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ABSTRACT

Twomost important steps in generation expansionplanning process are:

the evaluation of reliability indices and production cost. Becauseof the non

existent operating cost of the hydrounits,. special care is taken in planning

so that these units are used upto their capacity. This makesthe simulation of

hydrounit different fromthe thennal unit. Thecomplexityin simulation in-

creases if the hydrounit is energy limited and it growsfurther if morethan

one energy.limited hydrounits competefor the sameposition in the loading

order. Againthe possible energygeneration by a energy limited hydro unit is
It

a detenninistic quantity only for a reservoir of smaller '(liJDited) capacity

for abundantwater supply to the reservoir. However,this is not the case for

most of the situations.

This thesis presents a methodologyof scheduling any nUlJlberof energy

limited hydrounits competingfor the sameposition in the loading order. ';!'his

method is an extension of the conventional approachof simulating energy

limited hydrounits. This thesis also presents a novel approachof scheduling

energy limited unit. This approachtakes into a=ount the randomnessin energy

constraints of hydrounit by developinga probabilistic modelof water levels

and water flows of the reservoir or of run of river. The developed

methodologiesare applied to IEEEReliability Test Systemand BangladeshPower

System. In the numerical evaluation, the segmentationmethodis utilized~
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ABBREVIATIONS

AC - Available Capacity.

BPDB - Bangladesh Power Developnent Board.

BPS - Bangladesh Power System.

CLC - Chronological Load Curve.

DE - Demand Energy.

DNS - DemandNot Served.

ECS - Economic Commitment Schedule.

EL - Energy Limited.

ELDC - Equivalent Load Duration Curve.

ENS - Energy Not Served.

FAD - Frequency and Duration.

FOH - Forced Outage Hours.

FOR - Forced Outage Rate.

HR - Heat Rate.

HSD - High Speed diesel.

HV - Heat Value.

IC - Installed Capacity.

IEEE - Institution of Electrical and Electronic Engineers.

IFC Incremental Fuel Cost.

IHR - Incremental-Heat Rate.

LDC - Load Duration Curve.

LDO - Light Diesel Oil.

LOEP - Loss of Energy Probability.

LOLP - Loss of Load Probability.

MCS ~ Monte Carlo Simulation.

PDF - Probability Density Function.
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RTS - Reliability Test System.
RV - Random Variable.
SKO - Superior Kerosene Oil.
UFC - Unit Fuel Cost.
WASP - Wien Automatic System Package.



r = Meandowntime.

T = Timeperiod.

DE. = Unserved energy after convolving n- th unit.
DE.' = Unserved energy befor~ convolving n- th unit.
Z = Normalized variable.

(DNS) = Expected demandnot served.

(ENS) = Expected energy not served.

A = Unit faiiure rate.

At = Average incremental cost of k-th .unit.
j-t. = Unit repair rate.
A = Segmentsize.
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CHAPTER'1

INTRODUCTION

1.1 GIlNHRAL

Evena most casual look at the moderncivilization shows the important

,part played by electricity. Almostevery function of present day halts when

the supply of electricity stops. Theelectrical energy is the mostCOIIIIlOnand

versatile form of energy used in the industrial sector as well as domestic

purposes. As technologyadvances,the constmlption of electrical energy in-

creases steadily. Economists consider the per capita constmlption of

electricity as a measureof economicdevelopnentof a nation. Tomeet the in-

creasing demand of electrical energy it is required to develop a generation

expansionplan whichbenefits most.

Generationexpansionplanning process begins with the estimates of the

variation of demandwith time and the total ,energy constmlption. Thenext im-

portant twoaspects of planning are: (1) the evaluation of reliability indices

and (2) the production cost. Selecting a generation expansionplan amongJDaiIy

alternatives is a complicated task, since it dependson an environmentof

uncertainty. In addition to the uncertainty inherent in load forecasting" the

planner must also deal with the uncertainties associated with [1,2],

i) Generatingunit availability.

ii) Generatingunit maintenanceschedules.

iii) Fuel cost.

iv) Pollution abatementlegislation and costs.

v) Construction costs.

vi) Start-up times.

vii) Availability and cost of'capital.

Given some alternative plans, it is a commonpractice to evaluate each

plan on the basis of reliability first [3]. The simple andmost commonof all

1
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reliability indices is the loss of losd probability (LOLP) [4]. When a given
plan satisfies a desired reliability level, then it is required to evaluate it
on the basis of economics.

Usually, generation system may include different types of generating
unit. Depending on the sources of energy utilization, the generating units are
classified as

(1) Thermal.unit.
(2)"Nuclear unit.
(3) Hydro unit.

The thermal units produce about the fifty percent of the total electrical
energy. The amount of fuel cost associated with the thermal unit is dependent
on the amount of energy it produces. For nuclear units, the fuel cost is rela-
tively low. However, the availability of suitable nuclear fuel and disposal of
the rsdio active waste [5], shortage of well-trained personn~l prohibit these
plants to enjoy a popular status in many regions of the world. For the hydro
unit the incremental fuel cost is zero, as in this type of unit the source is
water. The water is used to run the turbo-alternators and this water is msde
available from naturai rainfall in the form of direct.run-of-river or con-
structing a dam within a suitable catchment area or from natural reserve basin
in a hilly region. That is, so far the incremental fuel cost is concerned the
hydro energy is the cheapest. However, the maximum ge~eration energy available
from most of the conventional hydroelectric unit is limited [6].

1.2 BACRGIUJND

Nowadays, probabilistic simulation is widely used for generation ex-
pansion planning and in many respects, this approach is superior to the deter-
ministic approach. In 1947, a large group of papers [7,8,9] on simulation
techniques proposed some.of the .basic concepts upon which some of the methods
in use at the present time are based. In 1954, utilizing the benefits of digi-

2
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tal computers Watchorn [10] proposed the system expansion studies'. Brownet al.

[11] published the results of a statistical study of five years .~ta on 387

hydroelectric generating units in 1960. Due to the introduction of a recursive

approach [12,13,14,15] the calculation of outage frequency and duration in-

dices in generating capacity reliability evaluation was modified. Baleriaux

and Booth [16,17] further modified the technique for probabilistic simulation.

Cumulant method was first suggested by N.S.Rau, P.Toy and K.F.Schenk [t8]

which utilizes Gram-Charlier series expansion. An exact technique as well as

computationally efficient probabilistic simulation approach is suggested

recently by K.F.Schenk et al [20] . This approach is commonly known as

"Segmentation Method"•

. The simulation of energy limited (ELl hydro unit is different from that

of the base loaded hydro unit. For a single energy limited unit the loading

order position for having maximumenergy output from the unit, becomes a

moving target. If multiple EL units are considered, then the complexity of the.

simulation problem increases [6]. Until 1970's there has not been any work on

the simulation of ELunits. However, the author is aware of several approaches
,

that have been taken to solve the difficulties faced by the EL unit

simulation. Most of these methods resort to aggregate the energy limited units

into a single composite un~t. For example, in early versions of the Wien

automatic system planning package (WASP)[21], the approach was used to simu-

late single/aggregated conventional hydroelectric unit which peak shaves the

original load curve. Also in the improved version cif WASPprogram the equiv-

alent load curve was used to consider the randomoutages of uilits , but the

energy limited hydro units were still aggregated to a single pseudo unit whose

capaci ty was equal to the sum of the individual capacities. The assigned

energy to.pseudo hydroelectric unit was the summationof all the individual

assigned energies. Billinton et al [22] and Dechampset al [23] have developed

methods which represents each EL unit individually. However, similar to the

3
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the best of the author's knowledge, no generation expansion planning algorithm
has yet been formulated using segmentation method for rigorous treatment of
simulating multiple energy limited hydro units.

1. 3 'I1lESIS OOGANIZATIOO

This thesis consists of nine chapters. As an introductory approach,
chapter 1 gives the background of the energy limited hydro unit simulation. In

.this thesis, primary stress is given on the simulation of multiple energy
limited hydro units together with other conventional generating units,
therefore, in chapter 2 a very brief idea is given about the hydro units from
the physical as well as operational point of view. Discus.sions in chapter 3 is
directed towards the developnent of generati?n and load models that are
generally used in different probabilistic simulation techniques. In chapter 4
different probabilistic simulation techniques are described except the segmen-
tation method. Segmentation method is presented in detail in chapter 5 depict-
ing binary state, multistate and multiblock loading of generating units.
Evaluation of LOLP and production cost using segmentation method is also
described in the same chapter. In chapter 6 conventional approach to the
simulation of energy limited units are given. Methodology for simulating

.energy limited multihydro units which is capable of handling if many (or all)
of these units are competing is described in chapter 7. In this chapter as a
new approach, multistate representation of energy limited hydro units is also
provided. Using the algorithm developed, numerical evalUation is carried out
in chapter 8 with two different utilities namely, IEEE reliability test system
(IEEE-RTS) and Bangladesh power system (BPS). Numerical evaluation for BPS is
carried out with generation and load data supplied by Bangladesh Power
Developnent Board (BPDB). In chapter 9 observations, conclusions and discus-
sions are presented on the basis of the results found in chapter 8. Recommen-
dations for further work are also provided in chapter 9.
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C:.HA~1?TER 2

I!LD R 9----.!1 NIT

The perpetual inte=ha11ge of water between the earth's surface and the
atmosphere is sometimes known as the hydrologic cycle and is one of the
sou=es of electrical energy. The heat of the sun evaporates water frOllloceans,
and rivers; the water that falls on land rtmB back to the sea through rivers.
The water on a land surface has potential energy "due to the difference in
elevation of water between two points, called the head. When water flows to a
lower elevation, a portion of the poterltial energy is converted to kinetic
energy. Hydro-electric plants utilizes this kinetic energy to move turbine to
which electric generators are mechanically coupled. Among all the conventional
type power plants, the operation and maintenance costs involved. with a hydro-
electric plant is the lowest, and it generates least environmental pollution.
Therefore, the maximum utilization of the hydro unit is desired.

In this chapter, a brief discussion of the general features of a conven-
tional hydro-electric power plant is presented. 111is chapter also presents
some basic concepts urrlerlying with the energy limitation of conventional
hydro-electric power plant.

2. 2 HllULUfIOO OF WATHR RJWHR

.The first hydro-electric plants were buH t during the last decade of the
nineteenth. century. Prior to about 1920, water power sites were usually
developed for one or two purposes. The first of these was to supply.
electricity to a specially established industry - usually metallurgical or
electrochemical [29]. The second purpose was to provide electric power to a
local community for general industrial and domestic use. Implicit in a policy
dictated- by the requirements of orthodox finance was the selection of those

G
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water power sites, within easy transmission distance of the COIIIIIUIlityto be

served, whichafforded the opportunity of providing relatively small blocks of

powerat attractively lowcost. Frequently this led to the. partial development

of resources and to the restriction of the installed generating capacity to a

size which could be justified by the natural stream flow. Theearly schemes

wereextravagant in. the sense that a large part of the water available wasof-

ten wastedover the spillways. As time wenton the ever increasing demandfor

electric .power resulted in the construction of plants of steadily increasing

size and the concentration of generation into larger individual schemes.

At present artificial regulation of the river flow is provided using a

reservoir. A reservoir is built in the catchmentarea by constructing a dam,

therefore, the water flow can be regulated. Thusthe firm capacity of the sta-

tion is increased to a considerably higher value due to the fact that reser-

voir supplies the necessarywater during the dry season or during the lower

rate of water flow in the river. Themost important factor behind the tremen-

dous achievements occurred during the last fewdecades in the field of hydro

electricity is that hydropowerpresents a renewablesources of energy. The

pressure of steadily increasing demandled to the gradual discovery of many

.potential independentsource of water power. Awater powersite in a rela-

ti vely well developedcountry is regardednot as an isolated source of energy

but-as a possible meansof providing additional generating capacity to an ex-

isting networkof interconnected powerstations .•

2.3 WATERCYCLE

For . the reliable generation by hydroelectric plant continuous

availability of water is a basic necessity. For this purposewater collected

in natural lakes at high altitudes maybe utilized or water maybe artifi-

cially stored by constructing damsacross flowing streams. Therainfall is the

primarysource of water and it depends upon such temperature, htDDidity,

7



cloudiness, wind direction and velocity etc. The utility of rainfall for power

generation further depends upon several complex factors which inclu:ie its in-

tensity and time distribution,

characteristics, etc.

topography of land and its drainage

However, it is observed that only a small part of the rainfall can ac-

tually be utilized for power generation. A significant part is exhausted by

direct evaporation, while another part sweeps into the soil. Somewater is

also absorbed by vegetation. Thus, only a part of the water falling as rain

actually flows over the ground surface as direct run off and fOJ:1llBthe streams

which can be utilized for hydro electric schemes.

Figure 2.1 depicts a typical water cycle. Moisture evaporated from the

ocean is carried awayby warmair masses;

A/Boundrios 01Orainago ArOQ~~
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Figure- 2.1 A typical water cycle.
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Someof the water vapor condensesand drops back into 1;heocean, but a part of

the water 'vaporreaches =ntinents to fall as rain or snow.Onlya fraction of

precipitation appears as river flow. Theequation for the water cycle is

Rtmoff + seepage = precipitation - evaporation and

! changein storage. ....... (2.1)

2.4 smrer:rOO OF Srrml FIE HYIR>-IDH:IRIC POWIlRl'LANl'

Theessential characteristics for selecting a excellent site of a hydro-

"

1,',I

Quantity of water available

Quantity of water that can be economicallystored

Headof water whichcan be utilized

Steep gradient in the area

Highaverage rainfall

Favorable sites for impotmdingreservoir.

most important factors whichhave to. be =nsidered in this selection

1.

2.
3.
4.
The

are:

a)

b)

c)

d)

e)

Distance of load center fromthe powerstation

Accessibility of the site.

Quantity of water available is estimated on the basis of measurementsof

stream flow over as long a period as possible. Rainfall records taken at

electric powerplant are

Largecatchmentarea

various locations in the catchmentarea for manyyears also serve as source of

information for availability of water. Thedetennination, within reasonable

limits, of the maximumandminimumvariations fromthe average, dependaon the

munberof years for which data is available. Therefore, for dependable

forecast of the water potential,' infonnation recorded over a large numberof

years is desirable.

9



Storage of water is necessary for'maintaining its availability during

,all seasons of the year so that operation of the plant can be ensured at all

times. Rainfall is varying from ,year to year and also during different months

of a year, with the result that flow of water in rivers and streams is never

uniform. Storage of water using a reservoir helps to smoothen out this non

uniformity of flow. Availability of water head has considerable effect on cost

of a scheme and economyof power generation. Lowfalls on tmregulated streams

are subject to wide variations which affect the net head, and sometimes reduce

it to an abnormally low value resulting in reduced power generation. For a

given power output an increase in effective ,head reduces the quantity of water

required to be stored and to be passed through the turbine.

2.5 ClA'lSIFICATIOOOFIJYIR>-ELEGIRICPIANI'S

There are several ways of classifying the hydro-electric' plants.' The

most commonform of classification [5,29,31) is based on

a) The suPerstructure

b) Availability of head

c) The nature of load

d) The nature of water availability

2.5.1 The Superstructure

According to the superstructure the hydro uni ts are classified as

i) Outdoor stations

,Outdoor-stations have been constructed. in which the superstructure of

the building is dispensed with. The sets are usually of vertical-shaft

arrangement, the generators being prominent and provided with weather-proof

casings.

ii) Semi-outdoor stations

In this case the entire sets, of either vertical or horizontal shaft

arrangement, are housed below the upper-most floor level, these are termed as

10



semi-outdoorstations. Accessto the equipnent for maintenanceis gained by

removal of hatch covers. Therefore, these type of plants need only a. low

building.

iii) Undergroundhydro stations

At somelocations it is cheaper to place the hydraulic station under-

ground instead of on the surface. If the foot of the rapids has poor founda-

tion conditions, or is in a narrowcanyonwithout roomfor a surface plant,. or

if there is danger from'rock slides, it maybe necessary to locate the power

station undergroundwith a turned to the river.

2.5.2 Availability of Head

Dependingon the nature of the site the useful head available mayvary

fromsomemeters to a fewhundredmeters. Thenet head available for power

generation can be substantially increased by using a suitable dam. According

to the availability of water head the hydroplants are classified as

i) Lowhead plants

Whenthe available water head is below30 meters, the plant is knownas

the lowheadplant. In this case. a damis built across the river to create

the necessarywater head. In general. Kaplanturbine or sometimeFrancis tur-

bine are used in this type of plant.

ii ) Medh01lheadplants

The plants working.under a net head of 30 meters to 100 meters are

belong to this group. In this case the forebay providedat- the beginning of

penstock provides the reservoir facility and opencanals are used to direct

the water fromthe mainriver basin to the penstockand finally to the power

house. In most of the cases Francis turbines are used for this type of plant.

iii) Highheadplants

If the workingheadof a hydro-electric powerplant is greater than 100

meters. the plant is called a high head plant. In this type of plant the water

is carried out by tunnels to the surge tank from the main reservoir and

11



through the penstock it enters to the entry valve of the turbine. Pelton wheel

is the mostcommonformof water turbine for these type of units. Francistur-

bine is also sometimeused.

2.5.3 TheNature of Load

As the hydro units are efficient to take care the rapid changesof load,

a variety of operation of hydro unit is possible. Dependingon the loading

they are classified as

i) Base load unit

If the energy associated with hydro unit permits that uniformoutput is

possible throughout the day or year then the units are loaded in the initial

portion or constant load portion of the load curve. These type of units are

called base loaded unit.

ii ) Peak load unit

This type of units are used to serve the peak load portion of the con-

sumerdemand. As the operation of hydro unit is adaptable to varying load

requirements, the operation of hydro unit as peak load unit is muchmoreat-

tractive than other conventional units • Depending on pondage and storage

facilities available, the peakingunit stores the water during off peak period

and supplies the consumerin the peak load period.

2.5.4 TheNature of WaterAvailability

Depending on the nature of water availability, the hydro units are

classified as [5,31]

i) Run-of-riverpIants without pannage

A run-of-river plant without pondage, as the nameindicates, does
,

not'

store water and uses the water as it flows through the river. There is no con:-I

trol on flow of water. Duringhigh rate of flow water is wasted, while during .

lowrate of flow the plant capacity is considerably reduced. Run-of-river

plants without pondagemaysometimesbe madeto supply the base load, but the

firm capacity dependaon the minilllUlllflow in the river.

12



ii) Runof river plants with poOOage

The importanceof run-of-river plants increases whenit has a pondage

facility. Pondageusually refers to the collection of water behind a damnear

the plant, and increases the stream capacity for short periods. The pondper-

mits to store water during off peak hours and uses the water during peak

hours. This type of units are usually used as peak losd units.

iii) Storage plants

In this type of plants the reservoir size is such that it is possible to

carry-over the storage fromrainy season to dry season. In general, storage

means collection of water at the upstreamof the plant whichcan be used over

an extendedperiod of several montha. Storage plants maywork satisfactorily

as base losd or peak losd stations dependingon the total amolUltof water

available and the consumer'losd demand.

iv) Pumped-storagehydro lUlits

This type of lUlits are used as peak losd planta. Pumped-storagelUlits

deliver electricity to the consumerduring peak losd period and in the off

peak periods it pumpsback a portion of water from tailrace pondto the head-

race pond. Therefore, in this type of plant there should be headwaterpondas

well as tailwat;er pond. In general, such plant has a prime moverwhichacts a

turbine to developpowerwhenrevolving in one direction and as a p.mp to send

the water back to head water reservoir whenrevolving in the other direction.

2.6 CAPACITYCAUlJLATI<Hl F{E IJYIR) lUlllR

Energyavailable fromstored water can be calculated fromthe relation

where

E = W(n. -ht )e ....... (2.2)

E is the energy

, V is the volumeof, water flowing through the turbine

W is the weight of the water per lUlit volume

13



Hg. is the gross head

h, is the head lost in the systemaboveentrance

to the scroll and belowdraft tube exist; and

e is the plant efficiency expressed as a fraction.

Thepowerdevelopedin hydroplant is given by

where

p = QW(hc-h, )e

P is the developedpower

Q is the flow rate

•....... (2.3)

ThemostCOIIIIIOnfonn of hydrounit is the storage type unit and the dif-

ferent componentsof such unit is depicted in figure 2.2.

SPil'::OY H.~QdWOrk5)

R~se-r'WO.,- - ---- -
lurge Chamber

y"ial ••• House

Figaure- 2.2 Outdoor arrangement of o\.hydro unit,
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Themost essential componentof a storage type hydro-electric project is

the reservoir with sufficient catchmentarea. Thereservoir stores water in

the high flow season and uses this water in the 16w flow season. The water

from the reservoir is drawn to the valve house through headworksand open

channel or tunnel. Thewater then flows through the penstocks and drives the

water turbine to whichthe generators are coupled.

2.8 DIFFERENTa:.MIUffiNTSOFHYDROUNIT

In what follows a brief description of the maincomponents6f a hydro

unit is given.

a) Reservoir

Astorage is used to retain the excess water cOlllllOnlyknown as

reservoir. Theprimarypurpose of a reservoir is to regulate the flow so that

a finn supply can be generated, and the principal gain to offset the cost of

increased storage is in the increased proportion of finn output and the in-

creased kilowatt revenue.

b) Dam

Themainfunction of the damis to increase the water voltune in the

reservoir area, thus increasing the capacity and energy output of the hydro-

electric project. Dependingon the topographyof the site damsare built of

concrete or store masonry, earth or rock fill or even timber. Eachdamis

designed to fit the natural features of the location.

c) Spillway

Withrare exceptions, there are times whenthe river flow at any site

exceeds the rating of the generating equipnent or the storage capacity of the

reservoir. For that reason spillways are neededto discharge the surplus water

past the dam.

d) Headworks

Theheadworksof a hydrounit consists of the diversion structures at

15
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the head of an intake. Theyusually include boomsand rocks for diverting

floating debris, sluices for by-passing debris and sediments, and headgates or

valves for controlling the flow of water to turbines or conduit intakes.
I

e) Surge tank

Surge tank is usually provided in high-heador medium-headplants when

there is a considerable distance betweenthe water source and the powerunit,

requiring a long penstock. Thesurge tank furnishes space for holding water

during load rejection by the turbine, and for furnishing additional water when

load on.the. turbine increases. It also relieves water hsnmerpressures within

the penstockconditions of suddenchangesof water flow.

f) Penstock

Watermaybe conveyedto turbine throughclosed .pressure pipes called

penstocksmadeof reinforced concrete or steel. The thickness of the penstock

increases as workingpressure or water head increases. Thepenstock is sup-

posed to withstand very high pressure.

g) Powerhouse

This is the most important part of the hydro-electric unit. Thepower

housecontains the turbo-alternator set, control room as well as other

accessories. In powerhouse the energy associated with water is trarisfonnedto .

rotational energy throughwater turbine and this rotational mechanicalenergy

is converted to electrical energy throughalternators/

2.9 mERGY LIMITATIOO OF cnMlNITOOAL HYmO rowER PLANT

.Theenergy generated by hydro plant depends. on the amount of water

energy. Theamountof water available or the amountthat can be stored in the

reservoir is limited. Therefore, the maximumgenerator energy available fran

such unit is fixed. Whensuch unit is used to supply the consumersdemandit

maynot be possible to load the unit in the base load region of the load.

curve. If this is the situation then the hydro unit is called the energy

16
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limited tmit. A conventional hydro tmit becomesenergy limited due to some

constraints which are independentof the operation of the remainingtmits of

the powersystem. Themainconstraints are

1) Reservoir size

2) Run-of-the-river

3) Seasonal rainfall

2.,9.1 Reservoir Size

A huge amotmtof water flows during the rainy season and it is required

to store this huge amotmtof water in a reservoir whichcan be utilized during

dry season. Therefore, a large reservoir area is required for this purpose.

But in most cases the size of the reservoir is determinedby the topographyof

the site. It is not alwayspossible to increase the reservoir size by substan-

tial BDIOtmtdue to the constructional as well as financial limitations.

Therefore, a reservoir size became limited as it cannot store substantial

BDIOtmtof water in the reservoir for smoothoperation of the plant during the

wholeseason.

2.9.2 Run-of-the-River

In hydro-electric engineering, rtm-off usually denotes the water which

actually reaches a given interception point. It is often related to some

definite period, for example,a year or a month,and is expressed either as an

average rate of flow throughout that period, or as a total in inches over the

catchmentarea. Runoff dependson the condition and type of soil, the charac-

ter of the terrain, and the vegetation. Run-off is usually divisible into two

distinct portions, the surface rtm-off and the water rtm-off or base flow. A

large surface rtmoff is experiencedwhenthe ground'is saturated fromprevious'

rain, or is impervious, such as rock or ,clay. Run-of-river in general depends

on the various types of rtm off losses such as [29]:

17



a) EvaporationLosses

b) Transpiration loss

c) Interception loss

d) Lossesdue to consumptiveuse

e) ,Leakageloss

2.9. 3 SeasonalRainfall

Rainfall varies widely fromone part .of the world to the another, rang-

, ing fromdesert, regions whererain is a climatic freak to the hills of Assam

where the average annual rainfall is over 450 inches [29]. Rainfall also

varies widely fromone season to another within a year. Dependingon the na-

ture of the climate total rainfall mayalso vRryfromone year to the another.

