in evaluating the system.

8.2 BANGLADESH ELECTRIC POWER GENERATION SYST~j
The electric power generation system of Bangladesh may

be divided into two zones : the East Zone and the West Zone (
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seperated by the rivers Padma, Jamuna and l"Ieghna.These two
zones are interconnected by the Eas~~West Interconnector
(E'tlI)forming an integrated national grid. The EWI is a
double circuit line,presently operating at 132 KV, however,
it ,has been designed 'for 230 KV. The p01'iertransmission
capacity of the EWI is 180 MVA per circuit at 132 KV. The
total installed capacity of BPDB is 1141 MW out of which
725 !'!Wis located in the East Zone while 416 MW is located
in the West Zone(38).

There are a number of Power Stations in the East and
in the West Zones. The geographical locations of different
Power Stations of BPDB are shown on the map of Bangladesh
in Figure 8.1. The simplified single line diagram of the
integrated pOwer system of Bangladesh is shown in Figure 8.2.
The large Power Stations are KarnafuliHydro-Electric Station
at Kaptai, Ashuganj Steam Power Statiori and Combined Cycle
Plant, Ghorasal Steam Station, Siddhirganj Steam Station,
Chittagong Steam Station, Shahjibazar Gas Turbine Power
Station , Steam and Gas Turbine at Khulna, and Gas Turbine
at Bheramara. Besides these there a number of small diesel
stations which continue to play an :i.mportantrole in the
northern areas of Bangladesh.

The power stations in the-two zones have large variety
of generating units, viz., Hydro,Steam, Gas Turbine, Diesel
etc. Some of the units are old and their output are now lower
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than the rated values. As a result, the total generating
capability of BPDB is 1018 NW instead of 1141 MW. The
maximum generating capability of the East Zone is 672 Mil

and that of the West Zone is 346 nw(38). Most of the
thermal stations in the East Zone use natural gas as fuel,
while those in the West Zone generate electricity by burning
costly liquid fuel. For this reason the average cost on
account of fuel in the West Zone is much higher than that
in the East Zone.

8.2.1 Generation Data

Generation data for the East and the West Zones that
are used in this research are given in Appendix-A. The
column showing the "Capacity" actually contains the maximum
capabilities of different units in the two zones. Also some
of the unit capacities are rounded off. For example, the
capacity of each of the two 64 MW steam units at Ashuganj
are rounded off to 65 MW. These changes are made in the unit
capacities to decrease the computer time. However, note that the
segmentation method_.is capable -of accomodating anY.generating
unit capacity. Also, in the West Zone the small diesel units
with capacities less than 5 ~ruare aggregated to form units
of.5 MW capacity and are shown in the lapp_eMil: under the
heading '.Small_Diesel Stations' •

(
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8.3 LOAD DATA

Hourly load data for the month of August, 1985 are
used in this research to get the distribution of demand
and these hourly loads are given in Appendix-B.. It is
observed from the hourly load data that in"both the East
and the West Zones, the daily peak load occurs during 7:00
to 9:00 P.M. The peak loads are 539.19 and 229.23 MW in the
East Zone and in the West Zone respectively. The global
peak load for the integrated system is 765.05 lru. Usually
the base load is observed to occur at around 4 A.M. in both
the systems. The base load is 200 MW in the East Zone and
66 rru in the West Zone. The global base load for the
integrated system is 287.09 lru.
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8.4 conpUTER PROGRAMS

Three computers programs in FORTRM~have been developed
for the evaluation of reliability and production cost of the
generating system of Bangladesh. The first program has been
developed based on the segmentation method for evaluating the
LOLP and production cost of a single area system. The whole
Bangladesh pOwer system is considered to be a single area
system and the LOLP and production cost are evaluated using
the first program.

The second program has been developed using also the
segmentation method for the evaluation of LOLP of two
interconnected systems. In this case, the loads of the two
systems are assumed to be correlated. The East and West
Zones are considered as two independent systems interconnected
by the EWI. The LOLPs of the individual systems (East and
West Zones) and the LOLP of the global system for various
tie line capacities have.been evaluated using the second
program.

The third program has been developed utilizing the
segmentation method for evaluating the production costs
of two interconnected systems. In this program, the corre-
lation between the loads of the two systems is incorporated.
This program evaluates the production costs of the East and
the West Zones of Bangladesh power generation system using
a two area approach.
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In all the three programs, two-state generating unit
models. and single block loading of the generating units are
considered.

8.5 NUl"IERICAL RESULTS

In what follows the East Zone will be referred to as
'system l' and the West Zone will be referred to as 'system 2'.

