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ABSTRACT

The evaluation of reliability and production cost of each
alternative poténtiai ﬁlan are two essential steps in generation
expansion planning. Utiliﬁies interconnect with each other to decrease
the production cost and incréase the reliability of the global as
well as=s individual system. The methodology to .evaluate the
reliability and the production cost is well established for =single
area system and also quite | efficiehf methodology is available

for two ares interconnected systems. However, an efficient

methodology of evaluating the production cost for multi-area
interconnected systems (more than two system ) has not yet been
developed.

This thesis presents a methodology to evaluate the production
cost of multi-area interconnected electrical power systems. The

methodology is an extension of the segmentation method for evaluating

" the production cost of two area interconnected systems. The accuracy

of the developed methodology is justified through a small example
which can be solved by using a pocket calculator. The methodology is

also applied to a realistic interconnected system.
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NOTATIONS

CK = Capacity of the K-th generating- unit.

CCy = Capacity cost of unit i.

CF; = Cap301ty factor of unlt i.

EC; = Productlon cost (Energy cost) of'unlt i.

eI = Total export from system I to the importing BYstems:

epr)I_K = Direct tranafer of power from system I to the system K
the direct £ie line connecting the I-th system and the
aystem. |

eprI"K_H - 1Indirect transaétion of power from system I to the

through the composite tie line (I-K) and (E-M).

epr_K = Total export from system I to system K.

fCi = Fuel cost of wunit 1i.

fLA = Probab111ty dens1ty function of avallable capacity.

fLo = Probab1l1ty den91ty function of outage capacity.

FCR;. = Fixed charge.rate of unit i. |

GEC = Giobal production cost.

GES = Expected energy generated by the global systeﬁ.

GS = Global sa;ings. |

HR, = Heat rate of unit 1i.

IC = Inatalled capacity.

IFC; = Incremental fuel cost of unit i, - -

L = Random load.

Le = Equivalent load.

Loi = Random outage load corresponding to i-th unit.

m = Mean up time.

th;ough

K-th

M-th



i : A
1 ‘First moment of " load of system 1 corresponding to the

mi,j... n

n

Bengrlt (i.,j| R n)

mIi,j...n = Modified firast moment of load of system I correnpoﬁding to
the segment (i, j, ... n).

n; = Total number of generating unit of syatem i.

OM, = Operation and maintenance cost of unit i,

Pi,j;..n = Joini probility_éf the (i,j,...n) th segment.

PC;, = Plant cost of unit i.

q# = FOR oflthe k-th unit.

r = Mean down time.

RTCI_K = Residual tie line capacity from\system I to system K.

gl

Total number of . committed unita of syatem 1.

sSC System cost.

T = Time period.
ty = Number of sBegments in the direction of axis I whioh is

attributed to any"systém I.

TC = Tie line capacity.

UEk_ = Unserved energy before convolving the k-th unit.

UE, = Unserved energy after convolving the k-th unit.

uc,; = Unit capacity cost of unit i.

€ (DNS) = Bxpected demand not served.

c_(ENS) = Bxpected energy not‘served. -
AC = Segment gize.

7Lk = Averagelincremental coat of the X-th unit.

E_(Ej) = Expected value of energy pfoduqed by unit Jj.

E.(ES) - Expected value of energy consumed by the aystem =s.
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Unit failure rate.
Unit repair rate,
‘Average incremental cost of k-th unit.

Dirac-delta fuhction.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

Ceneration expansion planning process begins with the
estimate of thé load growth and the total energy consumption [ 1 ].Thé
next important two aspects of planning are ! , ~ i

i) The evaluation of reliability indices.

ii) The productidn cost.

After identifying the need for‘generating capacity addition, the
planner develops a number of feasible expansion alternatives on the
basis of

‘1. Load growth.

2. Construction‘time.

3. Availability of sites.
4, Availability of fuel.

Each alternative plan is then evaluated on the basis of reliability
[ 1 }J. The simple and most common of all reliability indices is the
loss of load probability (LOLP) [2,3]..The planlfhat does not meet the
reliability criteria is then eliminated or appropriately modified and
plan which satisfies the required reliability level are then evaluated
on the basis of economics.

The reliability and economnic evaluat{on of multi-area
interconnected aystems is different from that of a single area system.
If the gvailable capacity in a geographical region can be . transmitted
wherever it is needed without tie line resatrictions then this regioﬁ may
be treated as a ‘'single area *[4]. But if the available capacify in

different geographical regions are transmitted wherever it is needed



through tie line restrictions then these regions are tri
area’ interconnected systems.
The tumultuous events of the past decade have b _
finanbial’pressures on electric ﬁtiiities. Pressed forcné fund and
concerned about the return fro@ their inveastment, electric utilities
are increasingly placing renewed emphasis on the economics of their
electric power system. Interconnection of electric utilities ia.one‘way
by which economic benefits can be achieved. Such benefits would inolude

lower production cost as well as deferral of plant construction due to

reduced reserved capacity requirements.

1.2 BACKGROUND" .
?k[:&gﬂpresent'for evaluating the reliability and éroduction coat
probabilistic si#ulation is widely used for generation expansion
planning. The hiatorica} develoﬁment of these methods is extremely
interesting. In 1947, a large group of papers by Calabrese [7],
Lyman([8], Seelye[9], Loane and Watcixorn (101 prop‘oaed some of the
basic concepts upon which some of the methods in use at the present
time are based. In 1948, the first AIEﬁ-aubcomnittee on the Application
oflProbability Methods was o¥ganised.lThe subcommittee submitted several
reports containing comprehensive definitions of equipment outage
classifications in 1949 ([11], 1954 [12] and 1957 [13]. The group of
pdpers of 1947 proposed the methods which with some modification are 60"
generally known as the ‘Loss of Load Approach’ and the 'Frequency and
Duration Approach'. They are described in detail in a 1960 AIRE
éommittee Report [14].%;he effect of interéonnections and the
determination and allocationlgf éapacity benifits réaulting from

interconnectionas were discussed by Watchorn [15] and Calabrese [16) in.



1950 and 1953 respectively. In 1954, Watchorn [17]‘notea the benéfi@g'
associnted with using digital computer and in 1955; Kirchhayer_et-al;
[18) illustrated it in the gvaluation of economic unit additioﬁs in
system expansion studies. In 1960, Brown et al. [19] published the
reqults_of-a atatistical study of five years of data oh 3817
hydroelectric generating units: Shortly after this in 1961, the AIEE
subcommittee produced a manual [20]) outlining reporting procedures
and methods of analyzing forced outage-data using digital equipment.
Cook et al [3] proposed'ihe basic method for evaluating LOLP of two 
interconnected systems. The initial approach to the calculation of
outage frequency and'duration indices in‘generating capacity reliability
evaluation was modified by the introduction of =a recursive approach.
This technique is described in detail in a series of fou; publications
(21,22,23,241.

The most imbortant development in theAévaluation of LOLP and
production cost by probabilistic simulation wﬁs suggested by Baleriaux
(251 and Booth [26]. In 1960, Rau et al. [27) proposed a
computationally fast method, which approximates the discrete
'distpibution of load (equivalent load) through Graﬁ-Charlier gseries
expansion as a continuous function. Rau et al. [23] proposed the
utilization of the bivariate Cram-Charlier expansion to evaluate the
LOLP of two interconnected systems. The bivariate Gram-Charlier
-expansionlhas also bheen uti}ized by Rau et al [27]), by Noyes [30] and
Ahsan et al {31] in the evaluation of pfoduction costs of two
interconnected systems. Schenk et al. [32]) ,Préposed the segmentation
method for the evaluation of expected energy generation and LOLP of a
aingle area system. In this method the authors avoided the inherent

inaccuracies of series expansion retaining the computational



efficiency. The segmentation method has been extended by Schenk, Ahéan
and Vassos [33)] to incorporate the reliability évaluatioh of two
interconnected systems. Ahsan and Schenk [34J ha;e ﬁtilized the
segmentation technique to.evqluate the production cost of two
interconnected system. The segmentation method is accurate aé well a=m
computationally fast [32,33,34]. Recently, F.N. Lee {35] has proposed a
methodology to evaluatg the production cost of mﬁlti—area system based
upon a reduced set of demand-supply feasibility conditiona. However,

it's computional accuracy and efficiency ﬁas not yet been tested.

1.3 THESIS ORGANIZATION:

This thésis presents a methodology to evaluate the
production cost of multi-area interconnected systems. The methodology is
an extension of the works of Ahsan and Schenk [34). The proposed methodo
~logy utilizes the segmentation method for'numeriCal evaluation. This
thesis consists of seven'chaptérs. In the first chapter the background
and the motivation of the work is presented. A brief aiscussion of the
generation expanﬂiop planning process is presented in chapter 2. In
chapter 3 , the generation and load models used in different
probabilistic simulation techniques are derived. The generating system
cos£ analysis is discugsed in chapter 4. A brief discussion on corporate
models is also included in this chapter. In chapter 5, the methodology
cf evaluation of multi-area production costing igrpresented. The
numerical resulta and the generation and load model used in the
numerical evaluation are presented in chapter 6. In chapter 7, salient
observation and corresponding discussions and conclusions are presented
on the basis 6f the results obtained in chapter 6. Some recomendations

for further research are also presented in this chapter.
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CHAPTER 2

PLANNING PROCESS

2.1 INTRODUCTION:

The generation expanaion plnhning is most
imbortant among the planning of all other sectors of power gystem.A
suitable generation expansion plan must provide the elecotric utility with
the capability of meeting customer demands during the plan period for a
reasonable price and reliable quality.Of course,every investor owned
utility must consider only those expansioﬁ plans that will enable it to
maintain a sound financial posture.

In order to develop an economically optimal generation expansion
pla; it is necessary to introduce an economic indicator{cost
functional)that meaaures'the penaltiea associated with under and over
expanalon relatlve to the projected{expected)demand,the c;st of capacity
expansion and losses arising from residual capacities at ‘the end of the
plan périod.

In this chapter ,both the afatic and.dynamic models of generation

expansion planning are presented.

2.2 STATIC MODEL OF GENERATION EXPANSION PROCE3S

Power system generation expansion planning
process beginas with a forecast of anticipated future load
requirement.Estimate of both demand and energy requirement with. time are
crucial to effective system planning. Good forecast reflecting current
and future trends,temperea with good judgement is the key to al
planning,indeed to financial success.In additioﬂ to the uncertainty

inherent in forecasting future load requirements,the planner must deal

S
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with the uncertainties associatd with
1. Unit reliability and maintenance sachedules
2. Fuel costs. |
3, Pollution abatement legislation and cosats.
4. Construction cost. - ' -
5. Start up times.
6. Availability and cost of c;pifal.

After identifying the need for generating capacity addition, the
planner develops a number-of feaaibie expansion alternatives on thé
baais of

1. load growth.

2. Construction time. .

3; Availability of sites.

4. Availability of fuels.

In érder to seiect the most suitable plan from the alternative
plans,each alternate plan is evaluated first on the basis of relimbility.
There are differenﬁ,meaaures of reliability among them i) Loss of Load
Probability(LOLP),ii)Unserved demand ¢ (DNS) iii) Frequency and Duration
me£h0d(FD). The simﬁle and most common - of ali reliability indicies‘ig
the Loss of Load Probability [2,3].