Thereare different types of rainfall. Convectionalrainfall occurs whenpart

of the surface layer of the atmospherebecomesheated and is thus displaced by

the cooler air arOlmdit. Cyclonicrainfall occurs whenair massesare carried

up by air currents assoc~atedwith the passage of barometric depressions.

2.10 IHPCIlfANCR (Xl' HYJH) mIT SIKlLATIaf

,As the technologyadvancesmoreandmorenatural resources are' required

to meet the growingdemandof energy. Fromthe traditional sources which in-

cludes coal, petroleumand natural gases, the production of electrical energy

is associated with fuel cost. Themost important fact is that these sources

have almost limited reserve throughout the world. Therefore, in last thirty to

forty years muchemphasisis given on the use of renewablesources of energy.

Waterpowerdiffers ftmdamentallyfromthermal powerin that the fonner repre-

sents an inexhaustible source of energywhichis continually replenished by

the direct agencyof the sun, whereasthe latter represents the use of chemi-

cal energy whichhas been created and stored within the earth's crust dlJring

the past geological ages. ' Thewater poweris a renewablesource of energy and

it is found in natural river flow or natural reservoirs. Thus, the incremental
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fuel cost .assOciatedwith this energy is zero. Nowfor minilDlDllproduction cost

of a powersystem, the optilDlDllscheduling of existing hydro units are badly

needed. Also fromthe envirorunentalpollution point of view, the hydro unit

has the lowest affect on it.

2. 11 APPLICATlOO OF HYIJIlO-HLEClRIC PLANTS

Hydro-electric plants have been used as exclusive source of power with

thermal stations in a powerpool. As a self-contained and independentpower

source, a hydro-plant is most effective with adequate storage capacity other-

wise the maximumload capacity of the station has to be based on minimumflow

of stream and there is a great wastageof water over the damfor greater part

of the year. This increases cost of installation.

Bycoordinating hydro powerwith thermal, a great deal of saving in cost

can be achieved. Hydrounits are especially suitable for carrying fluctuating

and peak loads. Thus.the steam stations can carry a continuous base load with

better efficiency. Hydrounits can be put on the line in a matter of seconds,

while a steam turbine and boiler may require several hours. Therefore, by

proper coordination of hydro and thermal powermoreflexible operation of the

units are possible.
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CHAPTER 3

GENERATION AND LOAD MODELS

3.1 lNJll(D£Tlaf

Theprincipal objective of an electric utility is to ensure an economic

supply of electrical energy to customersmaintaininga desired level of

reliability,. Theevaluation of LOLPand productioncosts for generation expan-

sion pianningusing anymethodrequire twobasic models; the generation and

the load. The various modelsfor generation and those for the systemload,

differ greatly in their degree of accuracy. Themodelssuitable for incorpora-

tion of the probabilistic or stochastic nature of system behaviour are

presented here.

3.2 GIlNERATIJ«;CAPACITYKDEL

Various types of generating units are in use today and all types of

units are randomlyforced off-line becauseof technical problemsduring normal

period of operation, Toaccount for the random'outage or availability of a

unit, it is necessary to detennine the probability density function (PDF)that

describes the probability that a unit will be forced off line or will be

available during its normaloperation. It maybe assumedon the basis of his-

torical data that the availability of the generating capacity of a given unit

maybe graphically represented as shownin figure 3.1. This figure conveysthe

idea that randomfailure and repair of a unit can be defined as a tlro-state

stochastic process. Astochastic process is defined as a process that develops

in time in a mannercontrolled by probabilistic laws.

The figure showsthat the systemalternates betweenan operating state,

or up state, followedby a failed state or downstate, in which repair is

effected. For the i-th cycle, let

20

\.. '



IIJI = UPtime

n = .~ time

Up state
(State-1)

Downstate
(State-D)

Up timer--A--....
ml m2

Failure Repair

r1 r2
~
DOwntime

-~._Time

Figure- 3.1 Run-foil repair-run cycle for generati ng unit.

Figure-3.2 Generating unit state-space diagram ..

The random history of a generating \.ttli t maybe represented in tenns of

an average (mean) UP time and an average ~ time as:

m = meanup time = 1z=. '"'
N i

21
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....... (3.2)r = meandowntime = 1? n

N i

whereN is the total number of run-fail-repair-run cycles. Thus the unit

failure rate A and the repair rate )J.. maybe expressedas

?\ = IHdt failure rate = 1 (3.3)

m

~ = unit repair rate = 1
r

••••••• (3.4)

with these twoparametersthe randomfailure and repair of a generating unit

can be defined as a state-space diagram(twostate) as shownin figure 3.2•

Twoimportantparameterscan be obtained fromthis model[1]:

1. Unit availability - the long term.probability that

the unit will be in the up state.

2. Unit unavailability - the long termprobability that

the unit will be in the downstate.

Toobtain the expression for long-termavailability and unavailability

of a generating unit, it is first necessary to recognize that the stochastic

process weare considering is a very special one, called a zero-order, dis-

crete state, continuoustransition MarkovProcess. Sucha stochastic process

has.the followirlgproperties [1] :

1. Mutuallyexclusive and discrete states, that is the

generating unit. can be in either the up or the downstate, but not in both

simultaneously.

2. Collectively exhaustive states, that is, since weassure that only

possible states for a generating unit are the up and the down states, then

these states define all the possible states weever expect to find a unit in.

3. Changesof state are possible at any time.

4. Thept'Obsbility of departure form a state dependsonly

on the current state and is independentof time.
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5. Theprobability of morethan one changeof state during

a small interval ~t is negligible.

Let
p, (t + At) = Probability that the unit will be in the up

Thus

state at time (t +At) .....•... (3.5)

P, (t+At) =
Probability of being

in state 1 at time t

and not leaving that

+

Probability of being

in state 0 at time t and

movingto state 1 during

state during interval interval t

t ......... (3.6)

Considerthat the distribution of a unit failure can be described by the

exponential distribution.

F, (t) = e-?'-4t = Probability of unit being ......... (3.7)

available upto time t.

Expsnding the right hand side of equation (3.7) into infinite series and.

neglecting higher order teI'lllB,it is obtained.as

F,(t) = 1 -/-At + ("'(~t)')/2! + ••...••
r-= 1 - ~t = Probability of unit being available

where

during time At •....... (3.8)

Again

~At = Probability of transferring fromstate 1 to state 0 in timeAt.

(~ I. At
F.(t) = e-,..•.•= Probability of unit being unavailable upto

time t. •....... (3.9)

Expandinginto an infinite series and neglecting higher order teI'lllB,it is ob-

tained as
A

F. (t) = 1 - /AA t = Probability of unit being unavailable

during timeAt.

23
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where

r~t = Probability of trarisferring from state 0 to state 1

in time At.

Using the definitions of equations (3.7) to (3.10), equation (3.6) may be

written as

PI (t +A t) = PI (t) [1-J-At] + P. (t)[~t]

Similarly

P. (t +At) = P. (t) [1-~A t] + PI (t)[7-A t]

where

......... (3.11)

••••.••.• 3(12 )

P. (t) = Probability of being in the downstate at time t.

Uponrearranging the equations (3.11) and (3.12), we have

Ptlt+At) - PI (t)

.At
P. (t+A t) - P. (t)

------------------- = ')\ PI (t) - r- Pi (t)
At

Letting A t ~O, one obtains the following differential equations:

dPl

with

dt
dP.

dt

=-/U'1 + f..P. . (3.13)

. (3.14)

Pdt) + P. (t) = 1

Equations (3.13) and"(3.14) can be written in the matrix form

as follows:
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p'" (t)

p." (t)

Solving [2],

- [P,(t) P. (t)] [=>- -;xl
f.l.-~

........... (3.15)

J-t.
P, (t)=-----[P, (O)+P.(0)]

/-.+p..

e-("]I.' jJ.),
+ ----------[/'P,(O)-fLP.(O)]

?--+P-
•••• (3.16)

A .
P. (t)=-----[P, (O)+P.(0)]

;..+r-
+ --------- [fP' (0)-'?-P, (0)]

/-+f..l.
•.•. (3.17)

where P, (0) and P. (0) represent initial conditions such that

PdO) + P. (0) = 1

Nowconsider that at t=O the generating unit is in the up state.

So, P, (0) = 1 and p. (0) = 0

••••••••• (3•18)

(3.17)

P-= ~--1,+ --------------
;>-.+ r- ?'- + fJ.. .

fromequation (3.16) and

~ e-I7\'\J-)t
P, (t)

Therefore,

P. (t)

e-l 7\.~)'
A A

= ----- - --------------
A + }-LA + J..t-

.••...... (3.19)

In generating expansion planning long-term (steady-state) probabilities

are required. So, letting t~~, equation '(3.18) and (3.19) are obtained as

p...
P, ( ~) = -------

P. (ex: )
/-.

= -------

:A+~
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Therefore the long term probabilities of mrlt availabilit~ and unavailability

are given as

Frob. [UPState) =
}.J..

p = ------ =
A+~

m

m + r

. ,_. ".. (3.20)

Frob. [DOWNstate)

thus

p + q = 1

t-= q = -------- =
A+P-

r

m + r

•••••• (3.21)

...... (3.22)

The traditional term for the lDlit unavailability is 'forced outage rate'

(FOR), a misnomerin fact, since the concept is not a rate. Anestimate for

this important parametermaybe given as

Forced outage hours

FOR = ----------------------------- _
Forced outage hours + service hours

or, FOH
FOR= ----------

FOIl + SH

3.2.1 Frobabili ty Density FlDlctionof Binary State Generating

Unit.

Fromthe two state modelof figure 3.2, the probability densityflDlCtion

(PDF) of available and forced outage capacity for a generating lDlit of

capacity C MW,FOR= q and availability p maybe depicted as in figure 3.3.

The representation of figure 3.3 is also mownas the binary state rep-
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resentation of generating tmits. The PDFs of forced outage capacity is

expressed as

fLo (x.,) = p~ (x., )+q ~(x.,-C)

where

fLo = PDFof forced outage capacity

a(.) = Dirac - delta function.

x., = Outagecapacity

p

\;
t

p

q

o XA=C
--Available capacity(XA>,MW

o Yu=C
-Outage capacity (Xo >, MW

Figure -3.3. PDFs of available and forced outage capacity.

/

\ .
3.2.2 Multi-state Representation of Generating"Unit

For a generating tmit of capacity lOOMW, a three-state modelof the unit

with cinederated state is shownin figure 3.4. For this type of tmit a portial

outage is possible.
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0.7

0.2
0.1

100o 50
--Outage capacity. MW

Figure- 3.4 PDFs of outage capacity ota multistate unit.

3.2.3 Multi-blockRepresentationof GeneratingUnit

On the basis of economicCOIIIIlitmentscheduleas will be described in

Chapter 4 the generating units are loaded in the' order of their average in-

crementalcosts. In actual operation, it is seldomeconomicalto conmit one

generating unit fully before another unit is loaded. To simulate this fact the

generating unit capacities are segmentedinto several capacity blocks; each

block defined by its average incrementalcost. A typical heat rate curve is

shownin figure 3.5

MBtu
MWh

1 Segment
1

Segment
2

segment
3

--".-MW

Figure- 3.5 Typical heat rate curve.
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Annit may, for example, be divided into three blocks: a lower, middle

and upper block with correspondingcapacities and average incremental costs.

The basic consideration in the simulation of multi block loading is that an

upper block of a unit cannot be loaded nnless the =rresponding lower blocks

havebeen already loaded.

3.3 mJl3ABILISTIClDAD KDm.8

The proper modelingof load is an important factor in the probabilistic

simulation. Thedata required to developprobabilistic load modelare readily

available. Since' continuousreadings of systemdemandand energy are usually

obtained on a routine basis by all electric utilities. If a recording of in-

stantaneous demandswereplotted for a particular period of time, a curve such.

as depicted in figure 3.6(a) might result. This is knownas the chronological

load curve (CLC). Fromthis curve the so called load durationcurve(LDC) in

Figure 3.6(b) is easily =nstructed. The load duration curve is created by

determiningwhatpercentage of time the demandexceededa particular level •

Demond,L
MW

t

.0_---- _

- - - •...=... -=-:I~.L
- - - - - - - - - - .;.. - - MW-

t
-Time

a) Instantaneous demand vs time b)

a-- 0'0 of time
Load duration curve

100

Figure-3.G Chronological load curve and load duration curve.
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3.3.1 LoadProbability Distribution

For generation systemstudies it is necessary to interchange the axis

parameters of figure 3.6(b) and nonnalize time, producing the load probability

distribution in figure 3.7. wherethe y-axis showsthe probability that the

load exceeds the correspondingx-axis value. This load distribution will be

denoted generally by Fk(L)J wherek indicates the time period for which.the

distribution is applicable. This curve is also knownas 'inverted load dura-

tion curve' •

1.0

0.0
• Demand. MW

Figure-3.7 load probability distribution for week.K.

3.3.2 Developnentof HourlyLoad

Hourly load model is often used in various probability methodsfor

evaluating LOLPand production cost. This hourly load modelis developed from

the chronological load curve (CLC)• Figure 3.8 showsa CLCexcept that the

time axis is being divided into n numberof small equal intervals.
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Load, L
MW

tn Time

Figure-3.B CLC with time axis divided into n small interials.

Load, L
MW

J

tr_l

f

tn_l tn Time

Figure- 3.9 Load distribution assuming constant load for each interval..

31



In the figure, the energy demandduring the period betweentr - 1 and tr

is given by the area !Ie under the CLCbetweentr-. and tr• Hence

j

••••••• (3 •23 ) .

Theaverage load during the period of time (tr -tr _.) can be obtained using the
\

following equation: ,
.,

lF8V«= ----------- ~••••.• (3•24 )

I
I
I

J
j

]

(tr - tr-l)

In this waythe average load for all other time intervals are obtained.

If the average load for each interval is asst.medto remain constant for the

correspondinginterval, then a distribution of l~ of figure 3.9 is obtained.

The most important point to note that by such construction the total energy

demandas well as energy.demandfor each interval remains tmehanged. If the

time intervals is madeequal to one hour then the resulting curve is knownas

'hourly load curve' .

3.3.3 Effective Load

So far the probabilistic models.for both the generating units and the

load weredeveloped. Nowthese twomodelswill be combinedto define. the ef-

fective load of the system. The randOllD'lessin the availability of generating

capacity is taken into account by defining a fictitious load, knownas

'effective load' (Le) [1]. Figure 3.10 depicts the relationship between the

system load and generating units, wherethe actual units have been replaced by

fictitious perfectly reliable units and fictitious randomloads, whoseprob-

ability density functions are the outage capacity density functions of the

units.
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Capacity Cl
000"10reliable)

2 Capacity C2
(100'/. reliable)

Random outage load

L02 =fC2

Figure-'3.10 Fictitious generating units and system load model.

If 41 represents the randomoutage load correspondingto the i-th unit, the

equivalent load (4) mayhe expressedas

n

4 = L + ~ 41

i=l
••...••• (3 •25)

wheren is the total maher of generating units. When41 = Q ,- the net demand

injected into the systemfor the ith unit is zero, just as it wouldhe if the

actusl unit of capacity Q were forced off-line. The installed capacity of the

systemis given by

n

33

The PDFof outagecapacity of generating units mayhe taken as independentof

systeniload. Thenthe distribution of effective load will he the convolution

of twodistributions; fL and fL. representing the PDFsof the systemload and

outage capacity of generating units respectively. For the discrete case the

Ie = ~ Q

i=l
••••.•• (3.26)



PDFs, fL and fLo respectively, can be written as

fL(1) = 2:PL' ~ (1-11)
i

i

Therefore, the PDFof equivalent load fL. is

fLo(1.) = fell) * fLO(1.,)

= ~ PLI PLOla(l. - (11 + 101»

i,j

•

•••••• ~(3 •27 )

....... (3.28)

....... (3.29)

.mere * indicates the convolution and PL.and PLOare the probabilities of load

and outages of generating unit respectively. The small letters within bracket

of equation (3.29) are the values of co,responding randomvariables (RYs).
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PROBABILISTIC SIMULATION

Probabilistic simulation maybe defined as,methodfor obtaining the ex-

pected energygeneration, reliability index and production cost of a systemof

generating tmits meeting a consumerdemandby taking into consideration the

randomnature of generation and demand(35). In generation expansionplanning,

probabilistic simulation method finds its' wide use throughout the power

industries. For the probabilistic simulation a numberof different techniques

havebeen developedwith an ultimate goal to improve its computational ef-

ficiency and flexibility. Theprobabilistic simulation techniques, developed

till now,can be classified broadly into twocategories exact and approximate.

In this chapter, a brief description of different simulation techniques

is given. Prior to the discussion on simulation techniques a very brief

analysis is given on power system ,reliability and economic'commitment

schedule.

4.2 POWERSYS'l»l RHLIABILI'lY

In mathematicalevaluation, reliability is defined as the probability of

a device or systemperformingits purposeadequately for the period' of time

intended under the operating conditions encotmtered(36). Thedifferent prob-

abilistic approaches are used to evaluate the powersystemreliability. For

comparativestudy of reliability of powersystem a number of probabilistic

reliability indices are being used. SOllIeof cOlllllOnlyused indices are

described here.

i) Loss of LoadProbability (LOLP)

The loss of load probability is the probability that the available gen-
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erating capacity of a systemwill be insufficient to meet its demand.Thus

LOLP= Prob[AC(L] ....... (4.1)

where 'AC' and 'L' are the available capacity and systemload respectively.

The evaluation of LOLPtake into consideration the forced and scheduled

outages of generating units as well as load forecast uncertainty and assis-

tance due to interconnections. LOLPdoes not give an indication of the mag-

nitude or duration of generation deficit. This reliability index only provides

the probability of occurrenceof the loss of load. AsLOLPis the simplest and

most conBitonlyused reliability index [16,37], it will be used here to find the

. reliability of a powersystemhaving energy-limited multi hydro units.

ii) Loss of energyprobability (LOEP)

The ratio of the expectedamountof energynot supplied during somelong

period to the total energy required during the sameperiod is defined as the

loss of energy.probabili ty • Thetrue loss of energy cannot be accurately c0m-

puted on the basis of the cumulativeload curve. For this reason, the loss of

energy index is rarely used.

iii) Frequencyand duration (FAD)[37].

This gives the averagemunberof times and length of time during which
,

available generation is inadequate to the load. This requires consideration of

load cycle and data on the frequencyand duration of unit outages. Oneproblem

with FADtechnique is that it requires moredetailed data than is usually

available. In addition to failure rates of various components, repair times

must also be available.

iv) MonteCarlo Simulation (l'K::S)

MonteCarlo simulation methodsare morepopular in Europethan in Canada

or USA.In l'K::S, the actual realization of the life process of a componentor a

systemis simulated on the computerand, after having observed the simulated

process for sometime, estimates are madeof the desired reliability indices.

l'K::S is best suited to problemsin whichreliability is significantly affected
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by system operating policies. The method is computationally expensive.

However, it mayproducea solution in cases wheremoretraditional analytical

techniques fail. This mayhappenwhenthe failure and repair processes have

non ~xponentialdistribution.

4. 3 EalNCMIC atflI'l.Mml' SCHROOLH

In reliability assessment, it is the numberof units and their PDFs

which account for the value of LOLPrather than the order in whichthe units

are loaded. However,in cost analysis the loading order is also important. For

the economicoperation of the system, the schedule for the conmitmentof the

units in 'the order of their increasing average incremental cost called

'economicconmitmentschedule' (ECS)or merit order of loading, is made.

Themost economicallyefficient generating unit is the one with the

lowest incremental cost, this generating unit is loaded first. Next in line

will be the generating unit with again the lowest incremental cost among the

remaining units. But it is seldomeconomicalto ccmmit Ol1eunit ccmpletely

before another unit is loaded. To simulate this fact the generating unit

capacities are segmentedinto several capacity blocks. The reason for segment-

ing the unit capacity is the shape of the heat rate (HR)curve. A typical HR

curve is shownin figure 4.1. Clearly on this curve the second segment cor-

responds to higher efficiency. In ECS, the segmentwith lowest incremental

,cost is conmitted first. But it should be noted that in the ccmmitmentof

capacity blocks of a generating unit the lower capacity block should be com-

mitted before any higher capacity block is loaded, since physically it is not

possible to commitany higher capacity blocks before conmitting all the lower

capacity blocks of that unit.

Fromthe basic HRcurve of figure 4.1 the input/output (I/O) curve can

be obtained by multiplying every y-axis value by its correspondingx-axis

value. A typical I/O curve is shownin figure 4.2.
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Figure- 4.1 Typical heat rote curve.
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Figure-4.2 Typical input/output curve

Differentiating the I/O curve with respect to load (L), the incremental heat

rate (IHR)curve is obtained as shownin figure 4.3. The IHRcurve is used to

obtain the incremental fuel cost of the generating units.
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Figure- 4.3 Typical incremental heat rate curve

To quantify these relations for the k-th lDlit (or segment), one should

do the following:

I/o.. (L) = L HR(L)

d(I/o.. (L))

IHRk(L)= --------------
dL

....... (4.2)

....... (4.3)

In the special case whenHRcurve is assumed to be constant, the whole curve

HRk(L) = HRk,then

dL

IllRk(L) = llRk -------

dL

....... (4.4)

This special case is important, because in economic analysis the assumption

that .HRk(L) is constant makes computation simpler. For the k-th lDlit (or

segment)

IllRk(L) X UFCk

IFCk = ---------------
INk
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where

IFC. = incremental fuel cost for k-th rmit (Th./MWh)

UFC.= rmit fuel cost for k-th rmit (Th./bbl or

Th./ton)

HV. = heat value for k-th rmit(MBtu/bblor MBtu/ton)

If HR.(L) is constant then, for the k-th rmit (or segment)

HRtx UFC.

IFC. = ---------- ....... (4.6)
HV.

4.4 EXACTTInINI(JE! <F HQWJILISTIC SDlJLATIaf

Twoexact techniques for probabilistic simulation have so far been

developed: one is the 'Baleriaux-Booth' [6,7] technique morecOlllllOnlyknownas

the 'recursive' method and the other one is the 'segmentation method" [20].

The segmentationmethodis described in detail in Chapter 5.

4.4.1 Recursive Method

, The starting point of this methodis the load probability distribution,

F(L) and the generation systemwith the outage modelof each rmit. The prob-

ability distribution of equivalent load, F(L.) is obtained by convolving F(L)

and the PDFof the ith generator, outages F(lo) using the following equation

where

FI(L.) = FI-l (L.)Pl+FI-l (L.-Ct)ql ........ (4.7)

FI(L.) = Probability distribution of equivalent load after

convolving up to the ith rmit

Ct = Capacity of i th rmit

PI = Availability of capacity Ct of the i th rmit

ql = Forced outage rate of ith unit.

In F(L.) the load axis represents a fictitious load called equivalent

load. The rmits are convolved in F(L) in their economicmerit of loading in

order to simulate the waythe units are actually loaded in a practical system.
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In a n tmit system, whenr tmits are convolved, the probability distribution

of equivalent load is represented as F, (L..) and is shown in the following

figure

1.0

F(Le)

1

MW

Figure- 4.4 Load probability distribution of equivalent Load.

WherePL is. the peak load of the system. The expected energy generation (Er.,)

by the (r+l) tmit is represented by the area it occupies under Fr (1..0) given as

where

B

E, •• = T Pr" f F'(I..o)dLo

A

T = Period of hours considered

Pr" = Availability of unit (r+l)

........ (4.8)

r r+1

A=~Ct andB= ~ Ct

i=1 i=1
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The cost of energy producedby (r+1)th unit, asslDDingsingle block for

each unit, is obtained by multiplying E., 1 by its average incremental fuel

cost. Whenall the n units are convolvedthe final equivalent load probability

distribution Fa (Le) is shownin the following figure.

1.0

'.•....

F (Le)

LOLP --c:
:J

N- M

:!::c::J

c:
. -.c

:J
le+ PL MW

Figure-4.5 Equivalent load probability distribution .