;~he LOLPs of the individual systems without considering
assistance from the connected system (LOLP1) and LOLP2) as
well as the LOLPs considering assistance from the connected
system (LOP12 and LOLP21) are given in Table 8.1 for different
tie line capacities. The tie line capacity is varied from
zero upto 200 MW. The LOLP for the global system at different
tie line capacities are also presented in this Table. In the
last row, the LOLP obtained considering the whole Bangladesh
power system as a single area system is presented for
comparative study. To consider the whole Bangladesh power
system as a single area system the loads of the two zones
are combined. The combined generating systems of the two
zones is considered to be the generating system of single
area in this case. In Figure 8.3, LOLPs are plotted against
tie line capacity.

The expected energy generation of individual generators
of the two systems at different tie line capacities are given

4 ••
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Table 8.1; LOLPs for 'different tie line capacities

';.,
: ,.' , -

.' '."Tie line ' £OLPC%)capacity - ••• <, '--'''''- .•,~.,,,,,.--,~•..- ~

(MW) ,

LOLP
1 LOLP2 LOLP12 LOLP21 LOLPs

"

0.0 0.493890 1.175805 ,0.493890 10175805 1.640265

5.0 11 ." . tt ) 0.428779 0.982429 1.381778.,,' .,'t.
, 10.0 11 " , 0.37?332 0.817527 1.16143011

.
. 'J

,",,, .

20.0, , " 11 ' 0.284333 0.572198 0.827102

,,30.0 11 11 0.217372 0.389823 0.577766
40.0 . 'I-- .... " 0.167695 0.273996 0.412261'-("

," -" -,-.' "

, -; 50.0 " 11 /"'i 0.132582 0.193888 0.297040
"

75.0 . "'1.

0.163315" 11 . ~, 0.087822 0.104923
,

100.0 "

0.12683411 " 0.073535 0.082729
"

125.0 " "',:'C<" " 0.070722 0.079014 0.120307--:~ . '~';,
-,';" ":'1'50.~0' 11 II 0.070493 0.0,78688 0.119751

"

175.0 " " 0.070483 0.078678 0.119732,-.,
200.0 " " 0.070483 0.078678 0.119732.-"'--

I i " f I I I
I f I I I I,

I '.,:.: :;;".:'- , , f I'.CO --- --- --- -- 0.113245

. .
Evaluatlon as a single area system.

,- /, .
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in Table 8.2. The results for unlimited tie line capacity

(last column of Table 8.2.)e,corres;pnIl.dsto the case where

the two systems are considered to be a single area system.

The expected energy generation aM the production costs

of the two systems at different tie line capacities are

shown in Table 8.3 and Table 8.4 :!respectively. In these two

..tables the results for infite tie line -capacity ('J.:ast row

-of Table 8.3 and Table 8.4) corre:sponds to the single area

case. In ]i'igure 8.1+, the expected energy generation of both

-:13y!stemsare depicted for 'different tie line capacities. The. ,'-,..
global expected production cost vs. tie line capacity is

'P~esented in Figure 8.5.

~-'~'

The variation of global savings with tie line capacity

i~ shown in Table 8.5. The global benefits in terms of

.," production cost savings and in terms of reliability improve-
>',', .

-e. ment are depic ted"e:in Figure 8.6. In this figure, the lower

d'c1't"t'edline represents minimumLOLP or the lower limit of

LOLP and the upper dotted line represents maximumsavings

or the upper limit of saVings. These limits are obtained

'QYevaluating the two interconnected systems as a single

area syste~. The alloca-tion of production cost between .the

tW()'systems using I split-the-savings I principle is afso
-"; .

shown in Table 8.5.
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Table 8.2: Expected Energy Generation of individual
generators for different tie line capacities

".

,1'1 Capa- Expected Energy Generation (GWh)CD
+> city "FOR at:tie line capacity:Ul ,"

;>, l'1W 0l'1W 10 l'1W 50ffil 00'[/)