Plans that do not meet the reliability criteria are eliminated or
apﬁfopriately modified and the plan which a#tisfiea the required relia
-bility level are evaluated on thé basis of economics.

The main factor which enter.into the cost analysis of a given plan
are : 1) Capacit& cost,ii) Production cost,iii) Timing of unit
addition.The production cost includes the coat of fuel and the operation
and maintenance cost.The evaluation of the energy production cost is by

far the most complex part of cost analysis associated with a particular



expansion plan.

After cosf analysis the environmental impact of the plan is
conasidered.The waste of the nuclear ,o0il and coal units cause thermal
and air pollutions.Thermally pollgting air,rivers and lakes have gerious
effect on ecosystem which may cause environmental disaster.In.Figure 2.1

the planning process is depicted in the form of block diagram.

INPUT

. Load growthr
Construction time.

. Availability of sites.
Availability of fules.

AN

| OUTPUT :

A number of alternative ) Plans those donot
plans. < satiesfy desired

' level of reliability.

Y

Reliability analysis

Y

Plans with satisfactory
level of reliability.

?. Analysias of financial and

Y

Y

Economic analysis environmental impacts.

) 4 4

Comparison among alternative plané.
Y

Final plan

Figure 2.1 : Generation expansion planning process.



2.3 DYNAMIC MODEL OF CENERATION EXPANSION PROCESS

The dynamic expansion model includes
the equations relating to fhe stock of generators at any-given time with
the retirement of old éeneratora and new additions.lt also includes the
development of economic indicator model as well as the optimal policy of
expansion.This follows the mathematical modeling of stock of generators
conaidering the addition and the retirement of generators in discrete

time.

'2.3.1 GENERATION MODEL

The planning horizon is denoted by the time
interval (t ,T],with both t and T assumed finite.The time interval(t ,T]

is partitioned into M subintervals given by

toskrls_tzs- oLt €0 - Lty = T,s0 that
}£|(tk"1 tk ) = L t, T]

It is assumed that there are m distinet classes of‘generators
clasasified according to aize,aver#ge lifetime and.retirement
characteristics as functions of age and existing number of generators of
that age.The population (stock) of generators of clags 1,1
=1,2,3......m,at time t_,n (1,2,3,....M}in the system,denoted by Xit,ia

given by CS?j

i ) i i - : |
xt, = e ltk )+ N UXy o (b ) (2.1)

where Xti {tk }, 04k¢€ n-1,denotes the numher of generators of class
i,present in the system at time t y which were commissioned at a
previous time ty.In other words, the age-of the generators is given by tn

- tk .The variable Ni {.Xt , (t ’tn }J} denotes the number of new

n-1

generators of class i added to the system during the interval (tn-l’tn 1,



given the previocuas astock level

)

— i . 4a '
t“_| [ ( X tn_n‘ ' 1—1,2-.-..."’)
For fixed but arbitrary ne {1,2.....H) and 0 £ k £ n-1,each of the
variables & {ty, }, repregsenting the no, of generators of age t_ - t
t . k n k

from class i surviving time t ,is given by {281
i I | i i
X" (tk) = X7y (tk) - Q [tn -ty X t“_ltk}] {2.2)
- where Xith (tk) is the no. of generators from class § which were added
_‘, .
to the system at time t; and survived time thoq Qi {a,y) 18 the no. of

generators from class i that retire at age a given that the population

of such machines is ¥.
1t is noted that the function @ must satisfy
> 0 for a>0,y>0
ql (ra.y) }

=0 otherwise

Combining Equations (2.1) and (2.2)

] _ i i - i :
X t'ﬂ ‘tk) =, X t“-lttk ) - Q [ tl"l - tk ¥ x t“_q(tk’]
i _ i
Xt Ctn-t) L O | A L , (2.3)
0 ¢ k € n-1, 1¢n <M

The solutions of system(2.3) are the off diagonal elements of the lower

triangular matrix:
et

X, (tg)

Xp, (tg) X, (tg)

Xe,(tg)  Xg,(ty) Xy, (ty)
e lto)  Xe,lty) Re fta) = - X, th)

1



the element of this matrix,one for each class i ,give ihe population
disfribution of generators by age.Summing the elemenfs of a row , the
total number of generators at a given time indicated by the subscript is
obtained. On ‘the other hand ,each.cqlumn-represents the evolution of
populgtion_aa it diminishes with increasing time and eventually retires

as tnqyoc

‘2.4 RCONOMIC INDICATOR(COST FUNCTIONAL)

In ofdéf to determine the
economic merit of any proposed generation expansion plan,economic.
indiecator or cost functional ﬁhilosophy ghould be used.

For the sake of simplicity and clarity,cost functional is the sum of
three major items as follows:
i} Cost of capacity additions,JA.
ii) Social cost arising from fajilure to meet the projected
demand,JB.
iii) Pehalty for résidual generation capacity at:the end of the

plan period,JC.

‘2.4.1 COST OF CAPACITY EXPANSTON,J,

The cost item i) denoted by J, comprises generator
costs,fuel(or production) costs and opefation and maintenance cost,all
combined for sinplicity.Since.the machines may be added to the system at
any time and possibly several times during the period (to,T] the £0t31
payment for the j-th class of machines is given by (2¢]

Iy = [ TA(8 + Ti) -0 x «(08) exp (-5;0) N' (Xg ,d0) (2.4) |

where - : : A

TA(® + T¢) = min (T , 8 +T(}

10 ' ‘ (



At ) = average cost (per unit time) at time t for the
generator of type 1i.
= No. of machines of type i added.

Ni
’ti = Average life time of machines of type i.

2.4.2 BSOCIAL COSTS.JB
It is difficult to asses the social cost caused
by loss of load or failure to meet the expectéd demand.However,it ig
clear that loss of ioad has a sgrious economic impact on production and
business,in addition to inconvenience suffered by domestic consumers, If
Ci be the capacity of each generating units of class i and X ‘denote’the
no. 6flsuch generator.Then the total generation capacity of the system
at time t is given)by'faij -
Cy = gl xi, ¢l (2.5)
If Dy,t € (to yT] denotes the expected demand , the deficit or
surplus capacity is given bi |
Ry = Dy - Cy (2.6 )
If n denotes the social cost/unit loss of load/unit time, then the
total social cost at time t is giveh by
Jplt}) = Ny R I(R) (2.7 )
where function I is called the indicator function and is given by
1 for ¥ > 0
I (v) =
0 for Y ¢ O

Hence the cumulative social cost denoted by Jg is given by

3

. T
Jg = S M RyI(Ry) dt. (2.8)



2.4.FPENALTY FOR RESTDUAL GBNERATIO& CAPACiTY.Jc
L The penalty for residual capacity is
obtained by subéracting the sealvage value from the cost of class i
generators added to the syastem at time t = 0 is (2¢]
P;(8) = («i(®) exp (-5;0)[Ti- (T - 8}]
x Nl(xg,d® ) - Si{'T -9 )
x Ni(Xg,de )) T [Ti- (T -8 )) (2.9)
Si(a)_denote the salvage value of generators of claes i aﬁd of age a.
Integrating the above expression over the plah period and summing over all

classes of generators we obtain the penalty for residual generation Jg

given by

: T
Jo = 2_ SPi(B)dB'
L t

T
= f 2 (%i(8) exp (88) [Ti- (T - 8)]
<1 ITi- (T - 0)] - 8; (T - 0]
] x I [Ti- (T - 0)1) NY (x4 , d8 )  (2.10)
Summing (2.4),(2.8) and (2.10) we obtain the complete cost
functional J(N) given. by
J(N) = J, + Jg + Jg

S 1 TA® +Ti) - 8 1(8)
te Lo |

x exp(-5:6 ) + {X (8 ) exp (-5.8)
x {Ti~ (T - 8 )] - 8;(T - 6 ))

x I[Ti- (T - @)1 ) N! (Xg,d8)

T
+ J Rg I(Rg yae (2.11)
L |



2.5 OPTIMAL POLICY
| The cost function J(N) given by {2.11)'19 a function of the
control vector N = | Ni. i = 1,2...m}.Minimizing this functional with
respect to N,one obtains the optimal generation expansion policy.A'
policy N* ia opﬁimai if J(N*) ¢ J(N)} for all admisible policies [Ni.
Principle of optimality is the minimum cost over the plan period.To
obtain optimal expansion poliey the cost functional equhtion (2.11) can
be rewritten in the followinglfprm:
m T
sy = | 2 Lieey NP (xg,de) '+J L (Xg , & ) dB (2.11a)
N, 1=1 t, : ‘
where the first term represents the coast of capacity expansions Plﬁs
the penalty due to residual generation,while the sécqnd term represents
the social cost.The function L; and L can be easily be identified by
comﬁaring {2.11) with (2.11a}).
In fhe numerical simulation the state eqﬁations‘IZ.l) and (2.3) afe

used and the discrete version of the cost functional (2.11) becomeé

™ ™ | ,
J{N) = X Lbi (tk-l)
k=\ L=t

x NP URe (e by 1)

F LRy by by - tk_1£> o (2.12)
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CHAPTER 3

GENERATION AND LOAD MODELS

3.1 INTRODUCTION

The evaluation of LOLP and production costs for generation
expansion planning by any method requires two basic models; the load
model and the generation model.The various models for,generation'and
'those for system load , differ greatly in their degree of
Bophisticatidn. The model suitable for incorporation.“of +the
probabilistic or stochastic nature of system behaviour are presented in
this chapter. Such models are widely used ipfvarious probabilistic

simulation techniques.

3.2 GENERATION CAPACITY MODEL -

Different types of generating units are in use toda; anq all
types of units ére randomly forced off-line because of technical
probleﬁs'dnring normal period of operation.To account for the random
outage or availability of a unit, it ié necessary to determine the
probability density function (PDF) that describes the probability that
a unit will be forqed off—line.or will be available during its normal
period of operation. It may be assumed on the basis of historical data
that the availability of the generating capacity of a givén unit may
be graphically represented as shown in Figure 3;1. This figure conveys

the idea that random failure and_repair of a unit can be defined as =a

two-state gtochaétic process. A stochastic process id defined as a
process that develops in time in a manner controlled by probabilistic

"laws.
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Figure 3.1 : Run-failure—rePéir—ruﬁ cycigwﬁer a generating unitf

The system alternates between an operat;ng'state, or, up state,
followed by a failed state, or down state, in which repair is effected.
For the i-th cyc}e, let

UP time

m;

fi DOWN ' t ime

The random history of a generating unit may be represented in terms
of an average (mean) UP time and an average DOWN time as follows!@

1
mean up time = -- n
- N
1
mean down time = --- ry
where N is the total number of run-fail-repair-run cycles. Thus the

r

unit failure rate A. and the repair rate }1 may be expressed am

1t

g

unit failure rate = «~-- (3.1)

|
}L = unit repair rate = --- (3.2)
r :
With these two parameters the raondom failure and repair of a generating

unit can be defined as a sBtate-space diagram{two state) as shown in



Figure 3.2.