.In this figure IC denotes installed capacity and is given by

n

IC = ~ Ct

i=l
The loss of load probability is simply the probability obtained frOlllthe curve

Fa (Le) at point corresponding to IC. The expected demandnot se~ed is ob-

tained from the area under F:n(Le) betweenthe poirits IC and (IC + PL). The ex-

pected demandnot served is expressed as

IC+PL

E (DNS) = J Fa (Le)dLe

IC
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So the expected energy not served is given by

IC+PL
€(ENS) = T SF'" (Le)d.l"

IC
....... (4.10)

Recursivemethodcan incorporate multi-block loading of generator. In

this case the capBcity blocks are convolvedin the order of their increasing

incrementsl fue'! cost. Therefore the capacity blocks of a unit can occupynon

adjacent loading order. But the important point is that the upper capacity

block of a unit can not be loaded until all the lower blocks of that unit al-

ready loaded. Tocarry out the probabilistic simulation correctly whenevera

upper block of a unit is to be cOlllllitted, the corresponding lower blocks must

be deconvolvedand then joint lower and upper block is convolved. Deconvolu"'"

tion of ith unit is carried out using the following recursive relation

FI (Le).- F1-1 (Le-C! )q;

FI - 1 (Le) = ----------------------
PI

....... (4.11)

4.5 Al'IKlXIHA'IE'lmINIW!lS <F PIUWHLISTIC SDIJIATIOO

Approximatetechniques are evolved on the basis of Gram~lier series

and it is faster than recursive method. But the a=tiracy of these techniques

are systemdependentLe. dependson numberof units, unit size, Fal, load

shape etc. The technique is popularly knownas 'cUlllU1antmethod'•

4.5.1 CumulantMethod

The 'methodof moments'CODIIlOnlyknownas 'cumu1antmethod' approximates

the discrete distribution of equivalent load as a continuous function through

Gram-Charlierseries expansion. Theconvolution of PDFof generating unit with

the load durntion curve (LOC) is perfonnedon the basis of economiccOlllllitment

schedule. In this technique, the convolution is carried out by using the addi-
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tive property of cumulants.' For energy calculation Le. the area tmder ELDC is

not fotmd by numerical integration rather ,it is found by nonnal probability

table.

A discrete density function f(Z) can be expressed as a continuous func-

tion through the Gram-Charlier series [18,19] as

f(Z) = N(Z) - GtN(3)(Z)/3!+{hN(4)(Z)/4!

-o.N(5) (Z)/5!+(0.+1oo,2 )N(O)(Z)/6!

where the nonnal PDFN(Z) arid its derivatives are given by

1

(4.12)

N(Z) = exp(-Z2/2) ,

2

dr

N(r) (Z) = ---------- N(Z)

dZr

....• (4.13)

....• (4.14)

The nonnal PDFand its derivatives are related by the recursive relations

N(1) (Z) = - ZN(Z)

N(2) (Z) = (Z2-1)N(Z)

....... (4.15)

••• t ••• (4.16)

and Nr(Z) = -(r-1)Nlr-2) (Z) - ZNlr-') (Z)

for r = 3,4 .

....... (4.17)

Using these recursive relations, equation (4.12) can be expressed as a

polynomial of N(Z) arid Z. Gt,o., .••....•• etc. in equation (4.12) are expan-

sion factors expressed in tenus of the moments of individual distributions.

, The n-th moment,ilia, of any PDFp(x) is defined as

oc:.

ilia = f x.p(x)dx
_oc

• . • • •• (4. 18)

To obtain the expansion of equation (4.12) from the generator outage

model and the LDC, six moments(n=1 to 6) about the origin for the nonnalized

LDC (f(x» are obtained as
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1 PL
m"L= --- f xDf(x)dx

A 0

•.••.• (4.19A)

.mere A = Area under LDC,PL = Peak Load

In case of hourly load, the momentsqf order n about origin maybe calculated

from the following relation

1 T

m" (1) = ---:t:.. (L)D
T i=l

....... (4.19B)

.mere T is the tots! no. of hours. n=1,2,3, ••••••••

Let us consider a binary state representation of the generating

units as. given in section 3.2.1. For the i-th machine in a system, the outage

PDF consists of just two impulses, one of magnitude PI .at 0 MWand the other

of magnitude qi at Q MW. The momentsabout the origin of such two state

outage PDFare given by

m"(i) = Q Dq.; n=1,2 •.••.• (4.20)

At any level .mere r generators are convolved with the LDC,for each generator

the following six moments about .the origin are calculated using equation

(4.20)
JJIi(i) = Qq., 1112(i) = Q 2q. ....... (4.21)

IIl3(i) = Q3q. , IlI4(i) = Q4<fi •••.••• (4•22)

ffi3 (i) = Q Sq. , 1118 (i) = Q 6q. ••••••• (4 •23 )

For each generator Le. i=l to r, the mcmentsabout the mean are calculated

using the following relations

Hi (i) = JJIi (i)

Mz(i) = Vl2 = 1112(i) - lilt2(i)

........

........
(4.24)

(4.25)
M,,(i) = lIl3(i) - 31112(i)m,(i)+2IIlt3 (i) •.••.•.• (4.26)

Mt(i) = llI4(i) - 4mo(i)m,(i)+6mz (i)1Ilt2(i)-3m,4 (i) •.•. (4.27)

Ms(i) = ffi3 (i)-51l14(i)m, (i)+lOmo(i)1Ilt2(i)-101112(i)
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(4.28)........m,' (i) + 4m,' (i)

Mo(i) = lIl6(i)-6rns(i)m,(i)+151114(i)m,Z(i) -

20nb(i)m,' (i)+15mz(i)m,' (i)-5m,. (i) •••••.•• (4.29)

For each machine upto r, the cl.DllU1antsare calculated using the following

relations

kl (i) = M,(i) ......... (4.30)

kz(i) = Hz(i) .•....... (4.31)

kz(i) = M,(i) ••••••••• ( 4 •32 )

k.(i) = M.(i) - 3mzz(i) ......... (4.33)

k.(i) = Ms(i) 10M,(i)Mz(i) . ,"....... (4.34)

ko(i) = Mo(i) - 15M.(i)Mz(i)-10M,z (i) ••••••••• (4 •35 )

+30Hz'(i)

Fromthe six momentsof LDCobtained from equation (4.19), the moments

about the mean for the normalized LDCare .calculated as given by equations

(4.24) to (4.29). Then the cumulants for the normalized LDCare calculated as

indicated by equational 4.30) to (4.35).

For the complete. system the r units and the LDC,the cumulants of equiv-

alent load are calculated using the relation

r

K.(Ek) =K,,(L) + 2:. K,,(i)

i=l
•••• (4.36)

where

K"(Ek) = n-th cl.DllU1antof equivalent load curve when

r units have been convolved.

K"(L) = n-th cumulant of LDC

K,,(i).= n-th cl.DllU1antof the ith generating unit.

It is clear that the first cumulant of equivalent load curve is the mean (M)

and the second cumulant is the square of standard deviation (V') of the

distribution.
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NowG-coefficients are calculated as

co = K(I+01(ELr)/Ko(1+0110 (ELr)

i = 1,2, 3, ..••. '••
••••• (4 •37 )

. These G-coefficients are utilized in the OramCharlier series to obtain

.ELDC.Nowthe area 'A' tmder the equivalent load duration curve between values

Z" and Zo maybe calculated as

where

A =

oc

jf(Z)dZ -

Z,

ex.S f(Z)dZ

Zo

.; ••••• (4.38)

f(Z) = Equivalent load distribution
Zt = Standardized randomvariables

= (Xi - Kt(EL»/Ko(EL)

in which Xi is any capacity, Kt(EL) and Ka(EL) are the 1st and 2nd ct.aDU1antof

ELDC.

oc.f N(Z)dZ+ F(Zt )

Zt

.where

The integral in equation (4.38) is obtained by

Oc. .J f(Z)dZ = ....... (4.39)

F(Zt) = O,Nlol(21)/3! - OoN(31(21)/4!

+GoN(41(21)/5! - (0.HOOt0)Nlsl (21)/6! •.••• (4.40)

The LOLPof the system is the value of the ordinate of the f.inal equiv-

alent load distribution at installed capacity.

The expected energy generation of a particular unit is the area tmder

ELDCbetween the limits where the unit is convolved multiplied by the time

period as well as availability of the unit.
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CHAl?TER 5

SEGMENTATIONMETHOD

5•1 INJ.BJIU:l'I(III

In generation expansionplanning, the evaluation of reliability index

and production cost are the twomost important factors that are being widely

used by the utilities for comparisonamongthe potential alternative plans.

The most recent developnent iit the evaluation of WLPand production cost by

probabilistic simulation is suggested by Schenket al [20] which is coomonly

!mown.as 'segmentationmethod'. The segmentationmethodis an exact and COlll-

putationally most efficient method[20,32,33].

This chapter describes the segmentationmethodfor evaluating loss of

load probability, expected energy generation and production cost for each type

of unit. Themethodis then examplified with a simple but revealing example.

Discussion on Multi-state generating unit and multi-block generating unit

loadings are al~o presented in the chapter.

5•2 mocEIXJRR

The method uses the probability density function of demandby sampling

.the chronological load curve every hour or any other sui table interval. The

segmentation methodis based on segmentingthe dem8ndor load axis into equal

capacity segments. Eachsegmentsize is equal to the largest cOllDllOnfactor of

the capacities of all units. If there are multi-block representation of gener-

ating units, then the segmentsize should be a commonfactor of all the blocks

of the units. These segmentsare filled with the zeroeth and first order mo-

mentsobtained from the distribution of load. As generating units are

convolved, the zeroeth and first order moments for each segment are

recalculated. After the convolution of each unit the unserVedenergy is calcu-

lated fromthe momentsof the segments. Theexpected generation of a par_

48
'.



ticular unit is the difference of unservedenergies before and after the con-

volution of the unit. The total nUIllberof segments is decided through the

knowledge of the installed capacity of the systemas well as the segmentsize

and one segmentbeyondthe inStalled capacity is considered.

Thus. the segmentationmethodavoids the inherent errors present in the

evaluation of unserveddemandwhenusing a nUIllericalconvolution formula or in

a statistical approximationsuch as Gram-eha.rlierexpansion. Themethoduses

hourly loads and the frequencydistribution of demandthus obviating the use

of LDC.In addition the nUIllericalerrors in calculating the area under the LDC

are also avoided.

5.2.1 Evaluation of Loss of LoadProbability (LOLP)

As explained in Section 3.3.3. the LOLPof a system is the probability

that the equivalent load will be greater than the .installed capacity of the

systemand it is expressed-as•

LOLP= Prob.[L">Ie] . ....•. (5.1)

In order to account for the randomoutages of units it is necessary to get a

newdistribution of each segmentincorporating the outages of all units. Prior

to find this newdistribution each segment is assigned with a probability

value which is equal to the SUlllof the probabilities Le. zeroeth momentsof

the impulses of PDFof load lying in the range of that segment. .Now the

zeroeth momentof all the segmentsare recalculated as generating uriits are

convolved. Let us.consider the n-th segment,whena unit is convolved, the new

value of zeroeth momentof n-th segmentis found fromthe relation

P." = p. (l-q) + P.' q
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where

p." = Zeroethmomentof n-th segmentafter the convolution
P.' = Zeroethmomentof n-th.segment after the shift
P. = Zeroethmomentof n-th segmentbefore convolution
q = Forcedoutage rste of the unit to be convolved.

Followingsteps are used to convolvea genersting unit:

a) Theoriginal momentof segmentsare multiplied

by the availability of the unit.

b) Theoriginal segmentsare then ahifted

by the capacity of the unit to be convolvedand are

multiplied by the FOOof the unit.

c) Thevalues obtained in (a) and (b) of corresponding

segmentsare added to obtain the final distribUtion.

Note that the probability value of the last segmentis the StDD of the prob-

abili ties of all the segmentsexceeding the installed capacity. After all. the

genersting units are convolved, 'the zeroeth momentof the last segmentis the

LOLPof the system.

5.2.2 Evaluation of ExpectedEnergyGenerstion

The expected energy genersted by a particular genersting unit is ob-

tained fromthe difference of unserved energies before and after the convolu-

tion of that unit. In segmentationmethodthe evaluation of expected energy

generstion also starts with the formation of segmentsas described in Section

5.2.1. A probability value is assigned to each segmentfrom the knowledgeof

load impulses lying within the segmentsize. Eachsegment is also assigned

with another value whichis the first order momentof the load impulses lying

in the range of correspondingsegment.The first order momentis given by

. C'C

ml = 5xf. (x)dx
-()C
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where x is the random variable and f. (x) is the probability density ftmction.

For discrete case as in hourly load model, the first order momentfor a par-

ticular segment is

mi =~ XI PI

i

where

XI - value .of the random variable

....... (5.4)

PI = probability of the random variable XI

Initially, the expected, unserved energy is the sUlllllation of the first moment

of all the segments. TIle generating tmits are then convolved according to the

merit order of loading. As the generators are convolved, the first moment is

recalculated for each segment. In this case, unlike the shifted zeroeth order

moments the shifted first order moments are changed [34]. TIle first momentof

any shifted segment is calculated by using the following relation

mi"W = ffilol d + shift x mo ......... (5.5)

where mo is the zeroeth momentof. the segment. As the first momentof a seg-

ment prior to convolution of a tmit and shifted first moment are known, the

first ~nt of the segment after convolution is found by

where

= ffil (l-q) + mi' q (5.6)

mi" = First order momentof the segment after convolution

of a generating unit of FCR=q

ffil' = Shifted first momentof that segment

ffil = First momentof the segment prior. to convolution

Unserved demands are calculated before and after the convolution of each tmit.

TIle unserved demands multiplied by the period of study is the expected tm-

served energies, For n-th unit, expected energy generation is found from the

relation

E. = UE.' - UE.
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where

E. = Expectedenergy generated by n-th unit

UE.' = Unservedenergy before convolving n-th unit

UE. = Unservedenergy after convolving n-th unit.

It should be noted that the first momentof last segment is the SlDllof

the momentsof all segmentsexceeding the installed capacity. When all the

generating units are convolved the first momentof the last segment is the ex-

pected energy not served.

5.2.3. Evaluation of Production Cost

As the expected energy generated by a unit is known,the production cost

associated with the unit is fotmdby multiplying the expected energy gener-

ation with the average :Lncrementalcost .of the unit.

ECo=A.E. •• ••••. (5.8)

where

EC. = Production cost of n-th unit

'A. = Averageincremental cost of the n-th unit.

5.3 NUMERICALEXAMPLETOCLARIFYTHEME:rnOD

In what follows an exampleis given to clarify the segmentation method.

Let us consider the hourly load as shownin figure 5.1. Thedotted line repre-

sents the chronological load and finn line represents the hourly load. Hourly

load, as described in section 3.3.2, is obtained fromchronological load as-

slDllingthat the' average load over an hour exists for that particular hour. The

PDF of load as shownin figure 5.l(b) is obtained from the chronological load

curve of figure 5.1(a) by sampling at an interval of one hour. All impulses of

PDFis assigned with a probability value.

52

..



70
60

MW 50

1
40

30

20

3 3

2

1

2 4 6 8 10 20 40 60 70
-HOURS • MW

(a) Chronological and hourly load (b) PDFof hourly loads (otl impulses
to be divided by 10)

Figure- 5.1 load representation

Let us consider the generating system as shownin table 5.1.

Table 5. 1 : Generating System

-----------------------------------------------------------------
Merit order No. of Capacity FOOAverage incremental' Installed

of loading Units (Mw) cost ('I1t • /Mwh) Capacity

-----------------------------------------------------------------
1

2

3

1

1

1

20
20
40

0.2
0.2
0.1

200
250

300
80

-----------------------------------------------------------------
The segmentsize is chosen to be 20 Mwusing the largest COIIIIIOnfactor

of the generating Iffiit capacities of table 5.1. The demandaxis upto 80 Mwof

the system is divided into 4 segments. Oneadditional segment is considered
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IC=80MW

(a)X (1-0.2)

0 20 40 60 80 lcn
3 4 2 1 0

60 150 120 70 0

Zeroeth moment_

First moment_

(c)x (t- 0.2)'.. 3.8 2.4 1.2 0.2

144 142 88 18
t-20MW

(d)X 0.2••• 3.8 2.4 1.4
"

220 190 18t;
t--{20+20)M

I-- 40MW - 2.68 1.44 0.44 .

157.6 108.4 41.2
x (t- 0.1) (e)

I • . 14' 56 I(40+40) MW--~ ••- X 0.1
.489.6

( i)

I.• 80MW ___ ... 1 0.8521
. 86.04

(g) .

Figure- 5.2 Schematic ot convolution procedure (all number in boxes to be divided by 10)
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beyondthe installed capacity in figure 5.2(a). The probability value of each

segment is sumof the probabilities of different impulses lying in the range

of that segment. Each segmentin figure 5.2 contains two quantities; Upper

quantity is the zeroeth momentand the other quantity is the first moment.

The different steps of convolution of load of figure 5.1 and the gener-

ating units of table 5.1 is shownin figure 5.2. Accordingto the merit order

of loading the first 20Mwunit should be convolved first as it has the lowest

average incremental cost.

To convolve the first 20 Mwunit the segmentsof figure 5.2(a) are

shifted towards right in figure 5.2(b) by the capacity of the unit, 20 Mw.

During the shift the zeroeth momentof each segmentremain unchangedbut the

first momentis recalculated using the equation (5.5) • The distribution of

figure 5.2(a) is multiplied by the availability of the unit 0.8 and that of

figure 5.2(b) by the unavailability of the unit, 0.2. This is shown-in figure

5.2(c) and similar procedure is followed for the remaining units. As the seg-

ments are .shifted, the zeroeth and first momentsare accumulatedat the last

segmentfor those segmentslie beyondthe installed capacity. This is the case

for the last segmentof figure 5.2(d) and 5.2(f). The LOLP and unserved energy

for the above exampleis calculated in what follows.

The LOLP is simply the probability value of the last segmentof figure

5.2(g). Thus

LOLP = (0.852/10) = 0.0852.

Initial unserved energy: (First momentof ,all segmentsprior

to any unit convolution)xtime

= lOx(GO+150+120+70)/10

= 400Mwh.

Unservedenergy after convolving 1st unit:

,UE. = 10x((144+142+88+18)-2Ox(3.8+2.4+1.2+0.2))/10

= 240Mwh.
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Therefore, expected energy generation of 1st unit:
E, = (400-240)=160 Mwh.

Cost of energy generation of 1st unit:
EC, = (160x200)=32,OOO Taka.

Unserved energy after convolving 2nd unit:
UE. = 10x((157.6+108.4+41.2)-4Ox(2.68+1.44+0.44»/10

= 124.8 Mwh.
Expected energy generation by 2nd unit:

E. = (240-124.8)=115.2 Mwh.
Cost of energy generation of 2nd unit:

EC. = (115.2x250)=28,800 Taka.
Unserved energy after convolving last unit:

UE3 = lOx(86.04-80x0.852)/10
= 17.88 Mwh.

Therefore, expected energy generation of. last unit:
E3 = (124.8-17.88)=106.92 Mwh.

Cost of energy generation of last unit:
EC3 = (106.92x300)=32,076 Taka.

Energy demand:
ED = Initial unserved energy=400 Mwh.

Total expected energy. generation:
E(EG) = E,+E.+E3 = 382.12 Mwh.

Expected energy not served:
Eo (ENS) = UE3 = 17.88 Mwh.

Total energy production cost:
EC = EC,+EC.+EC3 = 92,876 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 the total ex-
pected energy generation (EG) and expected energy not served (ENS) as
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EB = (ED)-( (EG)+ElENS»

For the aboveexamplee~ergybalance is:

EB = .400-(382.12+17.88)=0.0

••••••.. (5.9)

It is again important to emphasizethat there are no approximationsmade

in the evaluations (except in the hourly samplingof ,the load) and hence the

LOLPand unservedenergies are exact.

5.4 KJLTISTATE GIlNIlRATING UNIT LOADDIJ

The segmentation method is capable of considering a multistate repre-

sentation of the generating units. Consider the hourly load as described in

figure 5.1 and let the generating systemhave only.one generating unit of 80

Mwfor simplicity. Considera five state modelof generating unit with, three

derated state as shownin figure 5.3. Themethodto convolvethis unit in the

systemload is described in what.follows. The steps are shownin figure 5.4.

0.7

1
a.' 0.1

0,05 0.Q5

rr~
C', i,

, '
" .1

, ".,

Figure- 5,3

o 20 40
---"'''- MW

Multistate representation
generating unit
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Figure-5.4 Schematic of convolution procedure of multistate generating unit.

(all numbers in boxes to be divided by 10)
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In this case the shifting of segmentsfor multistste unit is done cor-

responding to each capacity outage. The'zeroeth and first momentsfor this

shifted segmentsare calculated using the formulas already given. However, it

maybe noted that this requires only a fewmorecomputstions.

Therefore the systemLOLPis:

LOLP= (1.25/10) = 0.125

Initial unserved energy = 400Mwh.

Expectedenergy not served:

E(ENS)= 1Ox(138-8Ox1.25)/10

= 38 Mwh.
Therefore the expected energy generation by the unit:

E = (400-38) = 362Mwh.

If the average incrementsl cost of the unit is \mown, then cost for energy'

generation can be easily calculated.

5. 5 MULTIBUXX GENERATING UNIT LOADING

The simulation will be moreaccurate towards optimal scheduling if multi-

block loading of a unit is considered. A unit may, for example, be divided

into twoblocks: a lower and upper block with corresponding capacities and

average incrementsl costs. In this waythe increasing nature of increments!

cost of a unit ,maybe approximately taken into consideration. Clearly the

capacity blocks of a unit mayoccupynon adjacent positions in the merit order

of loading as this order dependson the average incrementsl cost. The basic

consideration in the simulation of multiblock loading is that an upper block

of a unit cannot be loaded unless the corresponding lower blocks are loaded

before. In order to correctly carry out the probabilistic simulation'

procedure, lower blocks must be deconvolvedbefore the joint lower and upper,

blocks are convolved. Thedeconvolutionprocedure 'for each block is carried

out in what follows.
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Consider the convolution formula

f. (x) = pf. (x)+qf. (x-c)

in which

.•..... (5.10)

f.(x) = the PDF of equivalent load prior to adding the new

block or unit.

f.(x) = the newPDFof equivalent load after convolving a

newblock, or unit, of ,capacity C and FOO=q,(ptq=l)

Equation (5.10) maybe written as a deconvolution formula as follows:

f. (x) = (f. (x)-qf. (x-c»/p ........ (5.11)

In order to satisfy the constraints of the deconvolution process, equation

(5.11) is modified as follows:

{

f, (x)/p , O<x<c

f.(x) = (f'(X)-qf.(X.-C»/P c<x(IC .• (5.12),

, Subtraction from the total moment x>IC

In order to evaluate the first momentequation (5.11) is multiplied throughout

by x to yield:

xf.(x) = (xf.(x)-xqf.(x-c))/p

or, in terms of the first moment

.... ~.. (5.13)

......• (5.14)

where, n is the segment numbercurrently under consideration, and j=n-C/A

whereA is the segment size.

Equations (5.12) and (5.14) are applied to calculate the zeroeth and the

first momentsof each segment after deconvolution of the appropriate block or

unit. In what follows, 'an example is given to clarify the deconvolution.

Consider hourly load as described in figure 5.1 and the generating sys-

tern contains only a single generator of 80 Mwcapacity and 1'00=0.1. Let this

generator is segmented into two blocks of capacity 40 Mweach. As this block-

ing is done on the basis of incremental cost Le. heat rate curve, so the

blocking will have no effect on the FOOof the unit. That is, each block will
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have the same FOR=O.las .that of the generating lUlit. Let the average in-

cremental cost of 1st block is Tk.190 /Mwh. and that of the 2nd block is

Tk.21O/Mwh.

Table 5.2:Geherating system for multiblock loading.

----------------------------------------------------------------
Merit Type Block Capacity FORAverage Installed

order of of No. (Mw) incremental capacity

loading lUlit cost(Tk./Mwh) (Mw)

----------------------------------------------------------------
1

2

Multi- 1st

block 2nd

40
40

0.1
0.1

190

210

80

----------------------------------------------------------------

The steps for convolvingmulti-block'lUlit is shownin figure 5.5. Here

with the momentsof 5.5(a) the first block of the lUlit is .convolved and the

momentsof figure 5.5(0) is obtained. Upto this, one can find the expected lUl-

served energy. As previously shownfor calculation of lUlServedenergy and LOLP.

of the system after convolution of 1st block, it is not necessary to knowthe

momentsof first tWosegments of figure 5.5(c). But for the purpose of

deconvolution, it is necessary to knowthe momentsof all the segments includ-

ing the last segment. Nowfrom the distribution of momentsof figure 5.5(0),

the 1st block 'is deconvolvedusing the relations given by equations (5. 12) and

(5.14), and the distribution of figure 5.5(d) is obtained. Nowthe joint 1st

and 2nd black is convolvedand finally the distribution of figure 5.5(f) is

obtained. Nowthe LOLP, the energies as well as production cost for the above

examplewill be calculated.