50 0~()1 36.8281 36.8281 36.828'1 36.828140, 0.01 29.4625 29.4625 29.4625 29.462540 0.01 29.4624 29.4624 29.4624 29.462465 0.10 43.5240 43.5240 43.5240 43.524065 0.10 42.5921 42.9954 43.506!J. 43.524050 0.10 29.0578 30.1184 32.6571 33.393760 0.10 26.3980 28.0503 34.4370 38.832755 0.10 15.2257 17.0403 23.9796 32.041955 0.:10 8.3534 9.5227 15.3202 26.460355 0.19 3.5560 4.2458 ' 7.7095 18.549930 " 0.19 1.0978 1.3203 2.6975 8.18391 10 0.15 0.2939 ' 0.3635 0.7498 2.554910 0.15 0.2379 0.3043 0.6459 2.369510 0.15 0.1939 0.2479 0.5540 2.200610 0.18 0.1533 0.1949 0.4584 1.973010 0.18 0.1268 0.1608 0.3963 1.832710 0.18 0.1048 0.1329 0.3389 1.700410 0.18 0.0856 0.1099 0.2843 1.574610 0.18 0.0687 0.0900 0.2357 1.454810 :0.18 0.054:3 0.0725 0.1946 1.340710 0;18 0.0426 0.0576 0.1607 1.23175 0;18 0.0180 0.0244 0.0702 0.58005 0.18 0.0159 0.0216 0;0639 0.5559110 0"10 71.9434 69.9987 54.8598 7.431660 0.10 19.9202 16.4599 7.2938 1.40145 0.12 0.9321 0.7702 0.3547 0.07205 0.12 0.8621 0.7278 0;3150 0.06625 0.12 0.7883 0.6804 0.2840 0.06085 0.12 0.7389 0.6336 0.2604 0.05575 0.12 0.6909 0.5893 0.2385 0.05112 25 0.18 2.4754 1.9786 0.8472 0.180325 0.18 1.5270 1.2272 0.4907 0.119520 0.15 0.8710 0.6922 0.2477 0.067320 0.18 0.5603 0.4316 0.1409 0.044220 0.18 0.3654 0.2757 ' 0.0809 0.030220 0.18 0.2304 0.1685 0.0454 0.02025 0.15 0.0454 0.0326 0.0086 0.00415 0.15 0.0395 0.0279 0.0073 0.0037

• Evaluation as a single area system.
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Table B.3 : Expected Energy !t.enerationof tho '"viO'13jISke!l1.s

:for different tie, line ,capacities

'-------

~;;a~~;_e,~'~~~~~~~~~--~~~~~-~~~:-~'~-;~j-~~~-~~~,d""~~~-~ed
System 1 S;Y'stmn2 Glob 10_' energy ,

J)()t served
(J1Hh)(MW)

0.0
5.0

10.0

20.0

30.0

40.0

50.0

75.0

100.0

125.0

150.0

175.0

200.0

270,,6535

281,.7317

296,,4299

303.7368

321.7588

338,,7178

351,1033

35705226

359,,~.558

359,,6318

101,9902

98.3452

9~,,69~1l.

87,3826

80.0680
72,'1621

65.A749
47,Il,752

30.5217

18,,1317

11,7172

9,,7831

9.6070
•
I

•

368,,9987

369 ,,04J-{6

36901143

369,,1612

369,,1920

369<2117

36902340

369,,2395

36902404

36902398

369.2390

369.2389

108.2

77.3

57.6

35.4

29.8

29.0

29.5

30.4

30.5

*aC ---, ,369.2409 28.4

*Evaluation as a single area system.
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'..
Production Cost for different iIlie line capacities

_.-~..,==--=~~"""",•..-.~---.-..-..-,,,,,==-= •.~-,~,=._. _.
Tie line

Prod.uction.Cost (10L,tTk.)capacity .1--.•...- . '-" - .' .. --.. r-...... ...._.-.-......-"~---'''''''.''~---i -(!'1W) By s te)n 1 8:"'8 "i.;em 2 Global i
..

I
0.0 2550.4031 /1'71-:-45.7578 19996.1609
5.0 2610.2600 16730.9961 19341.2561
10.0 2670.3635 16027.7812 18698.1447
20.0 2791.3005 11+652.0078 17443.3083
30.0 2913.1260 13314.1094 16227.2354
40.0 3035.7168 12013.1211 15048.8379
50.0 3159.0378 10750.0039 13909.0417
75.0 3469.587'+ 7734.1484- 11203.7358
100.0 3772.0974 4970.7109 ;8742.8083
125.0 4009.2273 2880.1121 . 6989.3394
150.0 4~48.2305 1952.6138 6100.8443
175.0 4195.4453 1643.8120 5839.2573
200.0 4200.1914 1615.7092 5815.9006

I I I I

• I I •
• I

I I

•
O(j --- --- 5815.3415

•
Evaluation as a single area system.
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Table 8.5: Expected Global Savings and Production Cost

Shared by each system fox different tie line
capacities

____ ~"""_'C~~ .• _.~_",_~",,___
"-' .' •••• - •••• ,".0- ~ -" .._-- -.. .-

Sh;r~'d(104 Tk.)Tie line Global ProductillD Costcapacity savings ..~-(MW)
(104 Tk.) Systm 1 System 2

0.0 0.0 2550.4031 17445.7578.
5.0 654.9048 2222.9507 17118.3054

..10.0 1298.0162 1901.3950 16796.7497
20.0 2552.8526 1273.9768 16169.3315
30.0 3768.9255 665•.94035 15561.29505
40.0 4947.3230 76.7416 14972.0963
50.0 6087.1192 -493.1565 14402.1982
75.0 8792.4251 -1845.80945 13049.54525..