A

_Figure 3.2 : Generéting unit state -space diagram.

.Two important parametera‘cﬁn be obtained from this model(36):

l._Unit‘availability ~ the long term probabilify that the unit will
be in thé.', UP state. |

2. Unit unavailability - the long term probability that the unit
will be in the DOWN state.

To obtain the expressions for-lbng-term availability aéd
unavailability of a generating unit, it is first necessary to recognirze
that the stochastic process we are considering is a very sapecial one,
called a zero-order, discrete state, continuous transition Markov
process. Such a stochastic process has the following properties ([38)

1. Mutuaily exclusive and discrete states, that ia, the generating
unit can be in' either the UP or the DOWN state, but not in both
gimultaneously.,

2. Collectively exhaustive states, that is, Bince we assume that
only possible states for a generating unif are the UP and the DOWN
states, then these states define all the'bosaible' states we ever e;peot
to find a unit in.

3. Changes of state are possible at any time.

4, The prébability of departure from a state depends only on the

current state and is independent. of time.

16



5. The probability of more than one change of state during a small

time interval At is negligible.

Let
Py(t + At) = Probability that the unit will be in the UP state at
time (. t +At) (3.3)
Thus _
Probability of be:i.ng-_1 Probability of
P (t +4A¢t) = in state 1 at time ﬁ being in state 2 '
and not leaving that + at time t and {3.4)
state during interval moving to state 1
L;'b. ] - _gyring interval ::

Congider that the distribution of a unit failure can be described by the

exponential distribution.

Fy(t) = e = Probability of unit being
available upto time t {3.5)
Expanding the right hand side of Equation (3.5) .into infinite qeries and

neglecting higher order terms, it is obtained as

v (at)
Fl(t)zi-?\dt + ———————— +¢o.o|o
2! !
~F
=1 ~A4dt = Probability of unit being (3.6)

available during time 4 t.

where . . -

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

Again
Fo(t) = e = probability of unit being (3.7)

unavailable upto time t

7



Expanding into an infinite serieﬁ and neglecting higher order terms, it
is obtained as )
Fo(t) 21 - tat = Probability of unit being (3.8)
unavailable during fime At
where
ot = Probability of transferring from state 2 to state 1 in time t
Using the definitions of Equations(3.5) to (3.8),Equation(3.4)

. may be written as C 4]

Py(t +4t) = Py(t) [ 1 “NAt] + Py(t)lmat 1 (3.9)
Similarly, '
Py(t + 4t) = Py(t)[1-pat] + Py(t) [ NAt] (3.10)

Rearranging these two Equations, we have

Py(t +At) - Pl(t)

e . - —— . i —— e

=z ="A Pl(t) +/U-P2(t)

ARSI St = APy(t) -MPy(t)

Letting 4t-—» O, the following differential equations are obtained.

dPl
_;; —————— - —?\Pl +}l P2 . | (3.11)
sz
_;; _____ = A Py - M Py (3.12)

with

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

" follows:



— ] _
Pi(t) | = [pl(u Pz(t.)] ~N PN (3.13)

pop

Lpz(t-)
Solving (6) . ' - (AtpM)t
M e
Py(t) =f+_[P1(°) + Pa(0) 1 +5-——1 P1{0)- P5(0)) (3.14)
—(?H/LL)I:
2 - -
Polt) =—1I P1(0) + Py(0)] + b Pa(0)- Py(0}]) (3.15)

)“ﬁ“‘

1~’}L
where PI(O) and P2(0) represnt initial states{conditions) such that
P,{(0}) + Py(0) = 1

Conasider that at t = 0 the generating unit is in the UP state,

i.e, state 1.

PI(O) = 1 and Pz(O) = 0
| ~ (AF Y
P (t) = M ?”L( ) (3.16)
1 h ')L+/.L A +}A :
;. ~( A+ )b
N A
Pz(t.) = -x—:}-—l—- - o\ +/U- {3.17)

In generation expansion planning long-term (steady state) probabilites
are required. Hence, letting t — OC ; Equations(3.16) and (3.17) are .

obtained as ' . l -

Pl () = —_—_%}:/IL
A



Thus the long-term probabilites of unit availability and

unavailability are given by

n =

Prob.[ UP state } = p = ;:;;I- = —-;—;—;—-—7 {3.18)
S N ‘r
Prob.{ DOWN state } = q = ?\+}A = -~;—:-;—--- ‘3'19).
80 that '
pt+tq=1 (3.20)

The traditional term for the unit unavailability is ‘forced
outage rate’ (FOR), a nianﬁer in fact, since the concept is not a rate.

An estimate for this important parameter may be given by

forced outage hours

FOR = —-—mmrrr—e e mme e tmm e —w e m =
. forced outage hours + service hours
FOH .
or FOR s—--=-ccmmmmmm e (3.21)
' FOH + SH

The usual method of accounting for partial outages is to increase the
forced outage hours bf an éppropriate amount of time called ° equivalent
force outage hours’ (EFOH). This durﬁtion is obtained if the actual
partial outage hours are multiplied by the carreaponding fractional
capabity reduction and these products aré then totalled. Considering a
'single ooccurrence, for example, a unit operating at 60* capacity for 80
hours will have an equivalent forced outage duration of 80(0.4) = 32
hours. Beed on this apprcach, an estimate of 'equivalené forced 6utage
;gté' (EFOR) may be defined as

FOH + EFOH
EFOR = ~+--ccmcm—mmm e mm : : (3.22)

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

3.2.1PROBABILITY DENSITY FUNCTION OF AVAILABLE AND 6UTABB CAPACITY:

For a generating unit of capacity C MW, FOR = q and
availability'p, the probability density functions(PDF) of available and

forced outage capacity are given in Figure 3.3.

i
I
ok

P P
q flo
: q
fLAT _ T
0 C o : C
Avilable capacity (X 5] MW Outage capacity | '5(0) MW ‘

Figure 3.3 : PDFs of available and forced outage capaoity.
The PDF of forced outage capacity may be conventionally exﬁreased as
£ac] ’
£, (X,) = PS(X ) + a &(X, - C) (3.23)

where

fi.o PDF of forced outage capacity,

$CH

H

Dirace-delta function.

3.3 PROBABILISTIC LOAD MODELS:

Proper modelling of load is ;n important faotor in the
evalpation of LOLP and production coast. The probabilistic lo&dlnodel
which is widely used describes the probability that load will exoeed.a
certain value. The data required to develop such a model are readily
available, aince continuous readings of system demand and energy are
usually obtained on a routine basis by electric utilities. If a

recording'of instantaneocus demands were plotted for a particular period



of time, a curve such as depicted in Firgure 3.4(a) might'feaulf;'This
is known as the 'Chronological Load Curve'{CLC). From this curve the
‘*Load Duration Curve' (LDC) in Figure 3.4(b) is eagily constructed. Thé
léad duration curve is created by determining what percentage of time

the demand exceeded a particular level.

Demand,L

Demand,L
MW

Time 0 100

/s of time
{a) Instantaneous demand Vs. time {-b) Load duration curve
Figure 3.4 : Chronological load curve and load duration curve.

3.3.1 LOAD PROBABILITY DISTRIBUTION

For generation system studies it is ﬁeceasary to interchangé
the axis parameters in Fig; 3.4(b) and normalize time, producing ‘load"
Probability distribution' ianigure 3.5. Thig curve is also cﬁlled
‘inverted load duration curve’. This load distribution will be denoted:
generally by Fk(L), where‘k indicates the time period for which the

distribution is applicable.
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1-0

Fi (L)

0-0

Demand, MW

Figure 3.5 : Load probability distribution for week k.

3.3.2 HOURLY LOAD:

Another load model which ia often used in various probebility

methods for evaluating LOLP and produbtion cost is the hourly load. It
is derived from the chronological load curve {(CLC)}. Figure 3.6 showsa a

CLC, the time axis being divided into a number of samall intervals

tirtg ...t

between times to

-

r_l t.r’ « s . tn__1|t;n

Load, L 3
MW _ _ _ '
% \ //
Al 2 A
AN / ﬁ
//A

o ty 12 -y Yy time

Figure 3.6 : CLC with time axis divided into n small intervals.
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In Figure 3.6, the energy demand during the period between t__,4 and

t_ is given by the area A, under the CLC between tr_l'and t,. -Hence

r
e

Ap = det | | (3.24)

t,
Pividing this area by the period of time (tr - tr—l” the average
load during that period is.obtained. Thus

LT 2 e (3.25)

In this way the average load for all other time intervals are

obtained. If the average load for each time interval ia agsumed to

remain constant for the corresponding interval, then a distribution of
load as shown in Figure 3.7 will result. Note that by such construction

of load curve, the energy demand for each interval remains unchaged.

Load,L ’ A
MW '

___54_____

A

W

N

3

T

io Y ty =1t ‘An-l tp Time .
Figure 3.7 : Load distribution assuming conatant load for each small
interval

In each of the time intervals into which the time axis is divided

equals to one hour then the resulting distribution is called ‘hourly

24 ' - g



load curve'’.,

3.3.3 EQUIVALENT LOAD:

The randomness in the availability of generation capacity is
taken into c;nsideration by defining a fictitious load, known as
‘equivalent load’(Le)[SG]. Figure 3.8 depicts the relationship between
the system load and generating units, where‘actual unita have been
replaced by fictitious perfectly reliable (100% reliable) units and
fictitious random loada;_whose probability density functions are the

outage capacity density functions of the units,.

Capacity Cp

Capacity €, .
@ {(100°*/s reliable) .

(100%/. reliable )

| Random outage load
- Le ={0
Random system ioad., L
|
Figure 3.8 : Ficticious generating units and Bystem load model.

If Lo, representa the random outage load corresponding to the i-th

unit, the equivalent load(he) may be expressed as -
n .

Le =L+ ¢ Lo, (3.28)

- 1
L=

" where n is the total number generating units. When Loi = Ci,'

the net demand injected into the system is zero for the i-th unit, just

as it would be if the actual unit of capacity C; were forced off-line.
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Néte that the installed capacity of the system is given by

14

jgj C; . (3.27)

L=t

1c

It

The outages of the generating units may be assuﬁed_independent of
the system load. Then the distribution of the equivalent load will be
the outcome of convolution of two distributions: fio and fL
repreéenting the PDFsvof the outage capacity and the system load,

respectively. For the discrete case the PDFs, fL and fLo‘mBy be written

as
fFL1) = ZPL (1-1;) | (3.28)
L
fLolly) = 2 Pro; (1o = 1o ) (3.29)
o

Then the PDF of equivalent load fie may be given as

= EE_ PL PLoj {le - {li + loj )) {3.30)
L
where * indicates the convolution and Py and P; = are thé probabilites of
load and outages of machine, respectively. The small case letters within

" bracket of Equation (3.30) are the values of the corresponding random

variables (RVs).
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CHAPTER 4

GENERATION SYSTEM COST ANAIT.¥YSIS

4.1 INTRODUCTION

. "_ In chapter 2,the different steps in éeneration
expansion process are presented.As it discussed,the plans that satisfy
the desired reliability level must be evaluated on the basis of
economics in ordér to identify the one plan that impacts on the utility
as a whole in the most favorable mgnner.ln.thia chapter, the concepts
used in analyzing the cost of a particular expansion plan,with most
‘'emphasis given to a conventional present-worth arithmetic method is
presented, for aompleteness we include a brief presentation of
corporate models as they are used in making a final selection. Since
corporate models are computerized representations of the financial
structure of a utility ,a discussion in depth is not presented in this

thesis.