LOLP= (1.0/10) = 0.1

Initial unserved energy = 400Mwh.
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Figure- 5.5 Schematic of convolution procedure tor rrultilDlock generating unit.
( a II numbers in boxes to be dj'vided by 10)
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Unserved energy after ponvolution of 1st block:

VEl = 1Ox((126+94+3l)-4Ox(2.l+1.3+0.3»/10

= 103Mwh.
Energy generation by 1st block:

EI = (400-103) = 297Mwh.
Cost of energy generation of 1st block:

ECI = (297x190) = 56,430 Taka.
Unserved energy after convolving joint 1st and 2nd block:

VEl' = 1Ox(120-8Ox1.0)= 40 Mwh.
Energy generation by 2nd block:

E. = (103-40) = 63 Mwh.
Cost of energy generation of 2nd block:

EGo = (63x210) = 13,230 Taka.

Total cost of energy generation

= (56,430+13,230) = 69,660 Taka.
Expected energy not served:

E(ENS) = VEl' = 40 Mwh.
Now if the generating unit is considered as a single block unit, the

final distribution as shownin figure 5.5(f) will remain the same. But iii that

case the production Cost will be different as the average incremental cost of

the total unit is different from the incremental cost of each block.
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CH.APTER 6

CONVENTIONAL APPROACH OF SIMULATING
ENERGY LIMITED HYDRO UNITS

6 . 1 IN'IHlU.CI'I(fi

Mostprobabilistic simulation studies assune that there are no inherent

energy limitations of generating rmits and therefore concentrate on consider-

ing the effect of rmit forced outages and tmeertain load requirements. It

appears, however, that the era of abtmdantenergy is disappearing and that

limitations of energygeneration of different rmits IIlIJ8tbe included in con-

ventional studies. Only fromthe last decade, a fewresearchers have given

their attention to incorporate the energy limitation of hydro rmit in prob-

abilistic simulation [6,22]• Some of these papers have utilized cumulant

methodfor the numericalevaluation and therefore, it is prone to the inherent

inaccuracies of series expansion.

In this chapter, different conventional approachesso far developed for

the simulation of energy limited hydrormits are described.

6.2 D»fAND-HNERGYUNIT AND HNBRGY-LIHITHDUNIT

Generally, the generating rmits are classified according to the type of

fuel used for the generation of electrical energy, for example, thermal rmit,

nuclear rmit etc. In this thesis the various generating rmits are also charac-

terized by two identities, namely,demand-energyrmit and energy-limited rmit.

Ademand-energyunit serves consumerload upondemand, provided the rmit

is available to do so and the dispatcher call on it to operate. Thus the

energy served by a demand-energyrmit is limited only by its generating

capacity and availability but not by any inherent energy limitation. The

energy limited generating units, also called assigned energy rmit, are those

whichcan generate only a fixed amormtof energy. Themaximumenergy gener-

ation by conventional hydroelectric rmits are limited by manyconstraints
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whichhave been discussed in section 2.9.

6.3 PSEUOO-HYDOOEI..OOIRICUNIT CXHE'r [21)

Theprobabilistic simulation modelin WASP[21] is capable of simulating

hydroelectricuni ts. However,in this packageit was not considered necessary

to simulate all ,hydrOelectric units separately, rather the individual

hydroelectric units are combinedinto a single pseudounit whosecapacity is

equal to the sumof the project capacities. Thus

m

'where,

MW. =L (MW. la

i=1

MW.= Capacity of pseudo-hydroelectric unit
(MW.la = Capacity of ith hydroelectric project

........ (6.1)

m = Numberof hydroelectric projects.

For energy limited type hydroelectric units, the energy to be generated

by the pseudo-hydroelectric uriit is defined as the sumof the energy gener-

ations of the individual units. Therefore

m

where,

E. =L (E. la

i=1
........ (6.2)

E. = Energyto be generated by pseudo-hydroelectric unit.

(E.)) = Energygenerated by the ith hydroelectric project.

The total capacity of the pseudo-hydroelectric unit can be divided into

two capacity blocks. The base block represents the amountof capacity that

will be continuously on-stream (Le. run-of-the-river hydroelectric). The

remainingcapacity is assumedto be available only for peak-shavingoperation.'
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The peak shavingoperation is discussed in detail in section 6.4. Theamotmt

of energy that wouldbe generated by the base block is deducted.fromthe total

energy.specified, and the remainderis assigned to the pseudo-hydroelectric

tmit.

The base .blockof pSeudo-hydroelectric.tmit is placed in the first posi-

tion in the loading order. Theremainingpeak-shavingblock is used to shave

the systempeak, and not included in the probabilistic simulation. Thepseudo-

tmit is obviously not the rigorous representation of the individual

hydroelectric tmits. Therefore, the simulation results are distorted. In what

follows. the peak shavingoperation is discussed

6.4 PEAK-sHAVlNG OPHRATIOO OF ENERGY LIMITED HYOOOUNI'rs

In. the peak shaving technique [6,21] the capacity and energy limitation

of the tmit are used to modifythe original load duration curve or load prob-

ability distribution curve. Themodifiedcurve is then used for the remaining

tmits of the systemto evaluate the expectedenergy generated as well as the

expected energynot served. In what follows, . this peak shaving operation is

described assumingthe energy limited tmit as htmdred percent reliable for

simplicity.

Figure 6.1(a) illustrates the-initial loading of a powersystemconsist-

ing of manydemandenergy tmits and a single energy limited hydro tmit. The

demandenergycapacity is stacked under the load probability distribution in

order of increasing incremental fuel cost. This demandcapacity loading order

minimizesthe total fuel cost of the demand_responsive capacity of the system

since tmits with highest operating cost will operate the least.

The energy limited hydro tmit of generating capacity H is initially

loadedabovethe demandresponsive capacity of the systemwhich is shown by

the hatched area in figure 6.l( a) • Theportion of the load curve spannedby

the capacity H in the figure 6.1(a) represents the compulsoryload imposed on

66



the energy limited hydro tnlit. Like the demandenergy tnlits , the energy gen-

erated by the energy limited tnlit is the difference betweentnlServed energies

before and after convolution of the tnlit.

Figure- 6.1(a) Initial loading units
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Figure- 6.1(b) Peak- shaving operation ot Mergy I imited hydro un it.

It may happen that if the energy limited tnlit is cOlllllitted to peak

shave, the compulsoryenergy generated by the energy limited tnlit maybe less
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than the energy assigned to it. Now, if the compulsoryenergy generation is

less than the assigned energy then the ccmnitment of the ,mit DRlStbe changed

so that it delivers its full assigned energy. This maybe achieved in the fol-

lowingways.

In this commitmentprocedure the LDC is modifiedby subtracting a por-

tion of it in such a waythat this portion of LDC subsumes the amount of

energy equal to the assigned energy. This is shownby hatched area of figure

6.1(b). It is noted that in this case the energy limited unit of capacity His

committedat full capacity, HMw, most of the time. However, the commitment

capacity reduces as it movesupwardin the left. That is, in the hatched area,

A, the commitmentcapacity is less than the rated capacity. This modified load

duration curve is then convolvedwith outages of energy limited unit and the

resulting equivalent load curve is used for the rest of the units to evaluate

the expected energy generation by these units.

6.5 fD)IFICATI~ OFRWl:-8HAVIm OI'ERATI~ FCR mooABILISTIC SIKJLATI~

The simulation proceduredescribed in section 6.4 does not provide the

minimumproduction cost. The reason behind is that in the equivalent load ap-

proach the unit whichis committedafter DRlStsee the actual randoml~ad plus

the fictitious inflated load due to the randomoutages of the units already

committed. However, in section 6.4 although the hydro unit is ccmnitted last

in the loading order the inflated load due to its outage will have to be sup-

plied by the units whichare in the beginning of the loading order.

The aboveproblemcan be overcomeby ccmnitting the energy limited unit

in the stage of the loading order where it discharges its total assigned

energy. The peak shaving operation of an energy limited hydro unit is equiv-

alent to placing the unit in the generating unit loading order at exactly the

left most position of the cross-hatched area of figure 6.2(a). Theproof of

this equivalence is given in Appendix A. This mergingof the energy limited
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unit into the demand responsive capaCity loading order is depicted in figure
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Figure-6.2(a)

Figure- 6.2(b) Equivalent peak- shaving operat ion.

6.2(b). A full probabilistic treatment requires the use of an equivalent load
.curve or effective load probability distribution [17]. The energy limited unit
should be placed in the highest possible position under the equivalent load
curve such that its assigned energy is exhausted. Unfortunately, the'equiv- \
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alent load curve changes as the forced outage effects of the various gener-

ating units are included in the curve. Thus the loading order position of

energy limited hydro unit becomesa movingtarget.- For the solution of this

problemmethodologyis given in chapter 7.
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CH.A:PTER 7

METHODOLOGY

7 • 1 INI1lC.I:U:I'I<Jf

Manyutilities have hydroelectric plants. Amongthese hydro units all

.are not energy abundantunits, rather someunits are energy limited. Probabil-

istic simulation is, now,a COJmlOnpractice for generation expansionplanning

in utilities. Therefore, the simulation technique must be capable of proper

scheduling of energy limited hydro uilits. Theseunits should be simulated so

that they can exhaust their full amountof energy. This is because, the in-

cremental fuel cost associated with hydro units are essentially zero. The in-

corporation of energy limited unit in the probabilistic simulation increases

the complexity [6]. Thecomplexityof simulation increases exponentially, if

morethan one hydro units competefor the sameposition in the loading order.

In this chapter, an efficient methodologyis developed to incorporate

the competing as well as non:-competingenergy lindted hydro units in the

simulat:i.on. Thedevelopedmethodologyis capable of handling any number of

energy limited hydro units. The method is an extension of the technique

developedby Manhireet al [6]. To take the randomnessof the availability of

water head for hydro units another methodis also developed in this chapter.

7.2 MH1lK>OOl.<XNFUl ~--aH'HTING UNITS

The terms competingunit and non:-competingunit are essentially applied

to energy limited hydro units. Theenergy limited units whichcompetefor the

same loading order position are called competingunits and those do not are

called non-competingunits. Clearly, the energy limited units with same

capacity, same FOOand sameassigned energy are competingunits •. The energy

limited units with different capacities, FOOsand assigned energies may be

non-competingor competingunits. Themethodologyfor probabilistic simulation
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of non-competingunit is somewhateasier COlllplredto that for competingunit.

In what follows, the methodologyfor non-competingunit is described.

Considera systemconsisting of a single EL unit together with other

demandenergyunits. In figure 6.2(b) the position for a single ELhydro unit

to exhaust its total assigned energy is shown. However, as the FORa of dif-

ferent units are considered the ELDC changesand it is most likely that in a

single position of LIJC the EL unit maynot be able to exhaust its, 'total as-

signed energy. Therefore, initially a lOadingorder position for the ELunit'

should be chosensuch that it can disburse ita maximtmpossible assigned

energy. Todo so", the following trial-error procedure is followed.

In this trial-error methodprimarily, the non-competingunit is loaded

above its actual loading order position in the LIJC so that the expected energy

generation mustnot be less than the assigned energy. Consider that the EL

unit is loaded just belowthe (n-l) th demandenergy unit. That is in the nth

position of loading order the ELunit is committed, whichis shownin figure

7.1(a). Nowthe energygenerated by the ELunit is COIIIplredwith its assigned

energy. If the expectedgenerated energyat nth position is greater, then the

EL unit will be pushedto the lower loading order position and simultaneously

the nth demandenergyunit will be pushedto the ,upper loading ,order position,

that is nth loading order position. Againthe energy generated by the ELunit

in its newposition of the loading order is COIIIplredwith ita assigned energy

and this process is repeated until the energygenerated by the ELunit becomes

less than or equal to the assigned energyof the linit. If the energy gener-

ation in this position is exactly equal to the assigned energy then this is

the appropriate loading order position for the ELunit. However,if the energy

generation is less than the assigned energy the simulation is not straight

forward. In section 7.2.1 the procedure is described.
, "
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Nowsomefeatures of convolution are discussed here. In AppendixB it

is shownthat the equivalent load curve,does not dependon the order in which

the randomforced outage effects of generating units are convolved. This im-

plies that if any numberof adjacent blocks of capacity in the ,loading order

is rearranged the' resultant equivalent load curve remains unchanged.

Therefore, f. (Le) in both figures of 7.1(a) and 7.1(b) represents the same

curve. 'Again as due to the reversal of loading order position of any numberof

adjacent blocks, the equivalent load curve remainsunaltered, therefore, the

total energy served by any numberadjacent blocks of capacity in the loading

order is invariant with respect to their relative positions in the loading

order.

7.2.1 Inherent Blocking

So far it is observed that if the ELunit is coomitted in the (n+l)th

loading order position the energy generated'by this unit is less than its as-

signed energy and if it is pushedupwardand conmitted in the nth loading or-

der position the energy generated by the ELunit is greater than its assigned

energy. These two loading conditions are depicted in figures 7. 1(b) and 7.1(a)

respectively. Therefore, to exhaust all the assigned energy the ELunit must

be loaded in betweenthe above twopositions. Todo so the trimmingof the

demandenergy unit DE. cOlIlDittedin the nth position of figure 7.1(a) is

necessary. This is accomplishedthrough the capacity blocking of the demand

energyunit. That is, the demandenergy unit is divided into two capacity

blocks. The lower capacity block is loaded in the nth position and the upper

capacity block is committedafter the coomitmentof the ELunit. Theamountof
, .

capacity block that will be offloaded fromDE. un'it must be such that in the

newposition the ELunit should deliver its full assigned energy. Thecommit-

mentof twocapacity blocks of DE. along with the EL unit is depicted in

figure 7.2(b). The resultant distribution is then convolvedwith DE. Ul)it

whichresults f. (Le ) •
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••••••• (7.1)

Note that in obtaining f. (I,.) the above procedure is equivalent to the

convolution of 1st block with DE. unit with f. (I,.), then EL unit, and finally

after deconvolution of 1st block of DE. unit convolution of DE. again. In

figure 7.2(a), f. (I,.) is obtained by convolving DE. with f. (I,.) and then con-

volving ELunit with resultant distribution. Although the sequence of convolu-

tion in figures 7.2(a) and 7.2(b) is not same, the total energy generated by

DE. and EL units are same in both cases. The proof of it is given in Appendix

B. Now,one ,can write,

EDEn + EEL = EOEta + EEL' + EOE2D
where

EDE. = Energy supplied by DE. unit in figure 7.2(a).

EEL = ,Energy supplied by EL uhit in figure 7.2(a).

EDEl.=Energy supplied by '1st block of DE. unit in figure

7.2(b).

EDE'.= Energy supplied by 2nd block of DE. unit in figure

7 .2(b).

EEL' = Energy supplied by EL unit in figure 7.2(b).

Recall that EEL'=assigned energy of the EL unit and E.L<assigned energy

of the EL unit. If x represents the difference, that is

EEL' - EEL= x

then using equation (7.1), we get

EDE. - (EDEI. + EDE'.) = x

If, EDE. = EDEla + EDE'.

then equation (7.3) maybe written as

EOED - EDE.' = X

.•..... (7.2)

..•.... (7.3)

....... (7.4)

In the above equations x represents the Increased amount of energy generated

by ELunit, or the decreased amount of energy generated by DE. unit in the case

shown in figure 7.2(b). In actual system operation the ELunit is loaded after

loading the 1st, block of DE. unit and the 2nd block of DE. unit is loaded
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after'the loading of ELtulit. However,for simulation there is no need of ac-

tual blocking of DE.tulit, since the main concerns of the probabilistic

simulation are the systemLOLP, 'expectedenergy supplied by each tulit and its

correspondingproduction cost. Mathematically, the expected energies generated

by ELand DE.are simply determinedby reducing the energy generation of DE.

tulit at nth loading order position by x Mwhand increasing the energy gener-

ation of ELtulit at (n+l)th position by x Mwh,once the position of ELtulit is

determinedby trial-error method.

For morethan one energy limited non-competinghydro tulit the above pro-

cedure is applicable. Becausethe non-competingtulits do not occupy the ad-

jacent loading order positions. That is, there is atleast one demandenergy

tulit in betweenany twoELtulits •

7.2.2 NumericalExampleto Clarify the Methodology

Achronological load curve whichhas a linear load variation of the fol- \,

lowingnature is considered for the example.
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The load probability distribution for the above load curve is fotuld by the
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methoddescribed in section 3.3.1 and is depicted in figure 7.4.
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Let us consider the generating systemas shownin table 7.1. In this gener-

ating system the energy limited hydro unit has assigned energy of 186.864Mwh.

Table 7.1: Generating systemdescription

._---------------------------------------------------------------
Capacity

MW

Averageincremental

fuel cost Tk./Mwh

Assigned

energy, Mwh

-----------------------------------------------------------------
35.0
20.0
20.0
20.0

0.1

0.2
0.2
0.2

200.0
225.0

0.0
250,0

186.864

-----------------------------------------------------------------

As said in section 4.3, the generating units are loaded according to

their increasing cost. In this case the ELhydro unit is loaded in 3rd posi_ \
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tion because prior. to this position, the hydro tmit cannot be loaded as then

the energy generation becamegreater than the assigned energy and this will

becomeevident whenexpected energy generation of each tmit is found. In what

follows, the expected energy generation of. each tmit is calculated from the

equivalent load curve.

Nowfor finding the equivalent load curve or effective load probability

distribution the generating tmits are convolved usi~ equation (4.7) according

to their loading order. TIleexpected energy generation by 1st tmit is found

from figure 7.4 using the equation (.4.8). TIlerefore energy supplied by 1st

tmit

Here,

C,
E, = T p, S F(Le)dLe

o
.••••••• (7.5)

T = period of hours considered

= 24 hours

p, = availability of 1st tmit

= 1 - 0.1 = 0.9

Equation (7.5) denotes nothing but the area under the curve F(Le) between 0 Mw

and C, Mwmultiplied by period and availability of the tmit. TIlus,

E,= 24 x 0.9 x 35
= 756 Mwh

Now the PDF of outage capacity of tmit 1 is convolvedwith F(Le)'giving the

equivalent load curve F' (Le) using the following relation.

F' (Le) = F(Le)p, + F(Le - C,)q,

TIleequivalent load curve F' (Le) is shownin figure 7.5
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Unit 2

I 50 62 &5 97
I
I

35

Figure- 7.5 ::Fh.e)

1.0

0.1

. Nowthe expected energy generation of tmit 2 is

c. +Co
Eo = T 1>2J F' (I.e )dL"

C.
........ (7.7)

55

= 24 x 0.8 J Ft (I.e)dL"

35

= 366 Mwh.
Unit 2 is "nowconvolvedwith F' (I.e) using equation (7.8) giving F2 (I.e) and is

shownin figure 7.6.

F2 (I.e) = F' (I.e)1>2 + F' (I.e - Co )qo ••••••• (7.8)
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1.0

0.28

0.1

0.02

Unit 3

50 I &2
I55

Figure-7.6 F2 (Le)

70 I
I75

82 85 97

Theexpected energygeneration of unit 3 is given by

f
C1 +C.2+C3

E3 = T P3 F2 (Le )dLe

C1 +C2

.. 75

= 24 x 0.8 f F2 (Le )dLe

55

= 132.144 Mwh.

........ (7.9)

Therefore, the energygeneration of hydrounit at 3rd loading order position

is 132.144Mwh;Nowif the hydro unit was loaded at 2nd position then the

energy generation seemsto be 366Mwh(as the capacities and FORsof 2nd and

3rd units are identical) whichis greater.than the assigned energy of the

unit. So the current loading order position is the correct position for hydro

.unit. But in this position the full 186.864Mwhassigned energy is not pos-

sible to exhaust. So blocking of 2ndunit whichis the trinnningunit in this
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exampleis needed. Prior to this blocking the expected energy generation of

4th unit and expected energy not served are found out to showthat blocking of

trinuningunit will have no effects on these energies. The expected energy gen-

eration.of 1st unit will remain same after blocking of trimmingunit.

Nowto find the expected energy generation of unit 4 the ecjuivalent load

cUt"veF3 (Le) is obtained using the relation given by equation (7.10) ,. and

F3(Le) is depicted in figure 7.7.

F3 (Le) = F2 (Le)P3 + F2 (Le - C3 )q3 ••••... (7.10)

I
I

Unit 4 I
I
I
I

I I
I

I I
I I
I •

50 62 70 I 828590 .97102105 117 125 137I I
I I
I I

Figure-7.7 F3{Le) 75 95

1.0

0,424

0.13&

0.051

0.093

0.036

0.004

Theexpected energy generation of unit 4 is given by
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( c, +C. +C3 +C.

ll< = T P4) F3 (I.. )eIL.

C, +Cz +C3

95

= 24 x 0.8 f F3 (I.. )eIL.

75
= 57.674 Mwh.

•• ••••• (7.11)

50 62 70 &H5 90 19'11021OS110117122125 137 1~5. 157
I
I

Ie = 95
Figure- 7.8 F"CLe)
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Nowthe tmit 4 is convolved with F3(Le) and resUlting distribution F' (Le) is

given by

F4(Le) :: F3(Le)IlI + F3(Le - C4)q4 ....... (7.12)

The equivalent load probability distribution is depicted in figure 7.8. The

equation (4.10) is utilized to find the expected energy not served,

For this example (ENS)is rewritten as '

(ENS)•

IC+PL
(ENS)= T ) F4(Le)dLe

IC
157

= 24S f4 (LeIdLe

95 '
= 32.182 Mwh.

.•.•... (7.13)

If the trinming tmit is not blocked, above mentioned results are obtained,and

these results are shown in table 7.2.

Table 7.2 : Expected energy generation and fuel cost of different

generators without blocking of trinming tmit

----------------------------------------------------------------
Unit Capacity AlC ((Energy Generation) Eo(Fuelcost)

E(F. cost)=E(E.Gen)AIC

Mw Tk./Mwh Mwh Tk.

----------------------------------------------------------------
1 35.0 200,.0 756.0 151200.00
2 20.0 225.0 366.0 82350.00
3 20.0 0.0 132.144 0.00
4 20.0 250.0 57.674 '14418.50

WLP = 11.493 % E-(ENS)= 32.182 Mwh

Total (;-(E. Generation) = 1311.818 Mwh

"-
Total E(Fuel cost) = 247968.50 Tk.
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To disburse all the assigned energy of EL unit it is necessary to of-

fload the trimming unit. by suitable amount of capacity and in this case to ex-

haust 186.864 Mwh,5 MwcapaCity should be offloaded. To show that the EL unit

can exhaust its full assigned energy when trinming unit is offloaded by 5 Mw

the following generation system is considered.

Table 7. 3: Generation system with trinming unit offloaded by 5 Mw

-------------------------------------------
Unit Capacity

(Mw)
.FOR AlC

(Tk./Mwh)

-------------------------------------------
1 35.0 0.1 200.0

12' 15.0 0.2 225.0

3 20.0 0.2 0.0

22" 5.0 0.2 225.0

4. 20.0 0.2 250.0

-------------------------------------------
, means 1st block of 2nd unit

•• means 2nd block of 2nd unit

In what follows, the energy generation by each unit or block "fter

blocking trinming unit will be denoted by superscript(. ). Nowto obtain E,' ,

equation (7.5) will be utilized, therefore E,' is the same as that given in

table 7.2 and is equal to 756.0 Mwh.To find the E12' Le. the expected energy

generation by 1st block of 2nd unit (trinming unit) has to be convolved with

F(Le) of figure 7.4, thus giving F' (Le) of figure 7.5. So

C, +C'2

E12' = T P12 J F' (LeldLe

C,
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\ ,

50

= 24 x 0.8 J FI (Le)dLe

35

= 288 Mwh.
Nowto find the energy that can be generated by hydro tmit in the new position

after offloading 5 Mwof trimning tmit 1st block of trimning tmit is convolved

with FI (Le) using the relation

FI2 (Le) = FI (Le)P12 + FI (Le - C12)q12

and FI2(Le) is depicted in figure 7.9.

••••••• (7.15) .

11297100

I
I
I
I
I
I
~Hydro unit
I at I

INew positio~
I I
I .
I I
I I

I

6265 l 77 85
I
I

50 70
Fig'ure-19 ~2{Le)

0.1

0.02

0.28

1.0

So the energy that can be supplied by hydro tmit at new position is found by

equation (7.16).

E3'=Tp, f CI+Ct2,+C3

FIZ(LeldLe

Ct+Ct2

•.••••. (7.16)
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70

= 24 x 0.8 {'FI2 (I... )dL.