100.0 .11253.3526 -3076.2732 11819.0815
125.0 13006.8215 -3953.00765 10942.34705
150.0 13895.3166 -4397.2552 10498.0995
175.0 14156.9036 -4528.0487 10367.3060
200.0 14180.2603 -4539.72705 10355.62765I

I ,
II ,

I II
I

I ,
* 14180.8194 -4540.0066 10355.3481

00

Evaluation as a single area system.
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CHilPTER9
oBSERV ATION AND CONCLUSION

..-
9.1 OBSERVATION

It is clearly observed from Table 8.1 that the LOLPs ....
of the individual systems considering assistance from the
connected system as well as the LOLP of the global system
decreases with the increase of tie line capacity. The same
'observation is also made from Figure 8.3. However, the
decrease in LOLP with increasing tie line capacity is not
linear. The saturation effect, as the tie line capacity is
inc'reased, can be clearly observed from Table 8.1. The
saturation effect is pronounced at 175 MW tie line capacity.
This means that for the existing generat:i.6nof the two
systems considered and the load data used, the increase of
tie line capacity above 175 MW does not improve the reliability
further. Note that the global LOLP (LOLP )at 175 I'lW tie line

s .
capacity is approximately equal to the value obtained using
single area approach.

The generating units of system 1 are of much lower
incremental cost than those of system 2. Therefore, it is

expected that system 1 would export major part of the time.

This is confirmed by Table 8.2 and Table 8.3. It is observed
from Table 8.2 that the expected energy generation of the
generating units of system 1 increase while those of the
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units of syst!=!m2 decrease with the increase of 1i:it, line
" "

capacity. As a'rest.l1.t, the total e~pected ~nergy ~~eration
of system 1 increases while that of system 2 dec~es, as
tie line capacity is increased which is observed "(l)i'Um Table
8.3. This is also clearly observed from F"igure8:4.Table
8.3 also shows that the global expected energy ge~~ation
increases and the global expected unserved energy~0Creases
with the increase of tie line capacity. The sat~tion effect
is pronounced at 1751'1W tie line capacity. That i$;,the
expected energy generation of the individual syst~s and
global system as well as the global expected unse~0d energy
remains almost constant for tie line capacities ~ve 175 1'1W.
The slight decrease in the global expected energy generation
and the corresponding small increase in the expected Unserved
energy at tie line capacities above 125 I'Trl are du~ to round-
off error. It may also be observed from Table 8.3 that the
global expected energy generation at 175}N tie line capacity
is very close to the expected energy generation of the
integrated system obtained using the single area ~proach.
A similar observation may be made from this table in case
of expected unserved energy.

In Table 8.4, it is clearly observed that the production
cost of system 1 increases while that of system 2 decreases
with the increase of tie line capacity. However, as the tie
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line capacity is increased, the global production cost
decreases. The decrease of global production cost withthe
increase of tie line is also clearly observed from Figure 8.5.
The saturation effect on the global production cost at tie
line capacities above 175 11\01 may be observed from Table 8.4
and also from Figure 8.5.

Table 8.5 sh01{sthat the global expected savings
increases with the increase of tie line capacity. The satu-
ration effect is also pronounced in Case of global expected
savings over 17511\\1 tie line capacity. The ~. benefits
in terms of ~~savings and also in terms of
reliability improvement as a result of interconnection are
clearly observed in Figure 8.6. Near the saturation point,
the global savings almost reaches c~eupper limit (upper
~otted line) .and the. global LOLP almost reaches the lower
limit (lower dotted line).

As mentioned earlier, while the global production cost
decreases as the tie lj~e capacity is increased, the produc-
tion cost of system 1 increases. Since both system 1 and
system 2 are parts of the same company (BPDB) and both lie
in the same regulatory jurisdiction ,.only. the global production
cost is of interest. But if it is assumed.that the two systems
considered are independent companies then system 2 should
pay system 1 for the energy it receives. Table 8.5 shows
that if the two systems are independent and if there is no
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interconnection then the production cost shared by each
system is equal to tn& individual production cost at zero

'ot

MW tie line capacity. However, for interconnection, the
production cost shared by each system decreases with the
increase of tie line capacity. The negative values of
production cost shared by system 1 at 50 NW tie line
capacity and above implies that system 1 does not have to
incur any expenses for meeting its demand; .moreover, it
earns some money by exporting energy to system 2. lllso for,
these cases, the production cost shared by system 2 is less
than the amount at zero l"IW tie line capacity.