4.2 COST ANALYSIS
| In evaluating the cost associated with'a
particular expansion plan,it is essential that the following factors
be considered: | .
1. Capacity cbst.
2. Production cost,
3. Timing of unit additions.
These three quantities ,more £han any other ,influence the overall

expansion plan cost and hence must be taken into account.

4.2.1 CAPACITY COST

The capacity cost of unit i,denoted by CCi,is‘uaually
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defined as follows:

cc; =-FCRi UCi Ci'(US$) | (4.1)
where FCR; = fixed-charge rate . '
UC;, = unit capacity cost (US$/MW)
C;, = capacity in MW |

Generaliy the fixed charges consist 6f

1; Depreciation.

2. Rate of return.

3. Taxes.

4. Insurance.
1.Depreciation @ In.general man-made devices are impermanent or
depreciate.This depreciation of equipment takes place as time
proceeds.At any instant it is Verf difficult to determine the exact rate
of depreciation or the total dmouht 6f,depreciation since installation
of the equipment.Mgny factors. influence the depreciation, among fhem
five main catagories are: i) Life of eqterprise ii)Life of the equipment
,11i) inadequacy of equipﬁent,iv) obsolesence of equipment and v)

requirements of public authority.

2.Rate of return: If the difference between the utility service cost
and the annual cosf igs the annuity A and the investment is P then rate