50

= 186.864 Mwh.
Whichis equal to the assigned energy of the EL tmit. So this is the position

whereEL tmit should be loaded to exhaust full of its assigned energy. Nowthe

energy generation of other tmits are fmmdout. To find E•• ' L e. the energy

supplied by 2ndblock of 2nd tmit. it is necessary to convolve the 3rd tmit

with FlO(I...) and then deconvolvethe 1st block of 2nd tmit, which actually

means ,that tmit 3' should be convolvedwith F' (I... ). But this resultant dis-

tribution is nothing but the sameas that given by F2(I...) Of figure 7.6. So

E•• ' is the area between70Mw(C, + C,. + C.) to 75 Mw(C, + C,. + C. + Co.)
of figure 7.6 multiplied by period and availability of the tmit. Thus

E•• ' = 24 x 0.8 x 1.2125

= 23.28 Mwh.

Therefore total amotmtof energy supplied by 2nd tmit

E,.' + E••' = 288.0 +'23.28 = 311.28Mwh.

Nowjoint 1st and 2nd block of 2nd unit Le. capacity of 20 Mwand FCR

of 0.2 is convolvedwith the distribution of figure 7.6 and results the same

distribution given by F' (I...) of figure 7.7. Therefore, Eo' will be same as

that given i"ntable 7.2 for 4th tmit. For'similar reason the expected energy

.not served remains same. After blocking the trilIllllingtmit the various results

obtained are given in table 7.4.
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Table 7.4: Expectedenergy generation and fuel costs of different

units after blocking the trilJlJllingunit .

-----------------------------------------------------------------
Unit capacity

Mw

Ale
Tk./Mwh

E (E. 'generation)
Mwh

E (F. cost)
Tk.

-----------------------------------------------------------------
1 35.0 200.0 756.000 151200.0
2 20.0 225.0 311.280 70038.0
3 20.0 0.0 186.864 0.0
4 20.0 250.0 57.674 14418.5

LOLP= 11.493% ~(ENS) = 32.182 Mwh

Total f(E. generation) = 1311.818 IIIWh

Total E (F. cost) = 235656.5 Tk.

-----------------------------------------------------------------
Nowcomparingthe tables 7.2 and 7.4 it is clear that except the

energies supplied by trilJlJlling unit and ELunit and hence total fuel cost.

other things remain sameas a result of blocking the trilJlJllingunit. As the EL

unit,delivers all of its assigned energy. therefore increased amountof energy

supplied by ELunit is equal to (186.864 - 132.144) = 54.72 Mwh.It is evident

from tables 7.2 and 7.3 that the sameamountof energy is reduced from trim-

mingunit as (366.0 - 311.28) = 54.72 which conformswith the discussion given

in section 7.2.1 •

.No~the sameproblemwill be solved using the program that has been

worked out to simulate the energy limited hydro units utilizing segmentation

methodas the probabilistic simulation technique. The programhas the inherent

blocking capability for ELhydro units and this will be shownin what follows.

For this purpose the loBdprofile of figure 7.3 is modified to hourly

load modelusing the discussion of section 3.3.2, as segmentation methodutil-

izes hourly load rather than chronological load. The hourly load model is
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given in figure 7.10.

62

50 -

6 12
--_a_ Time

18 2"

Figure-7.10 Hourly load model

The same generating system as shown in table 7.1 is utilized. Here the segment
size is chosen as5 MH. The results are shown in table 7.5.
Table 7.5: Results to show the inherent blocking capability of

algorithm for EL units.

-----------------------------------------------------------------
Unit capacity AlC

Tk./Mwh
~(E. generation) f(F. cost)

Tk.

-----------------------------------------------------------------
1

2

35.0
20.0

200.0
225.0

756.000
311.280

89

151200.0
70038.0



E(ENS)= 32.182Mwh

generation) = 1311.818mwh

cost) = 235656.5Tk.

3 20.0 0.0

4 20.0 250.0

WLP= 10.92%

Total EJE.

Total E(F.

186.864

57.674

0.0

14418.5

-----------------------------------------------------------------
Comparingthe tables 7.4 and 7.5 it is clear that except the slight

variation of WLP, other results are same. The slight variation of WLPis due

to the fact that in this methodthe hourly loads are used instead of actual

'load profile. The table 7.5 showsthat all the assigned energy of EL hydro

unit has been exhausted with proper reduction of energy of trimmingunit. So

this is equivalent of offloading 5 Mwfromtrinming unit as shown by table

7.4. But in this case the generating systemdata did not contain any actual

blocking of trimmingunit. Therefore, this meansthat the inherent blocking of

trimmingunit is done by exhausting all the assigned energy of EL unit and

thus resulting minimumproduction cost for the system.

7. 3 MIITlDXJI.OOY Fffi aJ1I'Kl'ING UNITS

Consider a systemconsisting of two energy limited units together with

other demandenergy units • The energy limited units denoted bY EL, and ELo

compete for the same or part of the sameloading order position under the

equivalent load curve. This case is illustrated in figure 7.11(a). In the

process of positioning the ELunits, EL, is correctly positioned following' the

procedure discussed in section 7.2. Let the energy generation by EL, in this

position be EELI. Assumethat the energy delivered by unit ELo in figure

7.11(a) is EELO,whosetotal attempted operating hours have been precalculated

to be less than or equal to the attempted operating hours of unit EL,.

Now if EELI becomesless than the assigned energy of EL" then it is

possible to exhaust all assigned energy of EL, by inherent blocking of trim
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f (Le) is equivalent load probability distribution
1 with all units t:n left DEneamro1ued

f2(Le)lnclttdeS convolutions of f1+ DEn

f3(Le) includes comrolutions of f2+ DEn+1

f4(Le)ihcludes comolutions of f3+ ELt
fS(Le) ihcludes convolutions of f4+ EL2

""" ••• "•..
"

"" •..
DEn DEn•1 ELI 'ELZ

I Le equivalent load
I
I

loading order positions of COl11petin9J,units,,
I
I

. I
fi(Le), f2(Le) and fS(Le) as above

fj(Le)lhClbd~s convolutions of f2+ EL1
f';(Le)iricludes convolutions of f~+ ELZ

I
I
I

Figure-7.II(a) Trial
I
I
I
I
I
I
I
I
I

"" "

Le equivalent load

Figure-7.11(b) Determining the loading order position for cluster to
exhaust maximum of its assigned energy.

rning unit and in figure 7. 11(a) the trinming unit is (n+1)th demandenergy
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unit DE.+ ,. AsELois a competingunit, so it will have adjacent loading order

position .with respect to EL,. ThusELocan not be adjusted to supply its whole

assigned energy as there remainsno demandenergy unit. in betweenEL, and ELo•

Therefore, the methodologyfor non-competingunits is not applicable here. In

this case the total energy generations of ELIand ELois tested against the

total assigned energy of the ELunits. Consider that in figure 7.11(a) the to-

tal energy generation of ELunits is less than the total assigned energy of EL

units. Sciboth the ELunits should be movedat somewhatupper loading order

position.

Since the equivalent load curve is invariant with respect to convolution

order, fdLo), fz(Lo), fs(Lo) in figures 7.11(a) and 7.11(b) are unchangedby

the relative loading order positions of the adjacent units: DE•• " EL, and

ELo. Thedesired objective is to find a position in the loading order for the

twoadjacent units such that they can exhaust their total assigned energy as

maximtDnas possible. Sucha group of energy limited units is designated as a

cluster. The situation whenthe unit DE." is pushedto a loading order posi-

tion after the cluster is depicted in figure 7.11(b)• Nowagain the energy

generation of cluster is tested against the assigned energy of cluster. This

process is repeated until the energy generation of the cluster exceeds its as-

signed energy. Consider for the cluster the correct position is depicted in
"

figure 7.11(b)• But in most cases it is likely that cluster cannot exhaust

wholeof its assigned energy at this position. Therefore, partial offloading

of DE. is necessary. This procedure is described in following section. The

demandenergyunit preceding the cluster, DE., is called the trimmingunit.

7.3.1 Inherent Blockingof TrimmingUnit

As said in previous.section, figure 7.11(b) represents the position for

cluster to exhaust maximtunassigned energy of the cluster but not all assigned

energy. Againthe completeoffloading of unit DE. is not possible. So it means
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that partial offloading of DE. should be done such that the cluster can

deliver all of its assigned energy. Let the amountof capacity that will be

offloaded from DE. is given by DE•• and is depicted in figure 7.12(a). The

situation after offloading this capacity is shownin figure 7.12(b).

Now from figures 7.12(a) and 7.12(b), the invariance of f.(1..o) with

respect to the relative loading order positions of the adjacent units or

capacity blocks leads to the energy relationship

EDEa+EELl+EEL2=EDEla+EELl' +EELZ' +EDE2n ...... (7.17)

where,

EDE.=Energydelivered by unit DE. in figure 7.12(a)

EELl=Energydelivered by unit EL, in figure 7.12(a)

EEL'= Energydelivered by unit ELz in figure 7.12(a)

EDE'.=Energydelivered by 1st block of DE. in figure7.12(b)

EDE'.=Energydelivered by 2nd block of DEnin figure7.12(b)

EEL'•= Energydelivered by tuiit EL, in figure 7. 12(b)

EEL' = Energydelivered by unit ELz ill figure 7.12(b)

Now in figure 7.12(b) the amountof capacity DE•• offloaded from trim-

mingunit such that the cluster can supply all of its assigned energy. So

EEL" + EEL" = Total assigned energy of cluster •••. (7.18)

= Assigned energies of (EL, + ELz)

.Nowrearranging equation (7.17) as

(EEL"+ EEL' )-(EEL' + EELo)=EDE.- (EDEt. + ED••• ) .. (7.19)

The equation (7.19) implies that to adjust the cluster to exhaust all of

its assigned energy requires the equivalent amountof energy reduction from

trimming unit. If this is done then from simulation point of view the opera-

tion of figures 7.12(a) and 7.12(b) are equivalent though there has not been

any blocking in figure 7.12(a) •. Without actual blocking of trimming unit,

producing the sameeffects as that can be obtained by actual blocking is known
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f)(LeI1i1cludes convolution of fi+ EL1
f2n{Le)include. convolution of fi+ EL2

I,
I

f 4 (Le)

Le equivalent load

Figure-7.l2(b) Loading order position of cluster to exhaust all 01
its assigned energy,

as inherent. blocking of trimning tmit and also for the simulation of competing

tmit this, technique is utilized in algorithm. The procedure described in this
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section can be easily applied to any nwnberof competingenergy limited hydro

(mits.

7.3.2 Inherent Blockingwithin Clust~r

In figure 7.12(b) the position of cluster is shownto exhaust total as-

signed energy of cluster. This total assigned energy of cluster is madeof in-

dividual assigned energies of EL units. Therefore, in figure7.12(b) the

cluster is capable of delivering total assigned energy but the individual

energies supplied by ELunits within cluster maynot be exactly equal to the.

assigned energies of each unit •.The situation must be such that cluster should

deliver total assigned energy by adjusting each ELunit to deliver its ownas-

signed energy. But it maynot always possible for each ELunit to exhaust ex-

actly its ownassigned energy at the positions dictated by figure 7.12(b).

Let us consider that both ELunits of figure 7. 13(a) have samecapacity ,

sameFORas well as sameassigned energy. So it is most unlikely that units

EL, and EL. can deliver .their assigned energies in adjacent loading order

positions. In general energy generation of EL, will be greater than that of

EL.. So to. adjust ELunits to exhaust their individual assigned energies, it

is required to offload someamountof capacity fromEL, so that each assigned

energies are met. This situation is depicted in figure 7.13(b). The invariance

of f.o(Lo) in figures 7.13(a) and 7.13(b) gives the following energy relation-

ship

EELt
l + EELZ' = EEL!! + EELZ' I + EEL21

where,.

••••••• ( 7 •20 )

EELI • = Energydelivered by EL, in figure 7.13(a).

EEL'• = Energydelivered by EL. in figure 7.13(a).

EELll = Energydelivered by 1st block of EL, in figure 7.13(b).

EEL" = Energydelivered by 2ndblock of EL, in figure 7.13(b).

EELZ": Energydelivered by EL. in figure 7.13(b).
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Figure-7,13(a) Cluster port ion of equivalent load curve,
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f2(Lel and f2n(LeI as above
f3' (Lelinclbdes convolution of f2+ EL11
f21(Le)includes convolution of fi'+ EL2

Figure-7.13 (b) After blocking within cluster.

Nowusing eqUation (7.18), the equation (7.20) gives

EELlI + EliL" + En." = Assigned energy of EL. + Assigned
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Nowfrom table 7.2 it is clear that the energy generations of 3rd and

4th tmits are less than the assigned energies of each tmit if they are loaded

at 3rd and 4th positions respectively. So they can be loaded at these

positions. The results are shownin table 7.7.

Table 7.7: Results with competing.units

-----------------------------------------------------------------
Unit capacity

Mw

FOR E (E. generation)
Mwh

~(F. cost)

TIt.

-----------------------------------------------------------------
1 35.0 0.1 756.000 151200.00
2 20.0 0.2 130.250 29306.25
3 20.0 0.2 212.784 0.00
4 20.0 0.2 212.784 0.00

LOLP = 10.92% €(ENS) = 32.182 Mwh
Total E.(E. generation) = 1311.818 mwh
Total E(F. cost) = 180506.25TIt.

-----------------------------------------------------------------
Nowfrom table 7.2,' total energy generation of cluster

= (132.144 + 57.674) = 189.818Mwh.
But the total assigned energy of cluster

- (212.784 + 212.784) = 425,568Mwh.
Therefore, increased amountof energy supplied by cluster (425.568 - 189.818)

= 235.75 Mwhis relieved from the trinming tmit (2nd tmit) because nowthe 2nd

unit generates only 130.25Mwhwhere as in table 7.2 it generates 366.0 Mwh.

The operation of tmits in table 7.7 il;!equivalent of offloading of tr:illming
.

unit by 15Mwcapacity. To showthis equivalence the triDming tmit is divided

into two capacity blocks and the results are shownin table 7.8 •. Here the

hydro tmits are declared without any energy restriction.

Table 7.8: Results with offloading of trimming tmit
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. -----------------------------------------------------------------
Unit capacity

Mw

FOR E.(E.generation)

Mwh

~(F. cost)

Tk.

-------------------------------------------------------~---------
1 35.0 0.1 756.000 151200.00.

12 5.0 0.2 96.000 21600.00

3 20.0 0.2 322.800 0.00

4 20.0 0.2 102.768 0.00
22 15.0 0.2 34.250 7706.25

LOLP = 10.92% <:(ENS)= 32.182 Mwh
Total fIE. generation) = 1311.818mwh
Total E(F. cost) = 180506.25Tk.

-----------------------------------------------------------------
Nowthe total energy supplied by trilllJling unit (96.0 + 34•25) 130.25 Mwh

which is equal to the energy supplied by trillllllingtmit in table 7. 7• Again

from table 7.8, the total energy supplied by tmits 3 and 4 is (322•8 +

102.786) = 425.568which is equal to the total energy assignment of cluster.

This is the correct loading order position for cluster. But within cluster of-

floading is required as none of the hydro tmits have the energy generation

equal to their assigned energies. In this case 11.5 Mwcapacity block should

be offloaded from 1st hydro tmit. To check this blocking within cluster, the

1st hydro tmit is nowdivided into two capacity blocks and the result is shown

in table 7.9.

Table 7.9: Results with blocking within cluster

-----------------------------------------------------------------
Unit capacity

Mw

FOR ~(E. generation)

Mwh

f(F. cost)

Tk.

-----------------------------------------------------------------
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1 35.0 0.1 756.000 151200.00
12 .5.0 0.2 96.000 21600.00
13 8.5 0.2 163.200 0.00
4 20.0 0.2 212.784 0.00
23 11.5 0.2 49.584 0.00

22 15.0 0.2 34.25 7706.25

WLP= 10.92% E.(ENS)= 32.182Mwh

Total €(E. generation) = 1311.818mwh

Total ~(F. cost) = 180506.25Tk.

-----------------------------------------------------------------

Fromtable 7.9, the total energy supplied by 3rd unit (163.2 + 49.584) =

212.784 Mwhwhich is equal to the assigned energy of the unit and thus the

energy assignment of each hydro unit is met. Therefore, from simulation point

of view the operations of competingELhydro units as shownin table 7.7 are

equivalent to that of table 7.9. So the algorithm has the provision for cor-

rect simulation of competingunits.

7.4 t«JLTISTATE AI'fRW:H 1U ENERL'Y-LIMITED HYIH> UNITS

Generally, the hydro units having limitation over the total amountof

energy generation are knownas energy limited units. For probabilistic simula-

tion energy limited unit is associated with an assigned energy. This assigned

energy for a period is determined on the basis of total amountof useful

energy available fromwater during that period. Therefore, this assigned

energy of an ELunit is calculated in a deterministic fashion. However, in

true sense the energy that can be supplied by' a hydro unit is probabilistic in

nature, because this energy is a function of water head available in reservoir

and the flow rate of the river [30]. These factors are related with the
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rainfall, river flow etc. whichare probabilistic in nature.

This probabilistic nature of energies of hydro tUlits is incorporated in

by developing a completely newsimulation technique. In this new technique,

the hydro tUlits are no longer declared as energy limited tUlits rather they are

declared as multistate "tUlits. In what follows, the methodologyto develop the

multistate modelof hydro tUlit is described.

Thecapacity available froma hydro station is a ftUlctionof both water

powerand generating tUlit capacity, giving

C. = f(Cw, C)

where

••••••• (7 •24 )

C. = Capacity available fromhydro station.

Cw = Waterpowercapacity.

C = Generating tUlit capacity.

The functional rel,;,-tionof equation (7.24) is such that C. is always minimLm

of two capacities,Cw and C. Nowthe water powercapacity at any time can be

found out by using equation (2.3) if the corresponding water head and flow

rate are known.Therefore, the time variation of capacity as far as the water

head and flow rate are concernedcan be determined. Nowfor a certain period

of time this capacity variation can be sampledat a suitable interval of time

(for example hourly interval) and one can obtain the PDFsof available

capacity fromwater power. In general, these PDFswill be of following nature
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Pn

P2
Pr
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P-:3

••
Cr

,
<;'=CC1 C2 C3

•• MW

Figure-7.11, PDFs of available capacity so .far water
is concerned.

Here the probability value p's are such that

••••.•• (7.25)

n

~ ~ = 1

i=1

ln figure 7.14, each capacity value is assigned with a probability im-

pulse for example, Cr is assigned with Pr. Theprobability value Pr is found

fromthe following relation

Pr =
number'of occurrences of capacity Cr in all the samples

----------------------------------------------------------
Total numberof samples

For figure 7.14 it is necessary to consider the capacities up to the gener-

ating unit capacity as dictated by equation (7.24). If there is any impulse

lying to the right of capacity,C, then the probability value of these impulses

are addedto that of the capacity C. Thus, C. of figure 7.14 will be equal to

the capacity of generating unit.

Now, the PDFsof available capacity of generating unit is given by the
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following figure.

p=(l-q)

9

o

Available capacity. MW

c

Figure-7.15 PDFs of availablE' capacity ot
gE'nE'rating un it.

Theavailable capacity ,of generating unit and available capacity from water

are two independentr&xtomvariables (RV.). Therefore, the PDFsof available

capacity for overall hydrostation is obtained using following probability

relation

{

Cr Mw is J
Prob. available for =

hydrostation

Probability that the

the 'generating unit

is available with

capacity Cr

••.•••• (7.26)

Therefore, using equations (7.26) and (7.24) the following distribution is ob-

tained fromfigures 7.14 and 7.15.
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Figure-7.1G PDFs of available capacity for hydrostation

The impulse at 0 Mw is due to the fact that generating unit is not

available for certain time depending on the forced outage rate, q. The final

distribution for the outage capacity of the station is obtained by subtracting

,each capacity value .of figure 7.16 from the generating unit capacity C and is

depicted in figure 7.17.
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• Outage capacity. MW

Figure-7.17 Outage capacity model of hydrostation.

Now, if, for the hydrogenerating unit the outage capacity model of

figure 7.17 is used instead of binary state model, then this meansthat the

energylimitation .of hydrounit is obviously incorporated within the multi-

state model of hydrounit and this incorporation is probabilistic in nature.

Therefore, for the purposeof simulation the energy limited hydro unit is

declared as multistate unit with any external energy limitation.
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7.5 FLOWCHARTOFTHEMETHOPOLOGY

START

Arrange ELunits in order of decreasIng attempted operatIng hours

Arrange DEunits or blocks in order of increasIng incremental cost

InitlalizaUons, Read load data and assigned energies,
Read generaUng unIts data

Calculatton of initial moments. Calculate initial unserved energy

Select first unit

Load the current unit at this positIon
Calculate unserved energy after loading this unit

Yes

No

Yes

Is it an EL unit loading? .

Is the unit mulUstate?

Are all the units loaded?

No

Yes

No

Increment to next I ading order unit

Calculate the energy generation of EL unit from the dlffererence
of unserved energtes before and after convolving the EL untt

Does compulsory generation exceed assIgned energy of EL unIt?

Yes
Deconvolve the recent EL unit
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PuShthe recent EL unit to next loading order position
Move the next DEunit to recent loading order position

Is unit Immediately following this EL unit, also an EL unit?

No

Yes
Including the recent EL unit count the number of EL units in
adjacent loading order positions Immediately after current

position

ove the next DEunit to recent loading order position by
pushing the counted EL units to following adjacent loading

order positions

B

Is unit immediately preceding this unit, also an EL unit No
or cluster?

Accept the loading of current EL unit at this loading order
position. Adjust the delivered energy of EL unit to Its

assigned energy by recalculating the unserved energy before
its convolution.

Yes
Are all the units loaded?

No

Increment to next loading order unit
B
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Couht the number of EL units now forming cluster

Combined current EL unit or cluster with preceding EL unit
or cluster to form new cluster

Deconvolve all the units of cluster as well as the DEunit
preceding cluster

Without convolving the recently deconvolved DEunit,
convolve all the units of cluster. Calculate the energy
generation of cluster if loaded at the posiUon of recently

deconvo lved DEuni t.

Does energy generaUon of cluster exceed total assigned No
energy of cluster?

Push the units within cluster to upper loading order
position by fixing the immediate lower loading order

posiUon for recently deconvolved DEunit

Count the number of shifted DEunit by this way

Yes
Isunit preceding cluster also EL unit or cluster?

Reject most recent test of repositioning the cluster.
Convolve back the recently deconvolved DEunit

Adjust the generated energies of each EL unit of cluster
equal to their respective assigned energies by recalculating

the energy generation of trimming unit
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Convolve back all the shifted DEunits (If there is any).
Calaulate the unserved energies after convolving each

shHted DEunIt

Yes No
Are all the units loaded?

Increment to next loading order unIt

FInal calculations:
Expected energy generat i on and product i on cost of each uni t.

ENS, LOLP
Tota 1energy generat ion, tota 1fuel cost.
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CHAF'TER 8

NUMBRICAL BVALUATION

8. 1 IN1.llOIXCl'!.lI'I

For the simulation of energy limited hydro units two different

1)1 methodologies have been developed in chapter 7. These two developed

methodologiesare applied to two realistic systems; 'i) IEEE-Reliability test

system, ii) Bangladeshpowersystem. In the numerical evaluation the segmenta-

tion methodis used; Thesegmentationmethodis described in details in chap-

ter 5.

This chapter presents a brief description of the twosystems. The simula-

tion results are presented in this chapter. The results includes the cases of

multihydrocompetingunits and also noncompetingunit. In this chapter, also

the results obtained using multistate approachfor an energy limited unit are

presented.

8.2 IEEE RELIABILITY TEST 'SYmH1 (IEEE-Ill'S) [38)

The IEEE test systemprovides the basic data required in the evaluation

of reliability and production cost. The test system is widely used in dif-

ferent simulation techniques to provide a basis for comparisonof results. The

system is also used in this thesis to test the applicability of the developed

methodologies. Thetest systemhas load, generation and transmission network

models. The load modelprovides hourly loads on per unit basis expressed in'

chronological fashion. Thegenerating systemconsists of 32 units of different

sizes varying from10 to 400Mw. The load model and generating system are

briefly described in following twosections.

8',2.1 LoadData [38)

The thirteen winter weeks hourly loads are utilized in this research.
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Theseweeksare: 1-8 and 48-52. The peak and base loads of this 13 weeks are

2850 Mwand 1102.6 Mwrespectively. The total energy demandfor this period is

equal to 4163.48 Gwh. For this thirteen weeksthe weeklypeak loads in per-

centage of the annual peak load are given in table 8.1 and table 8.2 gives a

daily peak load in percentage of the weeklypeak.

Table 8.1: Weeklypeak load in percent' of annual peak load

Week Peak load

1 86.2
2 90.0
3 87.8
4 83.4
5 88.0
6 84.1.
7 83.2
8 80.6

48 89.0
49 94.2
50 97.0
51 100.0
52 95.2

Combining tables 8.1 and 8.2 together with annual peak load defines a

daily peak load modelof 13x7=91 days.
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Table 8 •2: Daily peak load in percent of weekly peak

Day Peak load

Monday 93.0
Tuesday 100.0
Wednesday 98.0
Thursday 96.0
Friday 94.0
Saturday 77.0
Stmday 75.0

Weekday and weekend hourly load models for winter season is given in
table 8.3~ Combination of tables 8.1, '8.2 and 8.3 with annual peak load
defines an hourly load model of 91x24=2184 hours.