9.2 CONCLUSIONS

On the basis of the diSCussions the following conclusions
are put forward.,

1. If it is necessary to interconnect two separate
pOwer systems, then the exact capaci~,;of the tie

.'

line at which maximum benefits in terms of reliability
improvement and production cost savings are obtained
can be accurately determined using only the 'two area I

approach.

2. If the capacity of the tie line between two inter-
connected systems is limited, in that case a 'single
area' approach provides wrong information regarding
reliability and production cost.



3. In Case of tie line constraint (limited capacity) ,
the 'two area ( approach gives the aci;;ua.1optimum
generation by each generating UD.itwhile the

'single area' approach 6.oes not, because in 'single
area' approach, the tie line capacity is always
considered to be iD£initeo

9.3 RECOI1I'iENDATIONS FOR FURTHER RESEARCH------=;;..-;o_"';;;..o;_-.~..._" _ ~,•...•..,.._.

It has already been established that the evaluation
of two interconnected systems with finite tie line capacity
using a 'two area' approach is the most approP7iate way of
evaluation of such systems. In this research, the existing
generation system and demand of BPDB has been used. But for
a realistic long-term generation expansion planning, the
demand for the planning period must be forecasted, Also, the
planned generating capacity additions for that period must
be taken into consideration. A number of alternative plants
may be evaluated in terms of reliability and production costs
using the methodologies presented in this thesis. For a more
realistic analysis, the multistate representation of generating
units as well as multiblock loading. of units may be taken
into consideration. The idea of 'load management I may also
be incorporated. The impacts of load management on reliabiritJ"
and production costs of two interconnected systems may also
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be investigated using a 'two area' approach. Thus, the
possibility of the use of load management strategy as an
alternative to new plants may be investigated.
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.APPENDIX.~A-~-~---~-•...-
G.ENERATION DJj'J'A-_. ---~-------.,;....,..;

Table A-1: Generation Data £or East Zone (System 1)

Siddhi.rgcmj Gas
Steam Turb irie

0.01 000

65

50

- ------ - •.._-_ .....- .._,. ----._-----
50 0,10 0.15

'+02

2

1

I0,,01 000
.-- _--_ _ ..-"., .•-- --- ----- .•.~--~-----

. I.
0010 0.14

RydJ:o

Gas

KarnafUli
H;y-dro

Ashuganj
Steam Turbine

Ghorasal
Steam Turbine Gas 2 55 0,,16 0.16

0.270.18-10'7GiJ_SShahjibazar
Gas Turbine

g~~t~~~e-~--;as~._~---;------]------5 - l--~.~;-0.28
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Table A-2: Generation Da.tR foT. West Zone (S;;-5-;;(O)1) 2)

1.79

3.32

3.24

0.15

0.1820

Name of
power station

.

Khulna
Steam Turbine,

/

. 'J"s;~-05:--1-- N~~of l.---ca;aci ~ J- ..--FOR----- A"~. inc.
fueL 1))].):\;5 1 (MW) fuel cost

. I I . Tk</~~h
-------.--- --- ----: --',- " ---'- "'1- ',---------" - - -.'---.----

'" ' I ~ I "10 0 10
,2. c':>1, J ': i 1

60
0:10

I I~--.---- _J_,~ I _

~f-~-r-~-l__n~_!__(a_s_=:m /2 __ ....~:25::~ O:~.J-'~.62
::~i;_~_bin~_J___.,B.~JJ I__,1_, ,_.!__ . __ .~~_~_~ __ ,_.~ ••~.~,_,~~~

Bheramara I BED Ii
Gas Turbine I .

~ ""~~'----"_'~ A •• ,_: ._~. __ .~_. __ • __ ._. '_",~.~"~_. ~ __ •• _., __ -=-..-- .~ __ . __
Small Diesel J.JDO! 1 5 0.12 1.93
stations~ USI>

1 5 0•.12 2.00

'/ 5 0.12 2.20

'I 5 0.12 2.35

'I 5 0.12 2.49---~---,._-'"--" ...~,,,,,.,', .._. .~_.. -- , ,.... _----- . - . - ~..._._--" '-,-. --.--~,

• These are small diesel stations located at Thakurgaon,
Bogra, GG.alpara, BarisaJ_. Jiajshahi and Serajganj.
Several small di,esel units of these' stations have been
aggregated to form 5 units of 5 MWsize.
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