of return i will be solved for by trial and error from

- A i ‘
~~~~~ T e ————— { 4.2 )
P 1 - (1 +1i) :
3.Taxes : Taxes levied on an enterprise are many and quite diverse as

to the basis used for computing them. The load upon which a plant stands
is usually taxed at a rate dépending upon its assessed valuation,which

is determined from its location with regard to certain natural and

28



cultural advantages.The tax leQied on the value of.the capital equipment
'comprising the plan£ is usually known as property tax. There are
numerous other forms of taxes such as social
security,unemployment,income, excess profits and sales.Some taxes
depend entirely upon the magnitude of the capital funds,others on the
volume of business, and still others on a combination of the two
factors. |

4.Insurance : Every well-managed company carries some. forms of

insurance against accidents to equipments and personnel.Since the risks

involved are diverse in nature,an insurance list is quite long.On it

will be found fire, windstroms, hail, flood,earthquake,explosion,loss of
use of public liability , workmen’'s compensation , automobile ,marine,

title,fidelity, forgery , credit and many others.

4.2.2 PRODUCTIONS COSTS

Production costs ,the second igportant
component in evaluating the cost of a particular expaﬁsion plan,can be
accurately detérmined only if |

1. A realistic load model ié known for each future week or month in
the planning period.

2, The units are committed to supply load in a manner that reflects
.aétual operating procedures and conditions. |
Production cost associaed with unit i is given by

ECi = FCi + OMi (4.3)

where EC; Production or energy cost.

FGi = Fuel cost in US $

OM.

i Operations and maintenence cost in US $4

n
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4.2.3 PLANT COST
As it is sometimes oconvenient to calculate the cost
associated with a particular piant , we can easily define an expression
for plant cost (PC) in terms of Egs.%.1 and 4.3:
PCi = CC; + EC,
= CCy; + FC; + OM;. (4.4)
Equation 4.4 can be used to obtain accurate plant costs
expressed either in dollars or in taka/kwh if the annual (Ei) produced

by,each.ﬁnit is calculated using a very detailed production analysié in

which ‘all normal operating coonditions are simulated.

4.2.4 TIMING OF UNIT ADDITIONS

The third and final major factor in cost analysis is
the timing of unit additions.Since present-worth ariﬁhmetic is employed
to determine the present-worth of a given expansion plan,it is obvious
that the timing of the investment associated with the addition of a new
unit is important.Further, the effect of new unit additions on total
aystem production cost is 'a factor that Sﬁould be reflected in the
total ﬁresent-worth of a particular expansion plan.Although this may not
be obvious, we. should realize that the addition of a new unit can
be drastically change the opefation of existing units and hence product
—-ion cost.For instance,if a base load fossil unit were added prematurely
to a system -containing‘ base 1oad‘nuélears,the tendeﬁcy to off-load
the ﬁuclear units could result in substantially higher production costa.
When an approximate cost result is desired for a particular plan,it is
not uncommon to assume that all +the units are added simultaneously,
in which case. the system cost SC can ‘be calculated as follows:

SC = ',PCJ (4.5)
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where 0<J ;QEj)/E(E-B)

E(Ej) expected value of energy produced by unit j

E(ES) = expected value of energy consumed by the systenm
Substituting the approximate expression for (Ej) and (EB) in

Eq.4.5 we get

qC = 2 —————————————————— PCJ- {(4.6)
j | .

In choosing representative capacity factors for each unit it is

neccessary to satisfy the constraint

Z CFj---===--- =  CF, | (4.7)

4.3 SYSTEM COST ANALYSIS

In this section an approach to system cost analysis,
that relies on produétion cost data obtained from the simulation
method that portrays the way units will probably be operated if the plﬁn
is implemented is presented.The method considers the time value of money
in that the timing of unit addition is taken directly into account using
conventional present-worth afithmetic.hlso, the effect of new additions
on total system production cost is appropriately factored intc the cost
estimates.

Specifically,the method involves calqulating the annual capacity
costs for each year and then multiplying this result by the appropriaté
present-worth factor to obtain the present—worth.of the annual capacity
cost for each year.Summming the present-worth of the annual capacity

cost over all years in the planning horizon gives the present-worth of

n



the totel annuel capecity costs for the plan under study.To quantify’
this procedure,Let CCi(k) be the annual capacity cost for unit i in year
k,and let be the present-worth factor for year k.The present-worth of

the total annual capacity costa is given by [36]).

™ G '
cC = z i(jkcci(k) {4.8)
K=t L= '

If unit i'; m is not installed by year k,then
CCm(k) = 0, otherwise Ccc, is given by Eq.4.1.

Similarly,let ECk be the total! system cost,as defined by Eq.4.3,f§r
year k.Note that this cost includes the production cost,not‘only for
new units,but also for existing units. By iﬁcorpdrating the total system
production cost,thg effects of new unit additibns on the operation and
production cost of existing units are éasily takerd into account.By mul
-tiplying EC, by +the present-worth of the annual syatem product
-ion cost is obtained,and the sum of all'present-worth annual production
costs renders the present-worth of the total production costs incurred

over the planning horizons

EC

N .
z @u EC, (4.9)
Wz

4.4 CORPORATE MODELS

A corporate model as the name implies is a .-model
of the financial structure of =a coﬁpany.Through the use of such models a
system planner can simulate the effect that a major exﬁansion effort
will have on the financial status of his company.Although suéh-models
are very detailed , 'we shall discuss in a sgmplified manner the basic

structure and input-output requirements.
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Fig. 4.} Simplified corporale model, € 3] i

if we refer to standard statistical data published by most electric
utilifies,a very crude and oversimplified model of the cash flow in a
utility can be obtained.For instance ,if the "summary of'earningaf and
"gtatement of sources of funds used for construction"are translated into
a atandard block diagram,as used in classical control theory,a diagram

like Fig.4.1 will result.

4.4.1 INPUT-OUTPUT PARAMETERS
In effect we have in the corporate model an open-loop multiple input-
multiple output system where the major inputs are:

1. Forecast energy and customers by rate class for the months beinsg
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- simulated.

2. Construction expenditures  for new piants, trﬁnsmiasion facilities,
etc., for each month.

3. Production costs for each month

4., Purchased energy costs.

5. Costs associated with transmission and distribution, customer,

accounts, and sales and administration.

Similariy the major output§ are:

1. Gross income or operating income.

2. Retained eariniﬂgs.

3. Earﬁings per share

4. Fixed chafge,coverage rate.

5. Yield

6. Outside capitalization requirements.

Clearly, such a planning tool is both convenient and neéessary. To stud}
fhé impaét-of a'giVEn éxpansion plan on any one of the Bix outputs, it
- !
is only necessary to input the initial cost of each plant and an
expenditure-time—gurve, which aefinea tﬁe rate at which money for the
plant is to be spent, along with the other four inputs 1is£ed above. :
Referring again to Fig.4.1 , we see fhat operatiﬁg revenue in
dependent on energy and on customers in addition to rate
strucéure.Since energy consumption and customers are beyon& the control
of the utility, the-only mechanism-for adjﬁséing opgrating revenue is
rate relief. Altering operating revenue obviously results in a chanée in
gross income, since gross income 1is simply operating revenue minus
total opera£ing expenses,

The major operating expenses, as shown in Fig. 4.1, are productin

and purchazed energy costs, followed _by transemission and distribution
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and customer accounts expenses, with =sales and general administrative
costs following close behind. In addition, depreciation, thxeé, and
maintengnce are also expense items covered by gross income.
ﬁepreciation ise not m ‘real expense, excgpt for tax purposes, Bfnée it
is subtracted to.obtain(regulated)'grbss income, but added in again
_before outside-capitalization'requirements are determined. By handling
depreciation in this manner, the utility is in effect able to establish
rate schedules that will make it possible to replace a plant after it
is retired. Note that construction cosats are not considered operating

expenses, with the exception of the conatruction of nuclear fuel cores.
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CHAPTER S

THE METHODOLOGY OF bﬂl]l;ﬂ?j&nmﬁkfllgik

PRODUCTION COSTING

5.1 INTRODUCTION

- This chapter presents the development of the methodology for
evaluating the production cost of multi-area interconnected systems. The
methodology is an extension of the method for evaluating the production
cost of two-area interconnected systen[34].The methodalogy also deals

with the priority of the importing systems, one over the others, on the

transactions of power from the exporting system. For clarification of'

the developéd methodology, this chapter presents a simple example which
can be solved by using a’pocket calculator. To prove the validity of
the method the same example is solved wusing heuristic approach in this
chapter.

5.2 MATHEMATICAL MODEL ’

The starting point of thé proposed method for evaluating
the production cost of multi-area interconnected system is the sampling
of chrbnélogical load curve (CLC) for each‘system for the time period
under consideration. The loads are sampled every hour or any other
appropriate time interval and each sample is assigned equgl
probability of occurrence . Thﬁs the joint probabilities of the sample
loads are obtained .

Then the 16&d plane is subdivided into a grid structure. Each grid
or segment has sides of equal size. Thus the load{equivalent) plane are
covered with grids of N dimensions. Note that N.is the number of

interconnected systems; that is for three interconnected systems each
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segment will be a cube and for two interconnected system each segment
will be a square. The side of each grid will be equal to the maximum
commoh factor of the generating unit capacities of all‘interconﬁeoting
systems as well as the tie line capacities;

As n dimensional arréylof gsegment is constructed each axis will be
attributed to each system. The number of segments in any axis I which is

attributed to system I is calculated using the,follouing formula:

Ny
jE_CKI + TCImax
ty = mmme- kU S o1 (5.1)
L cC
where '
'CKI = The capacity of the K-th unit of system I.
ng = Total number of units in eystem I.
'I‘CImax = Maximum capacity of the tie lines connecting system I.

AC = Segment size.

5.2.1 PARAMETERS OF A SEGMENT

Each segment of the n dimensional grid-nust have the following
information:
i} The =zeroeth moment , theljoint probability of ocourrence
of the segment. | |
ii) The first moment of load of each system with in the range
of the segment; that is, if N power systems are interconnected then each
segment must have N firsat ébments of léad.
iii) The first moment of all residual tie line oapacities.'
The Jjoint probability of occurrence of any segment is obtained by

adding the probability of each load sample within the range. of the

37



segment .

Similarly, the first moment of loaa corrgaponding to any sBystem i=s
the sum of the product of loads of that system and its probabilities.The
load samples must be withiﬁ the range of the segment.

The residual tie line capacity {RTC) for a system is that capacity of
the tie line that remain at any stage of the loading prooess after
having been utilized by the previously committed generating unit or
units from the system. Initially, the first moment of nfc for eaqh
system is set equal to the product of the corresponding tie line

capacity(TC} and the joint probability of the particular'segnent.

5.2.2 MERIT ORDER OF LOADING

The loading order of the .units of systems i=s deduced from
£he knowledge of the average incremental cost of the units. In this
order, the unit with the lowest average incremental cost comes firset,
then the unit with second lowest incremental cost and so on.Note thai
“in the interconnected system,the choice is made from the units of the
global system.

To incorporate the nonlinear characteristics of the incremental cost,
the common strétegy is to subdivide the capacity of a génerating uﬂit
into capacity blocks , each block with a different average inéremeﬁtal
coat.Cleaély these blocks may occupy nonadjacent pdaitioﬁ in the merit
order of loading. Multi block 1oading- of generating units requires
the application of the process of deconvolution. The segmentatin method

accomplishes this effectively.