Table 8.3: Hourly load in percent of daily peak
-----------------------------------

Winter weeks
Hours 1-8 and 48-52

Weekday Weekend
-----------------------------------

12-1 AM 67 78
1-2 63 72
2-3 60 68
3-4 59 66
4-5 59 64
5-6 60 65
6-7 74 66
7-8 86 70
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8-9 95 80
9-10 96 88
10-11 96 90
11-12 95 91
12-1 R1 95 90
1-2 95 88
2-3 93 87
3-4 94 87
4-5 99 91
5-6 100 100
6-7 100 99
7-8 96 97
8-9 91 94
9-10 83 92
10-11 73 87
11-12 63 81

-------------------------------------
Hourly load for any hour of the weekday may be expressed as:

HL=WKPKxDPKxHLWI>:xAffi

where. HL=Hourly load

WKPK=Weeklypeak as a fraction of annual peak.

DPK=Dailypeak as a fraction of weekly peak.

HLWD=Hourly load as a fraction of daily

weekday.
peak for

APK=Armualpeak load.

Similarly hourly load for any hour of the weekend day may be expressed as:.

HL=WKPKxDPKxHLWExAPK

where. . HLWE=Hourly load as a fraction of daily peak for

weekday.
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8.2.2 Generation Data [38]
Generating system comprises nuclear, coal, oil and hydro generating

uni ts. Generation system clata of lEEE-RTSis given' in table 8.4. For the above

13 week period each energy limited hydro unit is considered to have an as-

signed energy of 40 Gwh.

Table 8.4 :Generation clata of lEEE-RTS

-----------------------------------------------------------------
Type of uni t Unit size No. of uni ts FCR Average incremental

(Mw) =st ($/Mwh.)

-----------------------------------------------------------------
Hydro 50 6 0.01 0.000
Nuclear 400 2 0.12 5.450
Coal 150 '4 0.04 10.704
Coal 350 1 0.08 10.883
Coal 80 4 0.02 13.494
Oil 200 3 0.05 20.730
Oil 100 3 0.04 20.853
Oil 10 5 0.02 25.875
Oil 20 4 0.10 37.500
-----------------------------------------~-----------------------
8.3 BANGLAD~ rowER SYSTEM (BPS) [39]

Bangladesh power system is a small system. This power system may be

.divided into two zones; the East zone and the West zone separated by the

rivers Padma, Jamunaand Meghna. These two zones are. interconnected by the

East-West interconnector forming an integrated national grid. There are a ntDD-

ber of power stations in the East and in the West zones. The large power sta-

tions are KarIia.fuli Hydroelectric Station, Ashuganj Stearn Power Station and

Combined Cycle Power Station, Ghorashal Thermal Power Station, Siddhirganj

Thermal Power Station, Shahjibazar and Bheramara Gas Turbine Power Stations.
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Most of the thermal stations in East zone uses natural gas as fuel whereas in

the West zone costly liquid fuels. are used for generating electrical energy.

Bangladesh Power Developnent Board (BPDB)has the sole responsibility of

generating, transmitting and distributing the electrical energy in Bangladesh.

8.3:1 BPSGeneration Data [39]

Generation data of BPSused in this research are given in Appendix C.

Some of the small unit capacities are rounded off to decrease the computer

time. In the West zone the small diesel units with capacities less than 5 Mlol

are aggregat~ to form five units of 5 Mlolcapacity and are shownin AppendixC

in the name'of "Small Diesel stations". The total generation 'capacity of the

integrated system,is 1022Mlol.

8.3.2 BPSLoadData

Hourly load data of August, 1985are used in this research for simulat-

ing BPS.These hourly loads are given in AppendixD. For this load model it is

found that the daily peak load occurs during 7:00 to 9:00 IM. In this month

the peak and base loads are 765.05Mloland 287.09 Mlolrespectively. The total

amountof energy demandduring the sameperiod is 369.1723Gwh.

8.4 DEVElDIMENTOFfoIJLTISTATHKDELFOOHYOOOUNITOFBPS

For August, 1985the hourly generation available from hydro station of

BPSat Kaptai are given in AppendixE. Thoughhydro station at Kaptai has

three units , but BPDBcould not supply the individual hourly generation of

each hydro unit. So in AppendixE the capacity available at each hour are

given for entire hydro station and these hourly capacities are calculated on

the basis of water head and flow rate available at corresponding hours. Now,

for constructing 'the multistate modelthat replaces the energy limitation of

hydro unit, the variation of capacity with respect to water power at a
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suitable interval of time is needed. As this variation is given for total
hydro unit, therefore, the hydro units of BPS are replaced by a single unit of'
142 Mw capacity without any appreciable loss of accuracy. Now for this unit
the multistate model will be developed.

Histogram depicting the hourly possible generation from water power at
hydro station of BPS is shown 'in figure 8.1.
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Figure- 8.1 Hista.gram ot hourly generat ion trom water power
ot BPS hydrostation

Total number of samples (hours) are (31x24) 744. The PDFs of hourly gener-
ations of figure 8.1 are depicted in figure 8.2.
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Figure- 8.2 PDFsof available capacity for BPS hydrostation so far

water power concerned (all impulses to be divided by 744)

For figure 8.1 it was found that all samples lying in the last interval have
capacity value equal to 142 Mw, so in the figure 8.2 last impulse is shown
.with a 142 Mw capacity. 1he PDFs of available capacity of hydro generating
unit is shown in figure 8.3.
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Figure-8.3 PDFs of av;ailable capacity of binary state hydro generating unit
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Figure- 8.4 Distribution at available capacity of hydro unit accomoddting
energy limitation(all impulses to be ;divided by 744)
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Nowusing the methodologygiven in section 7.4, the PDFsof available capaci ty

of hydro station after accommodatingthe energy limitation is shownin figure

8.4. Finally the outage capacity model is obtained by subtracting each capacity

value of figure 8.4 from generating unit capacity 142Mwand the distribution

'\
\

is shownin figure 8.5.

I5
66.33

hydro genetating unit of BPS (all impulses
744 )

2

41.58

3 .61
22.77

14.85 15.84 20.79

10.89
8.917.92 8.91 8.91

7.4

0 7 14 27 37 47 57 67 77 87 97 107 117 I.-- ..•••- MW

Figure- 8.5 Multistate model of
to bedj.vided by

This multistate representation of energy limitation will be used for numerical

evaluation of BPS.
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8. 5. a:MPl1I'ER IRXJRAH

For numerical evaluation a computer program is developed in FORTRAN.

This program resembles, the methodologies developed in chapter 7. The program

is general in nature and it is capable of evaluating any power system by ap-

propriately changing the dimensions of the variables in the program. The

provision of handling multiblock and multistate generating unit is also in the

program. The computer program is given in Appendix F.

8.6 NlMERICALRESULTS

For numerical results as mentioned earlier two power systems are

,evaluated. One is the IEEEreliability test system and the other one is the

Bangladesh power system. In the following results, the base case is referred

to the loading schedule where all the hydro units are base loaded. TheCPU'

time mentioned below is applicable for an IBM4331 computer.

8.6.1 Results for IEEE-RTS

As shown in table 8.4 the generation system of IEEE-RTS includes six

hydro units. In the simulation process, the various number of hydro units are

considered to energy limi ted units. in this process, except the EL uni ts the

remaining hydro units are used as base loaded unit. For IEEE-RTSthe assigned

energy associated with one EL unit it is considered to 40 a.m.
In table 8.5 the results for the base' case are given. This table

presents the expected energy generation by each individual units along with

the total expected energy generation.
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Table 8.5: Expected energy generation of individual generators of

lBEE-RfS(loading ststus of hydro units: base case)

Loading Cap. FOR Expected Loading Cap. FOR Expected

order (Mw) energy gen. order (Mw) energy gen.

, posit" . '(Gwh.) POsit" • (Gwh.),
\ 1 50 0.01 108.1080 17 80 0.02 51.8486I,

2 50 0.01 108.1080 18 200 0.05 87.2321
3 50 0.01 108.1080 19 200 0.05 45.4079
4 50 0.01 108.1080 20 200 0.05 20.5770
5 50 0.01 108.1080 21 100 0.04 5.2003
6 50 0.01 108.1080 22 100 0.04 3.0416
7 400 0.12 768.7680 23 100 0.04 1.7280
8 400 0.12 768.7680 24 10 0.02 0.1277
9 150 0.04 312.0702 25 10 0.02 0.1200

10 150 ,0.04 299.2437 26 10 0.02 0.1133
11 150 0.04 272.6772 27 10 0.02 0.1058
12 150 0.04 240.7727 28 10 0.02 0.0997
13 350 0.08 417.2606 29 20 0.10 0.1660
14 80 0.02 82.5845 30 20 0.10 0.1475
15 80 0.02 73.2286 31 20 0.10 0.1310
16 80 0.02 62.5009 32 20 0.10 0.1165

Totsl expected energy generation = 4162.685 Gwh

Now',tsbles, 8.6, 8.7, and 8.8 presents the expected energy generation of

individual unit as well as of the whole system considering one, two, and six

EL units respectively. Note that other than the ELunits the remaining hydro

units are considered as base loaded units in these simulations.
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Table 8.6: Expected energy generation of individual generators of IEEE-RTS
(loading status of hydro units: includes one energy limited unit)

Loading Cap. FOR Expected Loading Cap., FOR . Expected
order (Mw) energy gen. order (Mw) energy gen.

posit" .
1

2,

3

4

5

6

7

8

9

10
11

12.

13
14
15
16

(Gwh.)
50 0.01 108.1080
50 0.01 108.1080
50 0.01 108.1080
50 0.01 108.1080
50 0.01 108.1080

400 0.12 768.7680
400 0.12 768.7680
150 0.04 313.7449
150 0.04 305.0292
150 0.04 282.7550
150 0.04 .252.3331.
350 0.08 439.8852
80 0.02 87.7830
80 0.02 79.2578
80 0.02 67.6581
50 0.01 40.0000

oositD•

17
18

19
20
21
22
23
24

25
26
27
28
29
30

31
32

80 0.02
200 0.05
200 0.05
200 0.05
100 0.04
100 0.04
100 0.04
10 0.02
10 0.02
10 0.02
10 0.02
10 0.02
20 0.10
20 0.10
20 0.10
20 0.10

.(Gwh.)
51.8486
87.2321
45.4079
20.5770
5.2003
3.0416
1.7280
0.1277
0.1200
0.1133
0.1058
0.0997
0.1660
0.1475
0.1310
0.1165

-----------------------------------------------------------------
Total expected energy generation = 4162.685 Gwh

-----------------------------------------------------------------
In table 8.6 the 15th unit is trimmed by the energy .limited unit loaded at
16th loading order position. To show this trimming operation, results are
given in table 8.6(a) with declaring the energy limited unit of table 8.6
without any energy restriction. In table 8.6(a) the individual'energy gener-
ation of each unit obtained with energy limited unit are also given
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parative study.
Table 8.6(al: Expected energy generations of individual units for

showing trinming operation

------------------------------------~----------------------------
Loading Expected Loading Expected

1 order energy gen. order energy gen.
posit" • (Gwh. l posit" • (Gwh. l

----------------------- ----------------------
5 hydro base with one 5 hydro base with one

loaded, one energy loaded, one energy
placed at limited placed at limited
16th position unit 16th position unit

--------------------------------~--------------------------------
1 108.1080 108.1080 17 51.8486 51.8486
2 108.1080 108.1080 18 87.2321 87.2321
3 108.1080 108.1080 19 45.4079 45.4079
4 108.1080 108.1080 20 20.5770 20.5770
5 108.1080 108.1080 21 5.2003 5.2003
6. 768.7680 768.7680 22 3.0416 .3.0416
7 768.7680 768.7680 23 1.7280 1.7280
8 313.7449 313.7449 24. 0.1277. 0.1277
9 305.0292 305.0292 25 0.1200 0.1200

10 282.7550 282.7550 26 0.1133 0.1133
11 252.3331 252.3331 27 0.1058 0.1058
12 439.8852 439.8852 28 0.0997 0.0997
13 87.7830 87.7830 29 0.1660 0.1660
14 79.2578 79.2578 30 0.1475 0.1475
15 69.4722 67.6581 31 0.1310 0.1310
16 38.1859 40.0000 32 0.1165 0.1165
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Table 8.7: Expected energy generation of individual generators of
lEEE-RI'S (loading status of hydro tmits: includes two
energy limited tmi t)

-----------------------------------------------------------------
-\ Loading Cap. FOR Expected Loading Cap. FOR Expected

order (Mw) energy gen. order (Mw) energy gen.
posit" • (Gwh. ) posit" • (Gwh. )
-----------------------------------------------------------------

1 50 0.01 108.1080 17 50 0.01 40.0000
2 50 0.01 108.1080 18 200 0.05 87.2321
3 50 0.01 108.1080 19 200 0.05 45.4079
4 50 0.01 108.1080 20 200 0.05 20.5770
5 400 0.12 768.7680 21 100 0;04 5.2003
6 400 0.12 768.7680 22 100 0.04 3.0416
7 150 0.04 314.3941 23 100 0.04 1.7280
8 150 0.04 309.2032 24 10 0.02 0.1277
9 150 0.04 291.9142 25 10 0.02 0.1200
10 150 0.04 263.2934 26 10 0.02 0.1133
11 350 0.08 .463.6391 27 10 0.02 0.1058
12 80 0.02 92.6514 28 10 0.02 0.0997
13 80 0.02 84.8157 29 20 0.10 0.1660
14 80 0.02 75.7690 30 20 0.10 0.1475
15 80 0.02 52.7228 31 20 0.10 0.1310
16 50 0.01 40.0000 32 20 0.10 0.1165

-----------------------------------------------------------------
Total expected energy generation = 4162.685 Gwh •

-----------------------------------------------------------------
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Table 8.8: Expected energy generation of individual generators of

lEEE-RI'S(loading status of hydro units: all hydro

units are energy limited)

-----------------------------------------------------------------
Loading Cap. l'OO Expected Loading Cap. l'OO Expected

order (Mw) energy gen. order (Mw) energy gen.

posit" • (Gwh.) posit" • (Gwh.)

-----------------------------------------------------------------
1 400 0.12 768.7680 17 50 0.01 40.0000
2 400 0.12 768.7680 18 50 0.01 40.0000
3 150 0.04 314.4960 19 200 0.05 45.4079,
4 150 0.04 314.4960 20 200 0.05 20.5770
5 150 0.04 312.1654 21 100 0.04 5.2003
6 150 0.04 299.9276 22 100 0.04 3.0416
7 350 0.08 563.4825 23 100 0.04 1.7280
8 80 0.02 113.6873 24 10 0.02 0.1277
9 80 0.02 104.7652 25 10 0.02 0.1200

10 80 0.02 96.6100 26 10 0.02 . 0.1133
11 80 0.02 89.0314 27 10 0.02 0.1058
12 200 0.05 99.4056 28 10 0.02 0.0997
13 50 0.01 40.0000 29 20 0.10 0.1660
14 50 0.01 40.0000 30 20 0.10 0.1475
15 50 0.01 40.0000 31 20 0.10 0.1310
16 50 0.01 40.0000 32 20 0.10 0.1165

----------------------------------------------------,-------------

Total expected energy generation = 4162.685 Gwh

-----------------------------------------------------------------

125



In table 8.9, a comparative study for different numberof ELunits is made.

the second columnof this presents the LOLP of the system expressed in

percent. The fourth columnpresents the expected energy not served. Recall

that the expected energy not served is the. difference between the energy

demand and the expected energy generation. The production cost and the com-

putational requirements in terms of CPU time are shown, respectively, in

columns 5th and 6th.

Table 8.9: Simulation results of IEEE-RTSin sUlllJlarizedform

-----------------------~-----------------------------------------
Status of LOLP Total engy. E(ENS) Total fuel CPU time

hydro units (%) gen.(Gwh) (Gwh) cost (lQ6 $) (Sec. )

-----------------------------------------------------------------
Base case 0.280 4162.685 0.795 32.025 22.65

OneELunit 0.280 4162.685 0.795 32.804 24.85
TwoELunits. 0.280 4162.685 0.795 33.592 38.92

Three ELunits 0.280 4162.685 0.795 34.388 42.44

Four ELunits 0.280 4162.685 0.795 . 35.193 53.82
Ii Five ELunits 0.280 4162•.685 0.795 36.009 55.69

Six ELunits 0.280 4162.685 0.795 36.922 66.78

-----------------------------------------------------------------

8.6.2 Results for Bangladesh PowerSystem

In table 8.10, the expected energy generations of individual generating

units as well as the expected energy generation of the system are given for

the. base case.
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Table 8.10:Expected energy generation of individual generators of

BPS(with base loaded hydro unit)

Loading Cap. FOR Expected Loading

order (Mw) energy gen. order

posit" . (Gwh.) posit- •

Cap. FOR Expected

(Mw) energy gen.

(Gwh.)

1

2

3

4

5

6

..7

8

9

10

11

12
13
14
15
16
17
18

142

65
65
50

60
55

55

55
30

10

10

10

10
10
10
10

10

10

0.01

0.10

0.10

0.10

0.10

0.10

0.10

0.19

0.19

0.15

0.15

0.15

0.18

0.18

0.18

0.18

0.18

0.18

104.59152

43.52400

43.52400

33.30169

38.17738

30.74888

25.07823

17.27920

7.44313

2.29631

2.13229

1.98142

1.77019

1.64298

1.51966

1.40098

1.28834

1.18188

19

20

21
22
23

24

25
26
27

28
29
30

31
32

. 33

34

35

36

10

5

5

110

60
5

5

5

5

5

25
25

20
20
20
20
5

5

0.18 1.08531

0.18 0.51147.

0.18 0.49074

0.10 6.39829

0.10 1.14992

0.12 0.05832

0;12 0.05354

0.12 0.04917

0.12 0.04518

0.12 0.04152

0.18 0.14682

0.18 0.09658

0.15 0.05457

0.18 0.03603

0.18 0.02467

0.18 0.01666

0.15. 0.00347

0.15 0.00311

Total expected energy generation = 369.147 Gwh

For the time period of study for this research; it is found from Appendix-E

that the total amount of energy that can be supplied by hydro station is equal

to 87.227 Gwh. So this amount of energy is considered as the assigned energy
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of the hydro uni t. For 'this case, the expected energy generation of different

generating units of BPSare evaluated and results are presented in table 8.11.

Table 8.'l1:Expected energy generation of individual generators of

BPS (with energy limited hydro unit)

-----------------------------------------------------------------
Loading Cap. FOR Expected Loading Cap. FOR Expected

order (Mw) energy gen. order (Mw) energy gen.

posit" . (Gwh.) posit" . (Gwh.)

-----------------------------------------------------------------
1 65 0.10 43;52400 19 10 ' 0.18 1.08531

2 65 0.10 43.52400 20 5 0.18 0.51147
.~

3 50 0.10 33.48000 21 5 0.18 0.49074

4 60 0.10 40.17600 22 110 0.10 6.39829

5 55 0.10 36.81440 23 60 0.10 1.14992

6 55 0.10 34.20030 24 5 0.12 0.05832

7 142 0.01 87.22700 25 5 0.12 0.05354

8 55 0.19 17.27920 26 5 0.12 0.04917
9' 30 0.19 7.44313 27 5 0.12 0.04518

10 10 0.15 2.29631 28 5 0.12 0.04152

11 10 0.15 2.13229 29 25 0.18 0.14682

12 10 0.15 1. 98142 30 25 0.18 0.09658
13 10 0.18 1.77019 31 20 0.15 0.05457

14 10 0.18 1.64298 32 20 0.18 0.03603
15 10 0.18 1. 51966 33 20 0.18 0,.02467

16 10 0.18 1.40098 34 20 0.18 0.01666
17 10 0.18 1.28834 35 5 0.15 0.00347
18 10 0.18 1.18188 36 5 0.15 ' 0.00311

Total expected energy generation = 369.147 Gwh

The multi state model developed in section 8.4 is used for the energy limited
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hydro tmit. Note that, in this simulationthe detenninationof the amotmt of
limited energy for the hydro tmit is not required. From the distributionof
water head the distributionof multistatehydro tmit is developed. The BPS
with a multistate hydro is evaluatedand the results are presented in table
8.12.
Table 8.12:Expectedenergy generationof individualgeneratorsof

BPS (withmultistatemodel of hydro tmitl
Loading Cap. FOO Expected Loading Cap. FOO Expected
order (Mw) energy gen. order (Mw) energy gen.

posit"•
1

2

3

4

5

6

7

8

9

10

11

12
13

14
15

. 16

17

18

(Gwh.)
142 0.368 86.70915
65 0.10 43.52400
65 0.10 43.52400
50 0.10 33.36088
60 0.10 38.77837
55 0.10 32.33510
55 0.10 27.52874
55 0.19 19.78033
30 0.19 8.87962
10 0.15 2.80250
10 0.15 2.63533
10 0.15 2.47583
10 0.18 2.23805
10 0.18 2.09888
10 0.18 1.96284
10 0.18 1.83024
10 0.18 1.70233
10 0.18 1.57911

posit"•
19

20
21
22
23
24

25
26
27

28
29
30

31
32
33
34
35

36

(Gwh.)
10 0.18 1.46335
5 0.18 0.69348
5 0.18 0.66730

110 0.10 9.24371
60 0.10 1.97726
5 0.12 0.10787
5 0.12 0.10049
5 0.12 0.09362
5 0.12 0.08713
5 0.12 0.08104

25 0.18 0.29676
25 0.18 0.20706
20 0.15 0.12336
20 0.18 0.08554
20 0.18 0.06149
20 0.18 0.04365
5 0.15 0.00934
5 0.15 0.00848

Total expected energy generation = 369.096 Gwh
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The forced outage rate given for multistate hydro unit in. table 8.12 is the

equivalent FOR, which is the summationof probability values of all impulses

of figure 8.5 except the impulse at zero Mw.

Table 8.13 presents a comparison of LOLP, expected energy generation,

expected energy not served, fuel cost and computational requirement for the

following three cases:

Case (i): Base case; hydro unit is considered as base loaded unit

Case (ii): Hydro unit is considered as energy liririted unit

Case (iii): Multistate model of hydro unit is considered.

Table 8.13: Results obtained for BPSin stlllllllarizedform.

-----------------------------------------------------------------

-------------------------------------------------------------~---
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~9

OBSERVATIONS AND CONCLUSIONS
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loading positions

not change. Again,

in both cases and as a result their energy generations do

the ELDCsafter convolution of 16th unit are samein both

cases and units below 16th loading order positions produce the sameamountof

energy in both cases.

Thecompetingunit should occupythe adjacent positions. in the loading

order and tables 8.7 and 8.8 confirm this. Fromtables 8.6, 8.7, and 8.8 it is

found that in all cases the energy limited units deliver their full assigned

energies.

In table 8.9, it is observed that the LOLPs, total expected energy gen-

eration and expected energies not served in all cases are same. However, in-

crease in total fuel cost is observed in table 8.9 for increased number of

energy limited units and also the CPU time increases with the increased number

of ELunits.

The LOLPas well as the expected energy not served are evaluated from

the final distribution and the final distributions in all cases are samesince

the total numberof units with their FORado not changealthough the numberof

ELunits changes.

The total eXP,eCtedenergy generation also dependson the distribution.

In these cases, only for few loading order position the distribution is not

similar. However, it has been shownin AppendixB that for the sameunits the

total generation does not changealthough the energy generation by the in-

dividual unit changes for changedloading order position.

The reason of changingfuel cost for different cases is evident from the

energy generations by the individual units whichchanges for many units for

different numberof ELunits. Againrecall that the average incremental cost

of different units are different for most of the units.

The ELunit finds its position in the loading order using the trial-

error approach so that it can generate its assigned in that position.

Therefore, it is obvious that for the increased numberof ELUnits the com-
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putational requirement increases.

BangladeshPowerSystem

Comparingthe results of tables 8.10 and 8.11 it is observed that as the

hydrounit becameenergy limited it is loaded at 7th loading order position

unlike the base loading position of table 8.10.

For multistate approach the important observation fromtable 8.12 is

that the expected energy generation of multistate hydro unit is almost equal

to the assigned energy of the unit. Recall that the amOuntof assigned energy

is determinedfromthe samewater.head data. However, if the multistate model

were. developed from a large numberof samplesgenerated over the years the. .

difference wouldnot be prominent.