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§.2.3 EVALUATION OF EXPECTED RXPORT/IMPORT

Befofe convolving any unit, in the loading order, the
possible export-or import mﬁst be evaluated. The fundamental strategy
subsumed in the evaluation of the exfoft is that each asyatem must keep
its own interest paramount. That is, a utility will only export power
to another as long as it has exceés capacity after having met its own
demand. .

The principal factors which affect the capacity transactions among
‘the interconnected systema are:

1. The unserved load or demand of the exporting system.

2.'The unserved load or demand of the importing syatem.

3. The capacity of the committed generating unit.

4..The residual tie liné capacity frop exporting system to importing
éystem. .

A system which export power to anothef.ia known as an exporting
system gnd the system which receive power from the exporting syﬁtem is
known as importing system,A system becomes exporting one only when the
unit is selected from this system for commitment(loading).However,the
same éystem may be an importing system if the.unit is selected from
another system during the next loading stage.

Améng the importing systems,some systems méy have priority over others
on the capacity transaction. It will be considered by considering
percentage share of surplus generation capacity of exporting system.

Cpnsider an interconnected electric power system as shown in Figure
5.1.Ala0 consider that N number of utilities are connected in this
interconnectéd ‘system.Regarding the export /import in the multi-area
interconnected system,it may be noted that the transaction of power from

one system to another may be in two different ways :

39



i) Direct transaction : Directly from exporting system to importing
system through a single tie line connecting the exporting an# the
impofting system.

i) Indirect traﬁsaction: Through composite tie lines,connecting the
exporting system with the importing Bysteml. That is ,to transfer power

more than one tie line is involved.

Figﬁre.S.l : Hﬁlti—aréa interconnected power sBystems.

To clarify the above transaction poiicy ,consider the example of
transaction of power from system 1 to system 4 of Figure 5.1.When the
power is transferred throﬁgh the tie line between system 1 and 4 it will
be referred to 'direct transaction’'.If the power is transferred through
the tie line between system 1 & 5 and the tie line between system b & 4,
the transaction will be reférred to 'indirect transaction’.

Direct transfer of powerf

Export from exporting system to importing systems through a single
!

]
;

tie line is calculated as follows: /

Let system I is an exporting system then the surplus generation

capacity of I;}h system (SGI) is

*1

I . I 1 . ‘
86" = ; Ckm XPj j.....n - ™i,j.,..nlBD) (6.2)
where SI ig the total number of committed units of system I.

CIk is the capacity of the k-th unit of éystem I.
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Pi,j, .n is the joint probability of the (i,j..n) th segment.

mIi,j..n is the first moment of load of system 1 corresponding

to the segment {(i,j..n).

The unserved demand of the systeg K (UDK) may be expressed as
S

K _ K K .
ok = mf; L (ED) - §L| K x P 5. o (5.3)
Export expD K of any segment from exporting system 1 to isystem K is=s
given by’
expp! K = Min (scf, vp¥, rrcl %) (5.4)

where K vary from 1 to N but K # I

RTCI'K = Residu#l tie line capacity from system I to
syastem K. .

Next step is to modify the load 6f importing system as well as the
corresponding tie line capacities.

The modified unserved demand of importing system K may be exprésaed as

upK = upK - expIK (5.5)
and the expression of the modified first moment of RTC are
rrcl-K = rrci-E - explk.

rrck-I = mrrcK-I - explK. (5.6)

&

Export/import with priority:

It is mentioned earlier that some importing systems may have
priority over others.The ﬁriority of the importing systems one over the
others on the transactlon of power from exporting system to importing
system should be takep into consideration by taking percentage har;*
(PS}-of the surplus generation capacity .ansidering the priority of
system K,the 'gxport from.syatem I to syaiem K may be given as

expl ¥ = Min ( psEsc? , up¥ , rrcl7Ey, ' (6.7)
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where PSK is the priority share of system K and

(5.8)

=]
A
-
o
I
[y

Export/import through composite tie lines:

The export from one system to other may be alsoc through more than
one tié lines.Consgider indirect .transaction froﬁ system I to system M
through the tie lines I-K and K-M . That is.'the surplﬁs capacity after
direct transaction may be exported from system 1 to system K via saystem
M.Note that the gurplus capacity of the exporting system I may be
obtained b} subtracting the export coﬁputed in EBquation (5.4) or (5.7)
from the surplus capacity,computed‘in Equation (5.2)_aftef considering
direct transaction.
‘Now the export through indirect transaction frqm syastem I to system M

via system K may be given by
exptIE-M - yin ( psMse! , upM , rrcI-K, rrcK-M (5.9)

where PSY ia the priority share of system M on the surplus generation
of exporting systemrI.
To compute the total export from the exporting system all exports
through direct transactions and indirect transactions should be added.
Total export from system I for the committment of any unit j at any

segment may be evaluated as
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+
1 M=1 L=1
I M#K21 L#M#K¢1
N ' N '
e +:E: e ZE; e1KML...2 (5.10)
K=1 Z=1
K#1 22, ..2M2K$1
In the above equation the first term indicate the directly export from -

exporting system 1 to importing systems K.The sgcond term indicate the ‘
export from system I to system M through composite tie lines (I;K) and %
(K-M). The third term represent the export from system 1 to system L |

- through three composite tie line (I1-K),{K-M) and (M-L) and so on.

Similarly the tﬁtal import of system K is the sum of difect and

indirect import.That is,

epr—K = e:nchI'K + eprI‘K*M

5.2.4 MODIFICATION OF FIRST MOMENT OF LOAD

When total export from the exporting system I is known

then modified first moment of Ipad of sfstem Iis given by.

~

I 1
m i,j...n

!5 0 (B) = m (B1) + el, (5.11)
The first moment of load of importing system say K should also be

modified through the equation

my 5...n (Bl). = mKi,j,...n (E1) - expl™X (6.12)



5.2.5 EXPECTED ENERGY GENERATION

The expected energy generation by a given generating unit i?
cbtained By evaluating the difference in unserved energies before and
after the commitment 6f the generating unit. The expebted unserved
energy of tge exporting system I before committing'the k~-th generating

unit is given by

t':ati"'kn -
g, I = T ( ml, (R1) - ¢, x P ) {5.13)
k ~ i, j...n t i,J...n : :
l:;:---!‘\:l. ‘
where CtI is the total capacity of the already committed generating

units of system I and is given by

c,! = z cgl (5.14)
¥=1 ’

The limits 11 in equati??f(5.13) is given by
11 = Min ( "I’ "J| WK LI N ] WN } but 11 ) 1|
1

S

I 1

" 2 cl/oc
| 3] '

where,

Note that the unserved demand for any Hegment.(i,j,k....n) must be

positive; that is

~

I
i,5...n > 0 (5.15)

( m ,j....n’ ”

(B1) - CtI.x Py
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5.2.6 PROCESS OF CONVOLUTION

The process of convolution is simply effected by shifting each
segment appropriately as each generating unit, in the loading or@er, is
committed to meet tge‘equivalent load. For N interconnected systems an
N dimensional approach is necessary, that is the direction of shift
depends on the system that the generating ﬁnit belonge to.Assuming that
the I-direction is altributed to system I then if a generating unit of
system I is Eommitted then the shift will be along the I-axis .

- Considering the (i,j,...n})-th segment and assuﬁing a generating unit
of capacity C mw belonés to system I to be committed, the shifted first
moment of load{equivalent loﬁd) of system I of the (i+w1;j..ﬂn)—th
segment may be expresed as |

new . old 1 ’
= m: . + C* x P; (5.17)

mi+wrj...n i,j...n i,j...n
where Wy = C /AC
AC = Segment size. :

Clearly, the first moments of load of other systems remain unchanged.
Also the segment’s probability stays unchanged by the shift since the
zeroeth order moment are not'affectgd by the shift.To obtain the final
distribution of segments aftef convolving fhe k-th unit, the original
distribution(béfore convolving k-th unit) is=s mulfiplied by the
availability (1 - qk)'and tﬁe ahifﬁedldistribution is multiplied by
FOR(q) ) of the unit and these two resulte are added. |

The unserved enefﬁy, after commiftment of the k-th generating
unit,‘UEk may be evaluated by using equation(5.13) with the capacity of

the k-th unit added to C,l given by equation (5.14).

Hence the expected eﬁergy generation by the unit k is given by
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Global expected energy generation by the systems are

N 4N 4ANg

. GE8 = Z Bl (6.18)

Finally the production cosat for the k-th generating unit is given by
where Ak .= average incremental fuel cost of unit k.

The global production cost is then evaluated as followe :

. TR ALTE TP

o
GEC = ;E 7ka By (5.20)
ke
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5.3 VERIFICATION OF THE METHODOLOGY

In order to verify the developed methodology, a simple but

revealing system will be considered in what follows:

Consider three systems interconnected by tie lines each of 5 MW and

having the chronological load curve for 2 hours as Bhown in Figure

5.2.The load is sampled every hour. The generation data are given in

Table 5.1
)
15k System |
!; wAANNN Syslem i
2 ohwananad -
Z
£
v vy a— —
g 5 .
s o
—t
0 ! 1 -
0 I 2 Hours
Figure 5.2: Chronological load curve for sample systém.
Table 5.1 Generation system description
Sysfem 1

No.of Cap. FOR Avg. No.of Cap. FOR Avg. No.of Cap. FOR Avg,.

Units (MW) ) 1C Units (MW) IC Units {(MW) I1C
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Asgigning to each sampled hourly load equal probability (1/2 in this
case) the joint occurrence of the 5 MW load in system 1, 10 MW load in
system 2 and 10 MW load in system 3 has probabiiity of 1/2. Note that
there are three interconnected systems, Therefore, the grid structuré
will be three dimensional as shown in Figure 5.3; that is the structure
will be cube shaped. Bach side of the cube will be 5 MW, which is equal
to the maximum common factor of the generating ﬁnit capacitiéa.Theae
segments are filled up as the loads are sampled. This is shown in Figure
5.4{a), 5.4(b) and 5;4(0). Since there is no impulse below base load,
segments below base load are not fequired.

Each segment as shown in Figt‘5.4(a),5.4(b) and 5.4(c) contain the
following parameters, first row ! the aegmeﬁt's probability or zeroeth
moment, second roﬁ:the first moment of load of the system (system 1
shown first),third row : The first moment of reasidual tie line
capacities.

From Table 5.1 the loading order can be easily deduced.The lO.HW unit.
of system 1 is loaded first. This is followed by the 10 MW unit of
system 2 and finally 16 MW unit of gyatem 3, Before the 10 MW unit of
syatem 1 is cﬁmmitted s the ‘posible export must Ee evaluated. The only
segment for which export is possible is the one which corresponds £o the
5 MW load of system 1, in figure 5.4(a) fifst segment in second row. For
this segment export from system 1 to system 2 is 2.5 MW and.to ayatem 3
is 2.5 MW.Total export from system 1 is 5 MW.The modified first moment
of load are (5 + 5)/2 = 10/2 for system 1, (10-2.5)/2 = 7.5/2 MW for
system 2 and (10 - 2.5)/2 = 7.5/2 MW for system 3. Since system 1 is
exporting 2.5-MW over the Eie line 1-2, 2.5 MW over the tie line 1-3
the modified first moments of RTCs are

rrcl-2 - (5-2.5)/2 = 2.5/2
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Fig. 5.4 (a) Schematic representation of joint probabilities and

corresponding first moments
to be divided by 2)
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Fig. 5.4(b) Schematic representation of joint probabilities and
corresponding first moments ( all no. in the boxes
to be divided by 2)
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Fig. 5.4(c) Schematic representation of joint probabilities and
corresponding first moments

to be divided by 2).
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7.5, -5, 2.5 .
i0
1S .
20
1[
y

Fig. 5.5(a) Schematic representation of joint probabilities and
corresponding modified first moments ( all no. in the
_boxes to be divided by 2).
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Fig. 5.5(b) Schematic representation of joint probabilities and
corresponding modified first moments ( all no, in the

boxes to be divided 2).
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Fig. 5.5(c) Schematic representation of joint probabilities and

corresponding modified first moments ( all no. in the
boxes to be divided by 2)
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- Fig. 5.6(a) shift of joint probability and first moments durlng the
( all nos.

'

convolution of the 10 mw unit of system 1
in the boxes to be divided by 2).
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Fig. 5.6(b) Shift of joint probability and first moments during the