Fromtable 8.13 it is observed that LOLP,expected energy generation and

(ENS)obtained for multistate simulation of hydro unit are higher compared to

that obtained with energylimi ted representation of hydro .unit. It is also ob-

served that. the total expected fuel cost increases with multistate model.

As . simulation complexity decreases with multistate approach it is ob-

served fromtable 8.13. CPUtime needed for this approach is lesser compared

to that of energy limited approach. This decrease of simulation complexity

will be evident if someonelooks at the flow chart given in section 7.5.

9.2 ~IOOS

In generation expansion planning process, the simulation of energy,
limited hydro units is critical since the optimal scheduling is obtained only

whenthese units can discharge their assigned energies in their selected load-

ing positions. Amethodologyis developed in this thesis to simulate multi-

hydro energy limited units. This thesis also develops a novel approach for

modelingenergy limited hydro unit by incorporating the randomness in the

availability of the water head. The following conclusions are madefromthis

research:
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1) The developedmethodologyfor simulating the energy limited hydro

unit is capable of handling any mnnberof competing or non-competing energy

limited Units. The methodology is tested by applying to a systemand it

provides aCcurate result.

2) Thedevelopedmultistate modelof an energy limited hydro unit

accurately incorporates the randomnessof water head. Thedevelopedmodel is

also applied to a realistic systemwhichshowsthat for the same data the

results are similar to that of the conventional approach. However, the ap-

plication of multistate approachdecreases the simulation complexity.

9.3 REUHmNDATIOOSFCR FlJR'1lIER I«EK

In this thesis twopowersystems: IEEE-RTSand Bangladesh power system

are evaluated using the developed methodologies for energy limited hydro

units. For morerealistic analysis of the above two systemsmultiblock loading

of generating units as well as multistate representation of units maybe taken

into consideration. Methodologyfor simulating energy limited units maybe ex-

tended to include the evaluation of interconnected systems having energy

limited hydro units. For Bangladeshpowersystem, simulation maybe carried

out using multistate approachwith representing each hydro unit ,of BPSby its

own multistate model. For morerealistic generation expansion planning, the

forecasted demandmaybe used in the simulation.
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APPENDIX A

Peak Shaving Equivalence

That the peak shaving method and loading order placement. are equivalent

can be proven with the aid of the two identical load curves shown in figure

A.I. In figure A.I(b) the position of the energy limited unit of capacity H is

adjusted under the load curve to exactly exhausts its assigned energy.

This divides the loading order of the remainin,g units into two groups ,

'a' and 'b', with the group 'a' supplying energy depicted by A and group 'b'

supplying energy depicted by B under the load curve. In figure A.I (a) let the

load curve be shifted to the left by the capacity of the energy limited unit,

H, to form the dashed line between areas B and C. Let this line be terminated

by a vertical line from the capacity value equal to the of loading order 'a'.

Thus, area A is congruent with area A since both are bounded by the load

curve, the x and y axes and a vertical line corresponding to the capacity

value of loading order 'a'. Nownote that area B is congruent to area B since

the dashed portion is a horizontal linear translation of the load curve and

both B and B have the samebase. Thus, the units in loading order 'b' see the

same load in both cases. Since the load curves are identical, and areas A and

A, B and B are congruent, then the energy depicted by C must be exactly equal

to that depicted by C and we have proven that systelll operation is identical.
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Appendix A(Continued)

F(L)

1

1.0

(a)

A

a
I--Loadingorder- a -t-L.O.-b+ H-I

F(L)

t

to

( b)

o
f-'-loading oreler-a-4- H-4--L.O-b.j

."

Figure-A.1 Proof that placing energylimited unit in
loading orderat the lett most Iimit of
peakshaving operation produces identical
loading on other units and exactly exhausts
assigned energy.
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APPENDIX B

Equivalent Load Independent of

convolution order

The formula for convolving the effects of the random forced outages of a

generating unit is

where

G(Le) = F(Le)p + F(Le - C)q •...•• (B.l)

Le = Equivalent load.

F(Le) = Equivalent load curve excluding the random

forced outage effects of the unit.

G(Le) = Equivalent load curve including the random

forced outage effects of the unit.

p = Availability of the unit,

q - Forced outage rate of the unit

= 1- p

C = Capacity (Mw)of the unit.

Consider two uni ts denoted as uni ts 1 and 2 respecti vely . Let the

capaci ty and availability of units 1 as C, and Pt, respectively • Similarly j

consider the capacity and availabili toyof unit 2 as Co and Po, respectively.

Let F(Le) denote the equivalent load curve which does not include the random

forced outage effects of either of the units. Let H(Le).denote the equivalent

load curve which includes the random forced outage effects of both units.

H(Le) can. be obtained by the sequential application of equation (B.l) by

first adding the random forced outage effects of unit 1, followed by the addi-

tion of the random forced outage effects of unit 2 as follows:

where

Ft (Le) = F(Le)pt + F(Le - Ct )qt

H(Le) = Ft (Le)po +Ft (Le - C2)q2
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F, 0 .••) = The equivalent load curve which includes the

random forced oulage effects of unit 1, but

not unit 2.

Then by equations (B.2) and (B.3):

H(Le) = Pz (F(Le )p, + F(Le - c, )q, I
+q, (F(Le - C, )p, + F(Le - C, - c, )q, I

= p'PzF(Le) + Pzq,F(Le - Cd + p,q,F(Le - Co)

+q,q, F(Le - (;, - Co ) ...... (B.4)

Alternately, H(Le) can be sequentially obtained by first adding the ran-

dom forced outage effects of unit 2 followed by the addition of the random

forced outage effects of unit 1 as follows:

where

F, (Le) = F(Le)Pz + F(Le - Co )q,

H(Le) = F, (Le)p, + F, (Le - C, )q,

....•. (B.5).

•••••• (B.6)

. F, (Le) = The equivalent load curve which includes the

random forced outage effects of unit 2, but

not unit 1.

Then by equations (B.5) and (B.6)

H(Le) = p, (F(Le )Pz + F(Le - c, )q, I
+q, (F(Le - c, )Pz + F(Le - c, - C, )qzl

= p, PzF(Le ) + p,q,F(Le Co) + Pzq,F(Le - c, )
+q, q,F(Le - c, - Co ) .....• (B.7)

Because equations (B.4) and (B.7) are the same, it follows that equiv-

alent load curves are unaffected by the order in which the effects of random

forced outages of generating units are added. Note that no implicit asstDDp-

tions are made regarding the relative positions of the units in the loading

order.

The equivalent load curve can represent pOrtions of units Le. derated

states, multiblock representation etc.. It follows, then that the invariance
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of equivalent load with to convolution order applies equally well in systems"
which include generating unit partial outages and multiblock loading of gener-
ating units.
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APPENDIX C
Gen~!:!!-ti,9nData

Table C.l: Generation Data for BPS
-----------------------------------------------------------------
Name of
power statio.n

Type of
fuel

No. of
units

Capacity
(Mw)

FOR Average i.ncre.
fuel cost(Tk./Kwh

-----------------------------------------------------------------
Karnafuli
Hydro

Hydro 1
2

50
46

0.01
0.01

0.00
0.00.

-----------------------------------------------------------------
Ashuganj Gas
steam turbine

2 65 0.10 0.14

----------------------------------------_._-----------------------
Siddhirganj Gas
steam turbine

1
3

50
10

0.10
0.15

0.15
0.23

-----------------------------------------------------------------
Chittagong Gas
steam turbine

1 60 0.10 0.16

------------------~----------~-----------------------------------
Ghorasal Gas
steam turbine

2 55 0.10 0.16

-----------------------------------------------------------------
Ashuganj Gas
combined cycle

1 ( GT )
I(ST)

55
30

0.19
0.19

0.16
0.16

-----------------------------------------------------------------
Chittagong
gas turbine

Gas 2 5 0.18 0.28

-----------------------------------------------------------------
Khulna F. oil
steam turbine

1
1
2

110
60
5

,0.10
0.10
0.15

1. 57
1. 79
3.32

-----------------------------------------------------------------
Khulna gas SKO
turbine(Barge)

2 25 0.18 2.62

-------------------------------~---------------------------------
Barisal
gas turbine

HSD 1 20 0.15 3.01

-----------------------------------------------------------------
Bheramara
gas turbine

HSD 3 20 , 0.18 3.24

---.--------------------------------------------------------------
Small Diesel LDO/ 1 5 0.12 1. 93
stations HSD 1 5 0.12 2.00

1 5 0.12 2.20
1 5 0.12 2.35
1 5 0.12 2.49

-----------------------------------------------------------------
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APPENDII 0

Table 0.1: Houri, deaand INwl of HPS of August, 1985--~---------------------------_.-------_ ..------_ ..-----_ ...------------_ ...------------_ ...----_ ..----_ ....-----_.---------------
DATE TINE 1:0 2:D 3: 0 4: 0 5: 0 6: 0 1 :0 8:0 9:0 10:0 11 :0 It:O
----------------------------------------------------------------------------------------------------------------------------------

a. 433 .11 411.53 400.80 392.92 400.52 439.61 501.01 521.65 512.31 428.80 511.50 560.65
p. 513,51 453.00 HO.95 460.45 490.19 531.55 104.13 122.15 661.85 61l.53 m.52 152.58

2 a. 444.10 403.88 393.01 381.43 315.01 318.81 404.02 512,54 401.61 m.lt 426.21 415.18
p. 365.38 338.64 324.98 312.81 390.48 452024 645.84 613.01 643.64 600.59 521.35 451.53
a. 405.51 319.81 310.15 344,53 354.11 392.89 461.02 411.18 505.61 503.55 553.18 554.04
p. 516.35 418.81 416.11 491.14 511.06 516.19 126.41 134.28 123.15 123.15 511.44 494.18
as 551.10 m.10 411. 83 408.61 410.45 439.35 530.31 510.03 546.98 549.94 511.13 562.01

p. 521.40 485.63 419,25 486.11 519.83 555.49 413.21 129.60 115.91 652,31 510.22 483.69
as 453.11 132.14 420.45 405.64 410 .11 439.91 514.68 529.48 546.81 554.08 565.12 558.00
p. 515.91 483.82 415.90 m.21 519.05 568.89 m.29 165.05 138.41 654,54 513,30 514. 06

6 at 450.08 122.19 410.92 319.56 400.29 132.56 m .14 518.39 528.39 531.99 561.61 551.82
p. 525.60 502.26 459.31 415.41 514,59 564.13 136 .06 156.51 106.00 595.02 529.49 515.92

1 BI 439.39 414,21 391.28 385.51 400.15 419,23 488 .14 m.86 123.55 540.38 558.31 554.36
p. 515.66 481.91 541.14 480.15 512.83 600.31 618.81 112,50 655.65 616.13 546.81 431.31

8 at 431.11 410.50 383.49 394,23 m.19 435.96 504.05 510.10 552.63 554,21 561. 82 561.21
pa 516.29 152.35 486.69 m.ll 531.14 56l.50 126.81 133.98 699.93 641.11 538.34 480.83

9 at 426.52 408.11 403.24 394,22 314.18 389.82 HO.19 443.90 421.20 423.13 430.89 428 .15
pa 382.13 364.88 363.42 392.24 416.84 485.14 640.42 641.84 641.20 586.06 528.50 484.18

10 BI 431. 26 408.42 399.13 383.52 319.20 428.80 510.35 533,52 543,34 562.61 584.11 511.12
pa 531.81 419.98 50! .13 496.11 540.21 563.61 m.lt 126.05 681.15 650.34 511.68 495.24

11 s. 451.01 426.05 418.18 415.13 122.16 438.41 509.56 520.18 531.39 568.80 566.90 514.68
p. 520.60 496.88 411.94 488.68 521.44 419.50 121.15 120.50 111.38 653.05 581.28 511.95

12 at 461.66 412.62 430.13 411.34 425.65 463.92 528.94 550.49 518.53 514.03 658.91 518.54
pa 543 .13 506.44 m.Ol 485.03 480.61 589.45 116.41 153.84 106.41 639.68 560.31 516.91

13 aa 434.41 414,29 402.03 403.14 406.30 439.39 466.53 513,38 545.53 511.28 518.86 518.53
p. 544.88 515.33 501.14 511.44 552 .16 600.41 113.61 119.15 619.53 614.16 581.82 518.88

14 BI 461.46 139.05 431.15 414,23 413.11 441.28 510.34 533.82 528.45 564,25 513.52 559.38
p. 521.99 489.01 m.Ol 493,31 m.41 541.06 619.50 106.91 689.39 665.48 515.20 511.39

15 a. 456.85 442.84 429.66 415.88 426.16 152.11 529.68 533.04 569.81 51l.52 593.66 590.33
p. 512.45 491.56 491.98 490.41 521.88 583,33. 122.66 103.00 110.04 680.15 512.91 521.61

16 a. 419.90 456.33 434.84 419,24 406.81 399.68 441. 20 448.22 406.58 410.12 409.62 415.34
p. 311.89 354.66 359.01 319.83 122.98 469,24 622,55 623.09 614.81 601.30 511.10 413.48

11 aa 44D.61 122.69 411.56 401.13 400.31 132.39 541.91 528.13 550.31 564.41 582.20 568.88
p. 535.38 490.15 503. 25 512.14 553,36 601.65 611.82 621.12 122.09 626.39 564.39 . 516.66

18 a. 392.84 313.93 361.50 353 .11 365 .12 390.10 532,54 544.96 554.98 568.99 588.04 561.21
p. 531.19 461.95 481.11 486.88 525.93 568.65 655.46 660.64 619.30 646.42 569.23 m.51

19 at 418.52 152.19 m.43 420 .18 m.ll 450.46 526.48 551.00 560.62 514.14 581.94 516.66
p. 548.33 586.29 429.51 m.91 522.35 596.08 615.98 659.40 652.88 641.62 568.36 485.53

20 aa 448.45 430.58 503.81 409.66 411.38 412.05 515.20 536.52 545 .19 553.01 586.44 511.66
p. 540.41 419.83 489.94 506.18 539,20 589.48 645.05 662.93 649.26 546.21 m.69 m.35

21 at 419.06 426.11 415 .16 414.33 411.14 435.54 521.46 541.63 556.58 m.50 551.21 558.02
pa 519.39 193.08 180.01 503.21 528.31 586.65 515.91 609.03 618.52 m.ol 553.69 118 .18

22 s. 456.11 132.13 122.00 411. 02 414.31 441.56 132.69 441.31 550.83 558.20 599.83 593.50
pa 560.19 514,53 508.52 505.99 546.91 600.61 131.90 128.99 103.21 661.34 558.12 196.66

23 a. 441.13 129.11 413.13 408.16 420.89 386.38 159.15 469 .18 469.65 m.l0 111.18 150.80
pa 105.00 390.65 391.65 125.91 485.31 510.22 696.11 103.65 631.11 602.16 548.82 189.61

21 a. 163.18 439.95 122.51 410.02 108.18 m.15 190.00 524.32 534.39 511.81 518.10 561. 96
p. 532.21 189.90 461.20 419.60 525.55 593.68 606.06 100.91 697.10 628.81 528.69 160.51

25 at 151.14 431.56 408.05 396.26 391.05 401.15 161.33 191.39 516.49 520.56 544.16 529.92
pa 181.92 151.12 110.00 446.12 416.10 513.03 688.02 615.11 635.61 593.63 518.61 153.20

26 sa 41U4 393,51 318.61 36l.36 364.62 366.12 404.02 414.11 412,69 403.91 133.15 131.41
p. 121.91 383.16 313.93 315.66 412.16 468.21 584.81 581.50 581.60 511.10 199.51 111.69

21 aa 10D.31 380.32 359.93 350.11 358.45 365.80 311. 41 333.65 303,59 290.21 281.09 281.30
p. 291.66 293.13 311.25 331.89 312.81 415.49 519.02 586.89 601.00 53l.25 551.50 m.93

28 a. 366.88 345.08 336.51 332.24 326.81 321.95 348.81 365.35 341.95 m.Ol 312.08 351.81
p. 348.84 324.09 315.09 311.50 344022 415.56 608.80 596.41 553.11 520.19 115.88 116.80

29 BI 381.18 341.38 346.21 333.96 390.56 m.65 312.12 315.30 361.80 313.03 319.40 396.61
pa 391.94 341.12 323.61 323.66 361.18 423.20 642026 601.42 512.11 526.90 441.96 393.96

30 BI 313.15 351.10 341.31 340.09 341.39 341.21 362.21 312.65 362029 310.89 381.33 366.53
p. 310.81 301.11 293.98 311.55 363 .11 413.10 656.05 651.38 603.11 545.11 168.83 106.68

31 aa 313.31 365.09 339.62 335.66 312.05 356.18 101.50 135.12 138.81 458.01 118.01 183.21
pa 453.96 125.94 405.91 41l.24 446.55 514.82 101.62 106.94 631.83 515.62 485.84 103. a
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.AP'PENI>IX E

Table E.1: Hourly capacity (Mw) available from hydrostetion of BPS of
August, 1985----------------------------------------------------------------------

DATE TIME 1:0 2:0 3:0 4:0 5:0 6:0 7:0 8:0 9:0 10:0 11:0 12:0
----------------------------------------------------------------------
1 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 139 139 138 138 138 13!l 141 141 142 142
2 AM 142 142 142 142 139 142 127. 92 92 92 92 92

PM 92 122 90 142 142 142 142 142 142 142 142 142
3 AM 142 142 116 113 120 142 142 142 .142 142 142 142

PM 142 142 142 142 142 142 142 142 . 142 142 142 142
4 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
5 AM 142 142 142 142 142 142 142 142 142 142 .142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
6 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
7 AM 142 130 121 110 116 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
8 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 114 97 95 142 142 142 142 142 142 142 142
9 AM 142 142 142 142 142 142 96 96 96 96 96 96

PM 96 96 96 96 110 142 142 142' 142 142 142 142
10 AM 120 130 106 106 101 123 142 142 142 142 142 142

PM 142 114 97 95 142 142 142 142 142 142 142 142
11 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
12 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
13 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
14 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
15 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
16 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
17 AM 142 142 142 142 142 142 142 142 136 137 137 138

PM 138 142 142 142 132 137 138 142 142 142 142 142
18 AM 142 142 142 142 142 142 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 132
19 AM 127 98 85 82 90 100 142 142 130 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
20 AM 113 79 63 69 80 94 142 142 142 142 142 142

PM 142 142 142 142 142 142 142 142 142 142 142 142
21 AM 142 137 110 110 120 142 142 142 142 142 142 142

PM 142 142 142 142 . 142 142 142 142 142 142 142 40
22 AM 30 30 30 30 30 30 58 75 80 102 124 120

PM 117 62 60 70 110 123 142 142 142 116 96 63
23 AM 37 35 35 35 . 35 30 46 25 27 27 27 44

PM 20 20 20 20 26 65 82 96 96 96 96 86
24 AM 35 35 35 35 35 37 45 78 96 110 126 134

PM 142 96 66 57 91 142 142 142 142 142 142 142
25 AM 55 54 58 56 56 56 110 142 142 142 142 142

PM 135 57 56 55 55 110 142 142 142 142 142 65
26 AM 55 55 55 55 90 100 96 98 94 70 129 109

PM 103 56 55 55 90 104 142 142 142 142 142 142
27 AM 55 55 55 55 55 85 73 55 . 55 55 55 55

PM 55 55 55 55 56 142 142 142 142 142 115 80
28 AM 55 55 55 55 55 55 55 55 55 55 55 55

PM 55 55 55 55 55 55 142 142 142 142 107 38
29 AM 30 30 30 30 30 55 55 55 55 55 57 65

PM 55 55 55 55 55 55 142 142 142 142 102 42
30 AM 30 30 30 30 30 30 92 55 34 40 37 30

PM 30 30 30 30 30 70 142 142 142 120 55 50
31 AM 40 40 40 40 40 40 40 40 40 40 90 90

PM 80 40 40 40 40 40 70 90 96 96 96 30
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APPENDIX F

COMPUTER PROGRAM

C ***************************************************************
C 1. ARRANGE THE BLOCKS IN THE INCREASING ORDER OF INC. COST.
C NOTE: 2ND BLOCK OF ANY UNIT SHOULD BE AFTER THE 1ST EVEN THE
C INC. COST bF 2ND IS LOWBER THAN THE 1ST .SAME FOR 3RD & 2ND.
C 2. ARRANGE THE HYDRO UNITS ACCORDING TO DECREASED NO HOURS USED
C 3. READ SERIAL NO AND TYPE OF EACI! UNIT.
C A. TYPE 1 = SINGLE BLOCK & BINARY STATE UNIT
C B. TYPE 2 = MULTISTAE UNIT & SINGLE BLOCK
C C. TYPE 3 = MULTIPLE BLOCKS
C 4. TO USE MORE THAN 5 STATES OF UNIT CHANGE.THE DIMENSION
C OF SFOR.SCAP
C 5. FOR MORE THAN TWO ENERGY. LIMITED UNITS COMPETING FOR THE SAME
C POSITION ; PUT ONE THERMAL AFTER EVERY TWO ENERGY LIMITED
C UNITS IN THE INPUT DATA AND PUT THESE EL UNITS LOWER THAN
C THE ACTUAL POSITION. FOR ODD NUMBER OF EL UNITS PUT 1ST
C UNIT SOMEWHERE ABOVE THE ACTUAL POSITION.
C 6. TO PUT MORE THAN 5 HYDRO UNITS ONE AFTER ANOTHER IN THE INPUT
C DATA CHANGE THE DIMENSION OF Cl,Q,A,NNSL,NUNT
C 7. TO USE 1 MW BLOCK SIZE CHANGE TilE DHIENSION OF AMOM.BMOM.CMO~l
C 8. TO DECREASE THE CPU TIME GUESS THE POSITION OF HYDRO UNIT
C (NON COMPETING UNITSl IBUT DO NOT PUT BELOW THE ACTUAL POSITION)
C 9. IN ONE FORM OF THE OUTPUT ONLY THE INCREMENTAL COST OF LAST
C BLOCK OF EACH UNIT IS PRINTED.
C *****************************************************************
C

IMPLICIT REAL*8 IA-H.O-Zl
COMMON /ONE/ HDIST(3000),IlYDLHl,PKLOAD,NH
COMMON /TWO/ AMOM,CMOM,SUMOM,BLOCK,DCAPP.NBLK,K.IDEL
DIMENSION AMOM(2.3420l,BMOM(2,3420).CMOM(2,3420).SUMOMI2).

+ UNENGY(65'.EENGY(65l,EFUELI65),NTYP(65l,CAP(65),FOR(65l,AIC(65)
+ ,SFOR(65,15).SCAPI65,15),NSTI65',SBMOM(2.3420).NSLG(65).NBC(65)
+ ,DCAP(65).TCAP(401.TEENGYI40),TEFUEL(40).IlYDLIM(15)
+ • C 1I15' ,Q(15) ,A(15' •NNS L (15 )•NUNT (15 )

C

OPENIUNIT=8.FILE='IN',STATUS='OLD')
OPENIUNIT=9.FILE='OUT' ,STATUS='NEW')
BLOCK=10.
DCAPP=O.
ENGGEN=O.
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FUELCT=O.
TOTEN=O.
TOTCAP=O.
XCAP=O.
N=O
~I=0
K=l
LIM=O
NHB=O
WRITEI9,7003)

C

C

C3120
C

CALL LOAD
READ 3120, (HD IST (I ),1=1 ,NH )
FORMATIBFB.2)

BSLOAD=HDIST(l)
PKLOAD=HDIST(l)

C

C READ DATA OF THE GENERATING UNITS "
C

READ (B,3000)NBB,NOUNIT
DO 14 I=l,NOUNIT
TCAPII)=O.
"TEENGY II )=0.
TEFUEL(I)=O.
NBC(I)=O

14 DCAP(I)=O.
DO 105 NU=l,NBB
READIB,1310)NSLG(NU), NTYP(NO),~ORINU),CAPINU),AIC(NU)
WRITE(9,7QOO)NSLGINU), FORINUI,CAP(NU),AICINU),NTYP(NUI
TOTCAP=TOTCAP+CAP(NU)
IFINTYPINU).EQ.2) GO TO 110
GO TO 105

110 READ(B,300)NSTINU)
NS=NSTINU)
READIB,301)(SFOR(NU,I),SCAPINU,I),I=1,NS)
WRITE( 9,7001) (SFOR(NU, I) ,SCAP(NU, 1),1=1 ,NS)

105 CONTINUE
NBLK=TOTCAP/BLOCK+1
WRITE(9,B005)

C

C CALCULATION OF MOMENTS
C

DO 115 K1=1,2
DO 115 K2=1,NBLK

115 AMOM(K1~K2)=0.0
DO 120 I=l,NH
NBL=HDISTII)/BLOCK+0.999999
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AMOM(I,NBL)=AMOM(I,NBL)+I.
AMOM(2,NBL)=AMOM(2,NBL)+HDIST(I)
IF(HDISTlI).LT.BSLOAD) BSLOAD=HDIST(I)
IF(HDISTlI).GT.PKLOAD) PKLOAD=HPIST(I)
TOTEN=TOTEN+HDIST(I)

120 CONTINUE
UNENGY(I)=TOTEN

C
C CONVOLUTION OF GENERATING UNITS
C

DO 250 J=I,NBB
200 XCAP=XCAP+CAP(J)

IF(NTYP(J).EQ.2) GO TO 1110
IF(NTYP(J).EQ.3) GO TO 12

15 N=CAPlJ)/BLOCK
M=M+N

16 CONTINUE
C

CALL CONV(CAP,AIC,FOR,M,N,J)
C

GO TO 710
C

12 CALL DECONV(NSLG,DCAP,CAP,NBC,FOR,NH,N,M,J,NHB)
GO TO 16

CALL STATE (NST,J,SCAP,SFOR,M,AIC)

UNENGY(J+1)=SUMOMl2)-XCAP*SUMOMl1)
IF(AIC(J).GT.O.O) GO TO 240
IF(NTYP(J).EQ.2) GO TO 240
IF«(UNENGYlJ)-UNENGY(J+l).LE.HYDLIM(LIM+l)) GO TO 235
XCAP=XCAP-CAPlJ)

C
-LMM=l

1500 IF(AIC(J+LMM») 1300,1300,1400
1300 LMM=LMM+l

GO TO 1500
140,0 CONTINUE

DO 1501 I=1,LMM
-JH=J+I-1
C1(I)=CAP(JH)
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1501

1601

233

235

C
C
C
C
2350

Q( I )=FOR(JH)
A(I)=AIC(JH)
NNSL(I)=NSLG(JH)
NUNT (I )=NTYP (JH)
CAP(J)=CAP(J+LMM)
FOR(J)=FOR(J+LMM)
AIC(J)=AIC(J+LMM)
NSLG(J)=NSLG(J+LMM)
NTYP(J)=NTYP(J+LMM)
DO 1601 I=1,LMM
CAP(J+I)=Cl(I)
FOR(J+I)=Q(I)
AIC(J+I)=A(I)
NSLG(J+I)=NNSL(I)
NTYP(J+I)=NUNT(I)
DO 233 11=1,2
DO 233 I2=K,NBLK
AMOM(Il,I2)=CMOM(Il;I2)
M=M-N
GO TO 200
LIM=LIM+1
IFIAICIJ-1).LE.0.0) GO TO 2350
UNENGYIJ)=HYDLIM(LIM)+UNENGY(J+1)
GO TO 240

MORE THAN ONE HYDRO UNITS (ENERGY LIMITED) COMPETING FOR THE
SAME POSITION

JHYD=2
NSHIFT=O

COUNT THE NUMBER OF ENERGY LIMITED(EL) UNITS COMPETING FOR THE SAME P

DECONVOLVE EL UNITS & ONE THERMAL UNIT ABOVE IT

C

C

C

1200

1100

4300
C

C

CONTINUE
IF(AIC(J-JI1YD).LE.0.0)
GO TO 4300
JHYD=JHYD+1
GO 'f0 1200
NDECON=JHYD+l

GO TO 1100
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c
DO 5400 I=I,NDECON
NJ=J+I-I-NSHIFT
NHB=1
CALL DECONV(NSLG,DCAP,CAP,NBC,FOR,NH,N,M,NJ,NHB)
XCAP=XCAP-CAP(NJ)
JJ=NSLG(NJ)
IF(NBC(JJ).GE.l) GO TO 7400
DCAP(JJ)=O.
GO TO 5400

C
C
C

7400

5400
C

CONVOLVE THE LOWER BLOCKS(THAN THE CURRENT BLOCK) OF THERMAL UNIT

.CAPP=CAP (NJ )
DCAP(JJ)=DCAP(JJ)-CAP(NJ)
CAP(NJ)=DCAP(JJ)
N=CAP(NJ)/BLOCK
M=M+N
CALL CONV(CAP,AIC,FOR,M,N,NJ)
CAP(NJ)=CAPP
CONTINUE

HASE=O.
HSUME=O.
NCONV=JHYD

C

C CONY. THE EL UNITS & COMPUTE TOTAL ENG. GENERATED IN THIS POSITION
C

150

1600
C

DO 150 I=I,NCONV
NJ=J-JHYD+I-NSHIFT
XCAP=XCAP+CAP(NJ)
N=CAP(NJ)/BLOCK
M=M+N
CALL CONV(CAP,AIC,FOR,M,N,NJ)
UNENGY(NJ)=SUMOM(2)-XCAP*SUMOM(I)
HASE=HASE+HYDLIM(LIM-JHYD+I)
HSUME=HSUME+UNENGY(NJ-l)-UNENGY(NJ)
IF(HSUME.GE.HASE) GO TO 1600
GO TO 1800
CONTINUE
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C OFF-LOAD THERMAL UNITIOR BLOCK)
C

C3100

C
C
C

NJ=J-JHYD-NSHIFT
.XCAP=XCAP+CAP(NJ)
CALL DECONV(NSLG,DCAP,CAP,NBC,FOR,NH,N,M,NJ,NHB)
DCAPP=O.
CALL CONV(CAP,AIC,FOR,M,N,NJ)
IF(NSHIFT.EQ.O) GO TO 8400

CONVOLVE THE REMAINING UNIT UPTO J

2701
8400

1800
C
C
C

C

51

DO 2701 I=l,NSHIFT
NJ=J-NSHIFT+I
XCAP=XCAP+CAP(NJ)
CALL DECONV(NSLG,DCAP,CAP,NBC,FOR,NH,N,M,NJ,NHB)

..DCAPP=O.
CALL CONV(CAP,AIC,FOR,M,N,NJ)
UNENGY(NJ+1)=SUMOM(2)-XCAP*SUMOM(1)
CONTINUE
GO TO 240
CONTINUE

PUSH THE EL UNITS IN THE UPPER POSION IN MERIT ORDER

DO 51 I=l,JHYD
JH=J-I+1-NSHIFT
C 1(I )=CAP (JH)
Q(I)=FOR(JH)
A(I)=AIC(JH)
NNSL(I)=NSLG(JH)
NUNT(I)=NTYP(JH)
JH=J-NSHIFT
JS=J-JHYD-NSHIFT
CAP(JH)=CAP(JS)
FOR( JH) =FOR (JS)
AIC(JH)=AIC(JS)
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1101

3300
C
C

C

2700

3700

240
250

C

NSLGIJHI=NSLG(JSI
NTYP(JH)=NTYP(JS)
DO 1101 I=l,JHYD.
JS=J-I-NSHIFT
CAP(JS)=C1(II
FOR(JSI=Q(I)
AIC(JSI=A(I1
NSLG(JSI=NNSL(II
NTYPIJS)=NUNT(II
NSHIFT=NSHIFT+1
CONTINUE

CHECK-IS THERE ANY EL UNIT BEFORE THESE EL UNITS

IF(AICIJ-JHYD-NSHIFTI.LE.O.OI GO .TO 2700
GO TO 3700
JHYD=JHYD+1
GO TO 3300
CONTINUE
GO TO 4300
CONTINUE
CONTINUE

ALOLP=AMOM(l,NBLKI*100./FLOAT(NH)
ENNS=UNENGY(NBB+1)

C PRINT 350
WRITE(9,7005)
DO 260 J=l,NBB
EENGY(J)=UNENGY(J)-UNENGY(J+1)
EFUEL(J)=EENGY(J)*AIC(J)
IF(AIC(JI.LT.1) EFUEL(J)=O.O
WRITE(9,330)J,CAP(J),FOR(J),AIC(JI,EENGY(J),EFUEL(JI
ENGGEN=ENGGEN+EENGY(JI
FUELCT=FUELCT+EFUEL(J)

C KK=NSLG(JI
C FOR(KK)=FOR(JI
C AIC(KK)=AIC(J)
C TCAP(KK)=TCAPIKKI+CAP(JI
C TEENGY(KK)=TEENGYIKK)+EENGYIJI
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C
2GO

C
C
C2GOO

TEFUEL(KK)=TEFUEL(KK)+EFUEL(J)
CONTINUE
DO 2GOO J=I,NOUNIT -
IF(NBC(J).LE.l) NBC(J)=1
PRINT 330,NBC(J),TCAP(J),FOR(J),AIC(J),TEENGY(J),TEFUEL(J)
BLNCE=TOTEN-ENGGEN-ENNS
WRITE(9,340)PKLOAD,TOTEN,BSLOAD,ENNS,TOTCAP,ENGGEN,NH,BLNCE,

+ ALOLP,FUELCT

FORMAT(II,20X, 'TYPE 1 = SINGLE BLOCK UNIT',1,20X,
'TYPE 2 = MULTI STATE UNIT',1,20X,'TYPE 3 = MULTI BLOCK UNIT',/)

.FORMAT(/,28X,FG.4,F9.0)
FORMAT(I2)
FORMAT(2I3)
FORMAT(10X,FI0.0,5X,FI0.0)
FORMAT(G(/),9X, 'PEAK LOAD =',F9.2,' (MW) ',30X,'E (DEMAND) =' ,F12

1 .3,' (MWH )' ,II, 9X, 'BASE LOAD =',F9. 2,' ( MW )',30X, 'E (E N S) =
2 ',FI2.3,' (MWH) ',11,8X,'INST CAP. =',F9.2,'(MW)',28X,'E (GEN
3 .ENGY) =' ,FI2.3,' (MWH)' ,II,13X, 'TIME =' ,17,' (HOURS)' ,25X,
4 'ENG. BALANCE =',F 13.4, II ,11X, 'LOLP =',F9 .G " (% ) '. , 28X,
5 'E (FUEL COST )= ',F15.3 ,'( $)')

FORMAT(/,15X,I3,5X,F9.0,5X,FG.4,5X,F7.3,GX,FI2.3,5X,Fl5.3)
.FORMAT(I2,I5,5X,FI0.0,5X,FI0.0,FI0.0)
FORMAT('I' ,40X, 'OUTPUT',
II, 13X, 'NO BLOCK', 5X, 'CAPACITY' ,4X, 'F O.R' ,5X, 'INC. COST', GX,
'E (G. ENGY) ,,7X, 'E (.FUEL COST)' ,II,28X,
'(MW)' ,17X,'($/MWH)' ,9X,'(MWH)' ,13X,'( $ )')
FORMAT(41X, 'OUTPUT',

+ 11,13X,'SL NO ',5X,'CAPACITY',4X,'F 0 R',5X,'INC. COST',GX,
+ 'E (G. ENGY)',7X,'E (FUEL COST )',II,28X,
+ '(MW)',17X,'($/MWH)',9X,'(MWH)',13X,'( $ )')

7000 FORMAT(/,15X,I3,5X,F9.2,5X,FG.l,5X,F7.3,GX,I5)
7003 FORMAT(3GX, 'INPUT DATA',

+ 11,10X, 'MERIT ORDER',5X,'F 0 R' ,4X,'CAPACITy',5X,'INC. COST',GX,
+ 'TYPE',II,!8X,'(MW)',7X,'($/MWk)')

STOP
END

330
1310

C350
C +
C +
C +
7005

C
8005

+
7001
300
3000
301
340

C
SUBROUTINE LOAD
REAL*8 HDIST,HYDLIM,PKLOAD
COMMON IONEI HDIST(3000),HYDLIM,PKLOAD,NH
DIMENSION WEEK(52),DAY(7),HOUR(24),SHOUR(24),HYDLIM(15)
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C

OPEN(UNIT=8,FILE='IN',STATUS='OLD')
OPEN(UNIT=9,FILE='OUT',STATUS='NEW')
READ(8,300) NOWEEK,(HYDLIM(I),I=l,6)
READ(8,4051 (WEEK(I),I=l,NOWEEK)
READ(8,405) (DAY(I),I=l,7)
READ(8,405) (HOUR(I).I=1,24)
READ(8,405) (SHOUR(I),I=1,24)
DEMAND=O.O

C
C
C

3000

303
301

307
304

C
C500
C
C
C501
405
300

C

CALCULATION OF THE HOURLY LOADS

Kl=1
MM=1
DO 307 J=l,NOWEEK
DO 301 KK=Kl,7
DO 301 L=I,24
IF(KK.GT.5) GO TO 3000
HDIST{MM)=WEEK(J)*DAY(KK)*HOUR(L)*2850.
MM=MM+l
GO TO 303
HDIST(MM)=WEEK(J)*DAY(KK)*SHOUR(L)*2850.
MM=MM+l
IF(MM.GT.2184) GO TO 304
CONTINUE
Kl=1
CONTINUE
NH=MM-l
D"O 500 I=l,NH
DEMAND=DEMAND+HDIST(I)
DEMAND=DEMAND/I000.
PRINT 501,DEMAND
FORMAT(II,40X,'EXP.TOTAL ENERGY DEMAND= ',F9.3,' (GWHR), ,II)
FORMAT(12F6.0)
FORMAT(I2,6FI0.0)
RETURN
END

SUBROUTINE CONV(CAP,AIC,FOR,M,N,J)
C THIS SUBROUTINE CONVOLVE THE GENERATING UNIT

IMPLICIT REAL*8 (A-H,O-Z)
COMMON ITWOI AMOM,CMOM,SUMOM,BLOCK,DCAPP,NBLK,K,IDEL
DIMENSION AMOM(2,3420),CMOM(2,3420),SUMOM(2),AIC(65),FOR(65)
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+ ,CAP(S5),BMOM(2,34201
C

205

213

215

220
C
CSOOO

230

23
C
CS5

C

DO 205 11=1,2
DO 205 I2=K,NBLK
BMOM(I1,I2)=0.0
DO 220 L=K,NBLK
IF«L+N).GT.NBLK) GO TO 215
BMOM(l,L+N)=AMOM(l,L)
IF(AMOM(l,L).LE.O.O) GO TO 213
BMOM(2,L+N)=AMOM(2,LI+CAP(J)*AMOM(1,L)
GO TO 22.0
BMOM(2,L+N)=AMOM(2,L)
GO TO 220
BMOM(l,NBLK)=BMOM(1,NBLK)+AMOM(1,L)
BMOM(2,NBLK)=BMOM(2,NBLK)+AMOM(2,L)+CAP(J)*AMOM(l,L)
CONTINUE
DO SOOO 1=1,2
PRINT 910, (BMOM(I,II) ,II=1,NBLK)
IDEL=M+l
DO 230 11=1,2
DO 230 I2=K,NBLK
IF(AIC(J).LE.O.O) CMOM(Il,I2)=AMOM(I1,I2)
AMOM(Il,I2)=AMOM(I1,I2)*(1.-FOR(J»+BMOM(I1,I2)*FOR(J)
CONTINUE
DO 23 11 = 1,2
SUMOM(I1)=0.0
DO 23 I2=IDEL,NBLK
SUMOM(Il)=SUMOM(Il)+AMOM(Il,I2)
CONTINUE
DO S5 I:: 1,2
PRINT 910, (AMOM (I ,II) ,II=1,NBLK )
CAP(J)=CAP(J)-DCAPP
DCAPP=O.O
RETURN
END

SUBROUTINE DECONV(NSLG,DCAP,CAP,NBC,FOR,NH,N,M,J,NHB)
C THIS SUBROUTINE DECONVOLVE THE GENERATING UNIT OR BLOCK

IMPLICIT REAL*8 (A-H,O-Z)
COMMON /TWO/ AMOM,CMOM,SUMOM.BLOCK,DCAPP,NBLK,K,IDEL
DIMENSION AMOM(2,3420),CMOM(2,3420),SUMOM(2),NSLG(S5),DCAP(S5)

+ ,CAP(S5),NBC(S5),FOR(S5)
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C

TMOM3=0.
DO 80 I=l,NBLK

80 TMOM3=TMOM3+AMOM(2,I)
C

JJ=NSLG(JI
IF(NHB.EQ.l1 GO TO 30
DCAP(JJI=DCAP(JJ)+CAP(J)
NBC(JJ)=NBC(JJ)+l
IF(NBC(JJ).LE.l) GO TO 15

C
GO TO 400

30 DCAPP=DCAP(JJ)
IF(DCAPP.LE.O.) DCAPP=CAP(J)
M=M-DCAPP/BLOCK
NBC(JJ)=NBC(JJ)-l
IF(NBC(JJ).LE.O) NBC(JJ)=O
GO TO 40

C
400 DCAPP=DCAP(JJ)-CAP(J)
40 CONTINUE

11=DCAPP/BLOCK
ML=II+l
LL=NBLK-l

C

C

50

60

PP=l.-FOR(J)
DO 50 IM=l,2
DO 50 1=1,11
AMOM(IM,I)=AMOM(IM,1)/PP
DO 60 I=ML,LL
AMOM(l,I)=(AMOM(l,I)-FOR(J)*AMOM(l,1-II»/PP
AMOM(2,I)=(AMOM(2,I)-FOR(J)*(AMOM(2,I-II)+DCAPP*

+ AMOM(l,i-II»)/PP

TMOMl=O.
TMOM2=0.
DO 90 I=l,LL
TMOMl=TMOMl+AMOM(l,I)

90 TMOM2=TMOM2+AMOM(2,I)
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C
C166

15

151

C

AMOM(1,NBLK)=NH~TMOM1
AMOM(2,NBLK)=TMOM3-DCAPP*FOR(J)*NH-TMOM2
DO 166 IJ=1,2
PRINT 910, (AMOM(IJ,INl ,IN=l,NBLKl
IF(NHB.EQ.1) DCAPP=O.
IF(NHB.EQ.1) GO TO 151
N=DCAP(JJ)/BLOCK
M=M+CAP(J)/BLOCK
CAP(J)=DCAP(JJ)
GO TO 151
N=CAP(Jl/BLOCK
M=M+N
NHB=O
RETURN
END

SUBROUTINE STATE (NST,J,SCAP,SFOR,M,AIC)
C THIS SUBROUTINE CONVOLVE MULTI-STATE GENERATING UNIT

IMPLICIT REAL*8 (A-H,O-Zl
COMMON /TWO/ AMOM,CMOM,SUMOM,BLOCK,DCAPP,NBLK,K,IDEL
DIMENSION AMOM(2,3420),CMOM(2,3420),SUMOM(2),NST(65),SCAP(65,15)

+ ,SFOR(65,15),BMOM(2,3420),SBMOM(2,3420),AIC(65)
C

NS=NST(J)
NN=O
DO 2lOll =1,2
DO 210 I2=K,NBLK

210 SBMOM(I1,I2)=0.0
DO 310 II=1,NS
N=SCAP(J,II)/BLOCK
DO 2005 Il=l,2
DO 2005 I2=K,NBLK

2005 BMOM(I1,I2)=0.0
DO 2200 L=K,NBLK
IF((L+N).GT.NBLKl GO TO 2150
BMOM(l,L+N)=AMOM(l,L)
IF(AMOM(l,L).LE,O.O) GO TO 2130
BMOM(2,L+N)=AMOM(2,L)+SCAP(J,II)*AMOM(l,L)
GO TO 2200

2130 BMOM(2,L+Nl=AMOM(2,L)
GO TO 2200

2150 BMOM(l,NBLK)=BMOM(l,NBLK)+AMOM(l,L)
BMOM(2,NBLK)=BMOM(2,NBLK)+AMOM(2,L)+SCAP(J,II)*AMOM(l,L)
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2200
C

C650

410

310

510

2300

13
C
C66
C910

CONTINUE
DO 650 IJ=1,2
PRINT 910, (BMOM(IJ,IN) ,IN=l,NBLK)
DO 410 11=1,2
DO 410 I2=K,NBLK
SBMOM(I1,I2)=SBMOM(Il,I2)+BMOM(I1,I2)*SFOR(J,II)
IF(N.GT.NN) NN=N
CONTINUE
PFOR=O.
DO 510 JJ=l,NS
PFOR=PFOR+SFOR(J,JJ)
PP=l.-PFOR
M=M+NN
IDEL=M+l
DO 2300 11=1,2
DO 2300 I2=K,NBLK
IF(AIC(J).LE.O.O) CMOM(I1,I2)=AMOM(I1,I2)
AMOM(I1,I2)=AMOM(I1,I2)*PP+SBMOM(I1,I2)
CONTINUE
DO 13 11=1,2
SUMOM(I1)=0.0
DO 13 I2=IDEL,NBLK
SUMOM(I1l=SUMOM(I1)+AMOM(I1,I2)

.CONTINUE
DO 66 IJ=l,2
PRINT 910, (AMOM(IJ,IN) ,IN=l,NBLK)
FORMAT(//,10X,8F14.4,/)
RETURN
END
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APF'ENDIX 0

Mathematical Representation of Segmentation Method

Let X be the continuous randomvariable "meanload in an elementary time

interval" (for example the "meanhourly load") and fIx) its PDF.

Let A>Obe a real number, hereafter the "segment size", SCi) the inter-

val (i-segment)

S(i) = [(i-1).Aj LA], i = 1, ....• ,M

and I(i,x) the indicator function of SCI) defined as

I(i,x) = 1 if x. E SCI)
= 0 otherwise

and let

P(i,X) = Prob(XES(i» = ff(X)'dx

SCI)

E(i,X) = E(X/XES(i» = Jx.f(x).dxl ff(X)'dx

SCI) SCI)

C(i,X) = E(i,X).P(i,X) :: fX.f(X)'dx

SCI)

oc - ex:. 0<:. J
C(X) =L.E(i,X).P(i,X) =Jx.f(X)'dx =2: x.f(x).dx

i=1 0 i=1 SCi)

Given N independent sample values (x( 1), ••.•• x(N» of the randomvari-

able X (for example the hourly load diagram for one year) the natural es~

timators for P(i,X), E(i,X) and C(i,X) are, respectively

N

P(i,X) =LI(i,x(j»/N = n(i)/N

j=1
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N

E(i,X) =2: I(i,x(j».x(j)/n(i)

j=1

N

C(i,X) =L I(i,x(j)) .x(j)/N

j=1

where

n(i) = numberof observations in the interval S(i).

In this waywe have obtained an estimate of the PDFof the randomvari-

able X, the system load.

If X is the meanhourly load, xli) the observed meanload at hour i and

N the numberof hours in the period, then P(i,X).N is the numberof hours the

system load is in the interval S(i ), and C(i ,X)•N is the observed total energy

demandduring Nhours given that the load is in the .load interval S(i).

The segment size must be a cOIIIlIlOnfactor of all generating units's

capaci ties.

Recurrence relations for the segmentation method:

Let Y be the discrete randomvariable "outaged capacity of the gener-

ating unit" with PDFgiven by:

Prob(Y=O)= p

Prob(Y=K)= q = 1-p, K=n.A

where n is a positive integer. Note that the capacity of the generating unit

is an integer multiple of the segment size.

Let Xbe.a randomvariable with PDFfIx) and

W=X+Y

P(i,W) = Prob(WS(i»

= Prob(XS(i)/Y=O).Prob(Y=O)+Prob(XS(i-n)/Y=n.A!.Prob(Y=n.A)

= p.P(i,X) + q.P(i-n,X)
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C(i,W) = JX[P.f(X) + q.f(x-n.A) l.dx

S(i)
= P f x. f(x)dx + q f x. f(x-n.A).dx

S(i) S(i)

= p.C(i,X) + q~(Z+n.A»f(Z).dz

S(i-n)

= p.C(i,X) + q.C(i-n,X) + q.n.A.P(i-n,X)

Then the recurrence relations for the convolution of i-th segment are:

P(i,W) = p.P(i,X) + q.P(i-n,X) -

C(i,W) = p.C(i,X) + q.C(i-n,X) + q.n.A.P(i-n,X)

After all convolutions, lie get the equivalent load

W=X+Y

where

x = system load

Y = outaged capacity of generating unit

Nowletting Y be the system capacity, Le., the randomvariable

y = Y(l)+ .•.••••.•.• +Y(J)

taking values in the discrete set

[0, A, 2A, •••••• (n-1).A, n.A

where:

n = some positive integer

J = number of generating units

Y(J) = outaged capacity for generating unit J

the expressions for LOLP and ENSare, respectively:

LOLP = Prob(W>n.A)=LP(i,W)

i>n

ENS= E(W/W>Ii.A).Prob(W>n.A) n.A.Prob(W>n.A)

=2:, C(i,W) - n.A.2: P(i,W)

i>n i>n
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In the algorithm n dependson the total capacity(K) of the generating

system and on the segment"size A, K=n.A. For the calculation we need (n+1)

segments and in the last segmentwekeep all the informations obtained for

W>n.A. So the last segmentcontains the information necessary to quantify the

two cOJIllllOnlyused reliability indices (LOLP and ENS).

The expected energy generated by a particular unit is given by the dif-

ference betweenthe ENS'sbefore and after its conmitment.

In this methodthe computational effort is increasing with total system

capacity, whenwekeep the segmentsize constant.
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