convolution of the 10 mw unit of system 1 ( all nos.
in the boxes to be divided by 2).
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Fig. 5.6(c) Shift of joint probability and first moments during the-
convolution of the 10 mw unit of system 1 ( all nos.

-in the boxes to be divided by 2).
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Fig: 5.7(a) Distribution of load and resulting first moments after
conveolving the 10 mw unit of system 1 ( all no. in the
boxes to be divided by 2). ’ :
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Fig. 5.7(b) Distribution of load and resulting first moments after
' convolving the 10 mw unit of system 1 '( all no. in the
boxes to be divided by 2).
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Fig. 5 7(¢c) Distribution of 1load and resulting first moments after

convolving the 10 mw unit of system 1 ( all no. in the
boxes to be divided bv 2).
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2-1

RTC = (542.5)/2 = 7.5/2
rrel-3 = (5-2.5)/2 = 2.5/2
rrc3-! - (5+2.8)/2 = 7.5/2

The expected unserved energy of system 1 before cbmmitting the -~ 10 MW
unit i=s _ . ﬁ
UB,™ = 1/2 (10 + 10)2 = 20 MWH.

Thg convolution process is shown in Fig. 5.5(3%, 5.5(b),5.6(e). In
figure 5.7(a), 5.7(b), 5.7(c) the diatribution of load and corresponding
first moment after the convolution of 10 MW unit of system 1 are
shown. Unserved energf is recalculated.as

UBy = 1/2 [(4+44) - 10(.2 + .2)12 = 4 MWH,
The expected energy generation of the 10 MW unit of system 1 is equal to
Ey = UEl— - UE; = 20-4=16 MWH. '
The cost of energy generated by thias unit is given by
ECy = 'k‘ x By = 5 x 16 = BO § |
In a similar manner, the rest of the units are loaded. The expected
energy generations and production qosts are
For 10 MW unit of system 2
E2 = 16 MWH.
EC, = 96
Fbr 10 MW unit of system 3

By = 13.44 MWH,

RC, = 93.08 $. | o
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5.4 HEURISTIC APPROACH TO SOLVE THE SAHPLE EXAMPLE

Consider the three area interéonnected system of section 5.3.
The load model of Figure 5.2 shows that a 5 MW load in- system 1, 10 MW
load in s&stem 2 and 10 MW load in system 3 occur 50% of the time, and
10 MW load in system 1, 5 MW load in system 2 and 15 MW load in system
3 occur remaining 50% of time.

From the generation data of Table 5.1,a capacity étate table is
developed and it is presented in Table 5.2 . Baséd upon the _joint
probabilities of capacity stateé'and load level we obtain the
Eenerating chargcterisyics of different system which are shown in
Figure 5.8(d),5.8(h) and 5.8(1).The joint probability of capacity states
and _load.level('S}IO,IO )} ,whose duration is 50% of time for system 1,
of which 38.4% of time generation is 'availablg from then upto 46.4%
of time it remains unavailable from then upto 48% of fime, it again
becomes available and from then upto 50% of time it is wunavailable
;for the next load level if simply repeats.In the.SO% of time generation
capacity of system 1 is 10 MW but it’'’s demand is SMﬁ as shown in Figure
5.8(a).Hence it can export remaining 5 MW to system 2 and system
_3,through the tie lines connecting them. Considering equal priority of
the importiné systems,system 2 receives 2.5 MW of load through the tie
line connecting system 1 and system 2 (TLC ) and system 3 receive 2.5
MW of load through the tie line connecting system 1 and system 3 (TLC )
In a similar way , in the remaining 50% of time load transaction
will occur. : . |

The all possible capacity and duration of export and import over

the tie lines from one system to the other systems is shown in Fig.5.8.
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Table 5.2 : Different states of the global system along with

probabilities

@ o e a o ——— e A T M T e s T S T o o AR S R S M T R S o MR R S M S o o RS S S

Capacity out MW Capacity Joint probability of

———————————————————— available Probability cap. states and load

Syst.1 Syét.z Syst.3 in the global level
system,MW | (- 5,10,10) (10,5,15)
0 .- 0 0 30 0.512 0.256. 0.2586
0 10 0 _ 20 0.128 ' 0.064 0.064
0 0 10 ] 20 0.128 0.064 0.064
10 - 0 0 20 0.128 0.064 | 0.064
10 10 0 10 0.032 0.016 0.0186
0 10 10 10 0.032 0.016\ 0;016
10 0 10 10 0.032 0.016 0.0186
10 10 10 0 0.008 | 0.004 0.004

——— . —— = A A M R S e e e i L WL W . P N R R e FEr e e i N M W e e M WA M TR b S A LA S s M M S S A SR R e e

. Expected energy supplied by the generator of system 1

E; = T (.384 +.016 + .384 + .018) x10 = 8T = 16 MWH
where T is the time period of study = 2 hours.

Expected energy supplied by the generator of systgm 2

E, = ( .256 + .064 + .064 + .016 ) 2 x 10 T =8 T = 16 MWH
Expected energy supblied by the generator of system 3 is
By = (.064 +.08 + .256 + .064 + .08 ) 10 x T + .256 x5 xT

= 6.72 T = 13.44 MWH.
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5.5ALLOCATIOH OF PRODUCTION COST AMONG THE MULTI-AREA .INTBRCOHHETED
SYSTEMS: | |
The economic benefits -of interconnected systems, in terms of
global production cost savings for a par£icular tie line capacity is
‘calculated by subtracting the global production cost at that tie line
capacity from the global production cost at zero MW tie line capacify.
Thus
GS = GEC, -IGEC
where GS = Global savings,
GEC, = Global production cost at zero MW tie line capacity.
GEC = Gloval production cost at any tie line capuéity greater
"than zero MW.

There afe a number of methods for éllocation of the production cost
among the interconnected aystems. One of these¢ is called ‘split-the-
savings'. This‘method is popular among the utilities of North Anericq.
In this method, the actual cost shared Sy each utility(system) is=s

obtained on the basis of individual production costs, globallpfoduction

cost and the global savings. The production cost shared by the

e-th system at a particular tie line capacity is obtained by sub-
tracting 1/N -th of the global savings at that tie line capacity from

. its production cost at zero MW tie line cabacity . That is

1
EC, = EC, - - GS
. .
where ECe = Production cost shared by the e-th systemn,
EC, = Production cost of the exporting system at zero MW tie line
| capacity |
GS = Global aavings.
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CHAPTER 6



CHAPTER &

NUMERTITCAIL, EVALUATION

6.1 INTRODUCTION

In chapter 5, a methodology has been developed to evaluate the
producﬁion cost of multi-area interconnected power system and it is
applied to a realistic interconnected system in this chapter.

This chapter includes a brief description of the realistic
syateﬁ‘s load and generation data used in evaluating the production
cost. The results aré presented in this chapter. The interconnected
system considered for application is the three area interconnected
systems,one of which isAthe IEEE Reliability test syétem {IEEE-RTS). The
other two systems are hypothetical onea. The load models used for
these systems are the hourly loads of IEEE. In what follows the IEEE-RTS

is described.

6.2 IEEE RELIABiLITY TEST SYSTEM {IERE~-RTS)[37]

The load'model providesl hourl& loads on per unit basis
expressed in chronological fashion. In the generation model s&me of the
unit capacities afe rounded off to reduce the computational
requirementa. The load model and generating éyéfem are briefly descr

-ibed in the following two sections.

6.3 LOAD DATA [37]

Each thirteen weeks hoﬁrly loads of winter,summer and spring are

considered for the three interconnected systems.These three =seasonal

" loads are assumed to occur simultaneously.The winter load i=s considered

for system 1, summer load for system 2 and spring load for system 3.
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.The winfer thirteen weeks are: 1-8 and 44 - 48,the summer weeks are: 18-
30 and £he spring weeks are: 9-17 and 31-34. The peak loads of saystem
1, 2, 3 are 2679, 2565, 2280 MW and the baseloads are 1102.6,
1000.56,978.12 MW respec£ively. The energy requirements of sBystems 1,
2, 3 for ther considered period are 4074.009, 3964.143 and 3481.064
GWH respectively.The three seasonal weekly peak loads in percéntage of
the annual peak load are given inITable 6.1. Table 6.2 gives a daily
- peak load in percentage of the weekly peak.

Table 6.1: Weekly peak load in percentage of annual peak load.

_.._—-__.___—__....__.___—_..-__._____.—_—_...__..—_....—-_—_——_—_————-———-.—..—_—..—-.——-...———

Wintep Summer Spring
Week Peak load Week Peak load Week Peak load
1 0.862 18 0.837 9 0.74
2 0.900 19 0.870 - 10 0.7317
3 0.878 20 © 0.880 11 0.715
4 0.834 21 0.856 12 0.727
5 0.880 22 0.811 13 0.704
6 0.841 23 0.900 14 0.750
7 0.832 24 0.887 15 0.721
8 0.806 25 0.896 16 0.800
44 0.881 26 0.861 17  0.754
45 0.885 217 0.755 31 0.722
16 " 0.909 28  0.816 32 0.776
47 - 0.940 : 29 0.801 33 0.800
48 0.890 30 0.880 Y S 0.729

_..-..-_-.-—_.....__.-___.__—_...—__..__...—_...._.._—_.-_-._—-.__.-.__.—_.-..-_——-...-.-——.-.—-———-.—...——--.-————



ComBining tables 6.1 and 6.2 together with annual peak load define a

daily peak load model of 13 x 7 = 91 days.

Table 6.2:Daily peak load in_percent of. weekly peak

.Day Peak load
Monday 93.0

: Tuesday . 100.0
Wednegday 98,0
‘Thursday 96.0
Friday 94.0
Saturday 77.0
Sunday 75.0

Weekday and weekend hourly load models for the three seasons are given
in Table 6.3. Combination of Tables 6.1, 6.2 and 6.3 with annual peak

load of 2850 MW define an hourly load model of 91 x 24 = 2184 hours for

each system.
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Table 6.3: Hourly load_in percent of daily peak.

_._—_-.__._—_.—.__..._—-.————-—-——-.———.———_—.——_-....-.-——_—_-—————.-———_—.——————..-.—_——--..——

Hour Winter weeks Summer weeks Spring weeks
(1-8 & 44-48) (18-30) (9-17 & 31-34)

"""""" ‘3;;;_5;}_";;;;;3""ii;;i;_&;}'"G;;i;;;""";;;ﬁ'i;;_"v—a;;ﬁ;;&'
12_1 aM 81 78 61 14 63 %
1-2 63 72 60 70 62 73
2-3 60 68 58 66 60 69
3-4 59 66 ‘ 56 . 65 58 66
4-5 59 64 56 . 64 B9 65
5-6 60 - 65 58 62 66 " 66
6-17 74 66 64 62 | 72 68
7-8 86 70 76 66 85 14
8-9 95 80 84 81 95 83
9-10 96 88 95 86 99 89
10-11 96 90 . 99 o9 100 92
11-12 95 91 100 93 99 94
12-1 PM 95 90 99 93 93 91
1-2 95 88 100 92 92 90
2-3 93 87 100 91 90 90
3-4 . 94 ) 87 97 91 88 86
4-5 99 91 96 . 92 90 85
5-6 100 100 96 94 92 88
6-17 100 99 93 95 96 92
7-8 96 97 92 95 98 100
8-9 91 94 92 100 96 97
9-10 83 92 93 93 90 Y
10-11 73 87 87 88 80 90
11-12 63 81 72 80 70 85

_._.——_—.__..._..——-.-.-—.——_—_.__..__.__.—_.._..__-——._...—__-—..—_-—....-——_.--



Hourly load for any hour of the week day may be expressed as:

HL = WKPK x DPK x HLWD x APK

where, HL = Hourly load
WKPK = Weekly peak as a fraction of.annual peak.
DPK.- = Daily peak as a fraction of weekly peak.
HL#D .= Hourly logd as a ffaction of daily peak for week day.
APK = Annual peak load.

Similarly hourly load for any hour of the weekend day may bé expressed

as.:
HL x WKPK x DPK x HLWE x APK

where, HLWE = Hourly load as a fraction of daily peak for weekend day.

6.4 GENERATION DATA [37]

The generation data of system 1 is the mbdified generation
model of IEEE-RTS. The generation data of system 2 and aydstem 3 are
hypotheticél ones. ngerating system comprises nuclear,coal, o0il and
hydro generating unit capacities varying from 50 MW to 500 MW. System 1
has 19 generating units with an installed capacity of 2950 MW,system 2
has 15 éenerating units with an installed capacity of 3150 MW and system
3 has 11 generating units with an installed capacity of 2600 MW. The
gengratioh model of system 1!, system 2,'and Byétem 3 are presented in

Tables 6.4,6.5 & 6.6 respectively.
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Table 6.4:

Generation data of system -

S e . ——— — it A P - M M W R R R T e e e e kR R S e e e e T v e A M S S SRS W R e e TS el A

Unit

Size(MW)

Units

Avg.. Incremental

cost ($/MWH.)

50
400
150
350

200

0.0

5.592
11.16
11.40
19.87
20.08

| o e e e i A e e e e e e e R R R W e e e S e S5 e D W e SR M D M SR G S e S e e —

U S S USSR ——— oy AP A P e RS etk R ]

Unit

Avg. Incremental

" cost ( $/MWH.)

. e AR R WY TR W T TR e T e e e e e R A A S TR MR M M e e e e W M P e et Al G g M S S S W see e e —

Coal
0il
0il
0il

Cil

500

400

350 .

250
350
200
100

50

0.13
0.13
0.13
0.08
0.14
0.1
0.01

0.11

18.6

30.4

35.0
3g.4

43.2

- A M R TR TER W T e TR T e e e R ek W MR M e e W M M R RS R R T S e e e e e S A M S S Ve GES W G6S W e S e e



Type of Unit No.,of FOR Avg.Inocremental
Unit . 8ize(MW) Units cost{$/MWH.)
Nuclear 450 1 " 0.15 1.65
Coal 100 2 0.15 13.65
Coal 350 1 0.11 16.27
Coal 250 1 0.01 18.27
0il 250 ' 1 0.15 18.27
0il 200 1 0.2 28.27
0il . 100 g 0.2 .. 36.87

0il 50 2 0.12 39.87

i o e i e i S e e W e W e T e T e e T e W e e e A e e e e A R L M S A S e ML VSN SN GEL R M R e AR M e E ek e ke

6.5 COMPUTER PROGRAM
For numerical evaluation a computef program is developed in
FORTRAN, based on the methodology developed in chapter 5. The progrem is

~applicable to three-area interconnected sysfema with all different

connections .

6.6 NUMERICAL RESULTS

The above three-area interconnected systems are simulated to
evaluate the production cost of individual system as well as the global
system. The production cost is evaluated for two differenent conditiona;’

(i) Without consasidering priority; that is in case of transaotion of

12



export to importing syatems both thé importing systems are conasidered to.
get the same previlage ,{ii) Considering priority, that ia, in the
transaction of export,one of the importing system is considered to get
preference over the other. |

Tables 6.7 to 6.10 present the results for equal priority while Tables
G.il to 6.13 present the result for the condition where the preference
ige given to one importing system. In this simulation, the previleged‘
system is system 1. The tie line capacity is varied from Q MW to 350 MW
in steps of 50 MW.

In Table 6.7,the expected energy generatian of individual generating
unit for different tie line capacitf is presented.The firat column of
this table represents the'system,second and third column present'the
capacity and the FOR of the unit respectively.Columns 4 to 6 give the
expected energy generationa of the individual units for different tie
line capacities .The tie line capacity is indicated at the second row
from the top of the table. ‘

In Tables 6.8 énd 6.11, the total expected energy generationa and
the cprresponding' production cost of individual aystems are shown. In
Figures 6.1 the expected energy generations‘of individual systems for
different.tie line capacities ére depicted.

The global expected energy geperation, production cost and savings
at different tie line capacities are given in .Tables 6.9 and 6.12,

Global production cost vs. tie line capacity, global savings vas. tie
line cépaéities are presented in Figure 6.2 and 6.4 respectively.
In Figure 6.4 the upper dotted 1line represents: maximum savings or
upper limit of savings.The allocation of production cost among the three
systems using ‘split-the-savings'’ principle is also shown in Tables

6.10 and 6.13.
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The variation of gloBal unserved energies with tie line.capacity in
shown in Figure 6.3. The lower dotted line indicates thg lower limit of
unserved energy.

It is noted that graphical representation is only for the condition
of equal priority.The numerical results in considering priority fér
ayastem 1 i=s not presented graphicqlly as the results which are obtained

at this consideration has negligible difference with those obtained in

firast consideration
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Table 6.7: Expected energy generation of individual generators for
different tie line capacities considering egqual priority.

e e A . . T " b kA S A AR AR T T e M e M e S e M S S W e fr AL S S e e g T AR SR SR SRS e e wem e e

System Capacity FOR Expected energy gen.(GWHR)/ Tie line capacity
" o MW 100 MW 200 MW 300 MW
T s 0.01  108.1091  108.1091  108.1091  108.1091
50 0.01 108.1091 108.1091 108.1096 108.1096
50 0.01 108.1091 108.1091I 108.1080 108.1090
50 0.01 108.1051 108.1091 108.1091 108.1091
50 0.01 108.1091 108.1091 108.1089 108.1089
50 0.01 108.1091 108.1091 108.1088 108.1088
400 0.12 768.7668 768.7668 768.7668 788.#668
400 0.12 768.7668 768.7666 768.7666 768.7666
150 0.04 311.9500 314.4954 314.49b64 3i4.4954
1 150 0.04. 296.8181 313.7811 314.4952 314.4952
150 0.04 267.1819 303.8802 314.4032 .314.4952
150: 0.04 233.6969 279.8496 ‘309.0259 314.4950
350 0.08 399.5722 497.6590 601.0083 675.2216
200 0.05 174.6169 181.0631 185.6008 188.7872
200 0.05 106.%278 138.5095 162.0160 170.6078
200 0.05 56.2488 86.0509 126.8847 147.0916
100 0.04 16.4631 27.1949 46.75563 62.7529
100 0.04 10.3364 19.1562 35.0723 52,7872
100 0.04 6.5881 12.9367 26.4437 41.7068

- e iy T e e WS i o AL EE R M R R e e e e M e M SR e e e ek AN M AN e R R M G W S S S S S e M M S o e SR S S A e e
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Capacity'

MW

o e e o e ik A ke - MR S e e e A e M M R R S S e S Al S —— ——

500
400
400
350
250
350
200

200
100
100
100

50
50
50
50

0.13
0.13
0.13
0.13
0.08
0.14

0.1

0.1

0.01
0.01
0.01
0.11
0.11
0.11

0.11

950.0394

760.0292 .

743.4065
545.3305
331.3886
322.0494
124.8180
83.0970
31.9321
23.1426
16.4621
5.6719
4.8246
4.0609

3.8319

950.0394
759.6639
713.1611
532.1409
294.9959
245.6786
91.6061
‘567.4653
19.5448
13.9658
9.6799
3.1285
2.84178
2.8241

2.8238

950.0394
749.5674
675.3526
513.9049

268.0520

176.1840

63.5860
39.3181
12.1867

8.5505
5.9899
2.1794
2.1141
1.8040

0.6996

950.0394
721.7287
650.9406
504,7858

264.6319

©130.6172

47.1086
' 29.8496
8.4617
6.1729
4.8370
1.3341
0.8411
0.7115

0.5974
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System

Capacity

MW

e e A e T A T e A R e ek R T S ——— . W WP S ——

450
400
400
350
250
250
200
100
50

50

0.15
0.15
0.156
0.11
0.01
0.15

0.2

0.2

0.2

0.12

835.3791
742.5575
717.9152
522.5287
316.0960
161.5939
78.4515
27.9615
8.8375

-8.4261

835.3791

742.5575

719.1729

491.8364

318.2809

214.9776

74.6465

17.9290

5.6212

6.2799

836.3791
742.5574
721.8206
466.0274
318.4762
238.3707
72.7681
11.8015
4.0101

3.0969

835.3791
742.6574

726.8874

467.7196

321.4559
246.1158
71.4504
9.5695
4.8073
4.6265

oy T e T R W T ek e e e e e e e e e e e e e b i e A M A S S S v S MR S W RO M e MR TR MR M SR M W S W W S M W e b s sl
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E xpected energy generation (GWHR)
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-FIG. 61 _EXPECTED ENERGY GENERATION OF INDIVIDUAL SYSTEM VS TIE LINC
CAPACITY
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Table 6.8: Expected energy generation and production cost of individual

system.
Tie | Individual expected emergy gem. Individual production cost
line (QWHR) (10000 $)
Cap, ~m-mmmrmrm e e e e e e e e e —— ;
{MW) Syst.1 Syst.2 Syst. 3 Syst.1 Syst.2 Syst. 3 Ejﬁ
0 4066.3882 3950.0848 3441.1512  3291.5073 6078.1385 4577.5142
50 4214.1388 3824.6990 3443.7406 3494.1471 5717.5343 4556.5006
100 4360.7047 3699.5670 3440.2873 3704.6235 5370.5682 4532.9408
150 4500.0663- 3579.0606 3432.2857 3913.30568 5049.3177  4505.3622.
7200 4621.3885 3469.5287 3424.5846 4100.8731 A4767.48B63 4478.3664 .
250 4716.5064 3379.5493 3419.7607 4250.1943 4544.5265 4465.9964
300 4783.1240 3312.6575 3420.4388 4355.5886 4382.5288 4450.5150
350 4822.8095 3270.6936 3422.7396 4419.5345 42&9.9185 4461.9556

T T = e TR e TR TR W W T TN W TER e e e e e e e b e e e e L L AL AL AR AR L S S - G WD W WL VN W MR MR R R M R S S ——

Table 6.9: Global expected energy generation;production cost and

savings.
Tie line Global expected, Global Global alobal
Capacity energy gen. Production cost Savings Unserved energy
(MW) {GWHR) (10000 $) (10000%) - {GWHR)
0  11457.6241  13947.1600 o 61.6915
50 11482.5784 13768.1821 178.9779 36.6372
100 11500.5590 13608 1326 339.0274 18.6566
150 11511.4126 13467.9758 479.1842 7.8030
200 11515.5018 13346.,7258 600.4342 3.7138
259 11515.8164 13250.7162 696.4438 3;3992
300 .11516.2203 13188.6324 758.6276 ,2.9953
350 11516.2426 795.7614 2.973

e e e e e e e e e e e T e e o e ek T b e e e e e A G e el AR G A S . —— T —————

13151.4086
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Table 6.10: Expected global savings and production cost shared by each

system for different tie line cpacities.

e o n AR B W i S A A L e e . - R e TR e W A M e e — e W AS M S SN D TR S R W W S Wy e e A S A e

Table 6.11:Expected_ energy generation and production

Tie Global Individual Cost of gen. Individual cost actually
line savings (10000 %) incurred(10000 $)

" cap. (10000%) --—-———-——mm et me s mme e e e e s n e e m e —— e m e — -
{MW) Syat.1 Syat.2 Syst.3 Syst.1 Syst.2 Syst.3
0 0 3291.5073 6078.1385 4577.5142 3291.5073 6078.1385 4677.5142
50 178.9779 3494.1471 5717.5343 4556.5006 3231.8486 6018.4792 4517.8549
100 339.0274 3704.6235 5370.5682 4532.9408 3178.4981 5965.1293 4464.5050
150 479.1842 3913.3658 5049,3177 4505.3522 3131.7792 5918.4104 4417.7861
200 600.4342 4100.8731 4767.4863 4478.3664 3091.3625 5877.9937 4377.3694
250 696.4438 4250.1943 4544.5265 4455.9954 3059.3593 5845.9905 4345.3662-
300 758.5276 4355.5886 4382.5288 4450.5150 3038.6647 5825.2959 4324.6718
350 795.7514 4419.5345 4279.9185 4451.9556 3026.2568 5812.8880 4312.2637

. system considering priority for system 1.

AR W S Mn - EER MR A S WS AN T M R T MR S MR W Em MR M e M W M e am e e R VR W M TS M M s M e S A M R N R . S — -

Tie Individual expected energy den. Individual production cost
line { GWHR ) (10000 $)

Cap: ——--—m—mm e e s e e e ——
{MW) Syst.1 Syat.2 Syat. 3 Syat.1 Syet.2 Syst. 3

0 4066.3882 3950.0848 3441.1512 3291.5073 6078.1385 4577.5142
50 4214.1389. 3824.6991 3443.7406 3494.1473 5717.5348 4656.5008
100 4360.7049 3699.5670_'3440.2874 3704.6239 5370.56885 46532.9411
150 4500.0664 3579.0608 3432.2857 3913.3060 5049.3182 4505.3524
200 4621.3885 3469.5288 3424.5846 4100.8730 4767.4867 4478.3865
250 4716.5063 3379.5496 3419.7605 4250.1939 4544.5271 4455.9952
300 4783.1238 3312.6577 3420.4387 4355.5881 4382.5294 4450.6148
350 4822.8094 3270.6935 3422.7395 4419.5344 4279.9184 4451.9585

—— i —————————————————————————————— T — - - ———— YT o — . h Ak S Aia S o ——
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Global unserved energy (GWHRI]
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FIG- 6.3 GLOBAL UNSERVED DEMAND VS TIE LINE CAPACITY
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Table 6.12:

Global expected energy generation,production cost and

savings considering priority for system 1.

o o e e e e e e e e ek e e A e kb e e et A B e AR R U MR A S W SR S M vEm M M e s R e M e M M S e e ek e

Global

Tie line
Capacity
(MW)

Global expected
energy gen.

{GWHR)

Global

Production cost

(10000 $)

Global
Savings
{100008)

Unserved
{GWHR

energy

)

50
100
150
200
250
300

350

11457.6241
11482.5787
11500.5593
11511.4129
11515.5020
11515.8164
11516.2203

11516.2426

13947.1600
13768.1828
13608.1334
13467.9766
13346.7263
13250.7162
13188.6323

13151.4086

178.9772
339.0266
479.1834
600.4337
696.4438
758.521717

795.7514

61.59156

36.68370

18.6563

7.8027
3.7136
3.3993
2.9954

2.9730

. S - ———— ———— A Gl —_b i At A G A ARL e e e el e e A M ek kb e i e e e A R R R e AR s N A ML S L A L A R W

Tabie 6.13: Expected global savingas and production cost shared by each
system for different tie line cpacities considering
priority for system 1.

e vl T e T e S W TER W R A M e S e L B T S TE W M MR M M W S e A e e e G M WS M A SN AR A M M A e e S e —

Tie  Global Individual Cost of dgen. - Individual cost actually
line =savings {10000 $) incurred{10000 $)

cap. (100008) —-——--——— - -
(MW) Syst.1 Syst.2 Syst.3 Syst.1 Syst.2 Syat.3
0 0 3291.5073 6078.1385 4577.5142 3291.5073 6078.1385 4577.5142
50 178.9772 3494.1473 5717.5348 4556.5008 3231.8482 6018.4794 4517.8551
100 339.0266 3704.6239 5370.5685 4532.9411 3178.4984 5965.1296 4464.5053
150 479.1834 3913.3060 5049,3182 4505,3524 3131.7795 5918.4107 4417.7864
200 600.4337 4100.8730 4767.4867 4478.3665 3091.3627 5877.9939 43#7.3696
250 696.4438 4250.1939 4544,5271 4455.,9952 - 3039.3593 5845.9905 4345.3662
300 758.5277 4355.5881 4382.5294 4450.5148 3038.6647 5825,2959 4324.6716
350 795.7514 4419.5345 4451.9556 3026.2568 5812.8880 4312,2637

4279.9185

. e - ——— ——— T U ki b i) M e o e e e e e e T e e v vy e T e e W v o e ko e A el b e T ek e
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CHAPTER 7

OBSERVATION AND CONCLUSTON

P

7.1 INTRODUCTION

This chapter presents the observations and diécussions on the
simulation results presented so far.This chapter also presents the
conclusions of the thesis .The chapter is concluded with few comments

and recomendations for futher research.

7.2 OBSERVATIONS AND CONCLUSIONS

" It is clearly observed from Tables 6.4 to 6.6 that the generating

units of system 1 are of much lower incremental cost than those of

System 2 and System 3 .Therefore, it is expected that System 1 would

.export major part of the time.This is confirmed by Tables 6.7 and 6.8.
It is observed from Table 6.7 that the expected energy deneration of
the genérating units of System 1 increases while those of the units of
System 2 decreases and those of System 3 sometimes increases and
sometimes decreases with the increase of tie line capacity.The reason is
for loading or&er'whiéh is based upon incremeﬁtal dost,qs the generating_
ﬁnit'bf one-éystem are not loadéd first,as a result the total expected
energy generatién of System 1 increases while those of System 2
decreases and System 3 remains almost constant.It is observed from Table
6.8 and from Fig.6.1.The saturatioﬁ effect is pronounced at 350 MW of
tie line capacities, that ié the expected energy generation by System 1,
System 2 and System 3 become almost constant for tie liné caﬁacify above
350 MW.From Table 6.8 it is also clearly observed that production cost
of System 1 increases and'System 2 decreases while that of System 3

remain almost constant with the increaées of tie line capacity.Howevef
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from Table 6.9 it is observed that global production cost decreases with
the. increase of tie line capacity and it is also observed from Fig.
6.2, above 350 MW of TLC global-produgtion costlbecomes almost éonstant
i,e saturation effect occur.

Table 6.9 also indicate that global expected savings increases with
the increase of TLC and reaches the upper limit i,e maximum sﬁvings
occur at or above 350 MW of TLC ,which is also observed from Fig.
6.4.Clobal unserved energy decreases with the increase of TLC and above
350 MW of TLC saturation occuré {Table 6.9 and Fig 6.3).

As mentioned earlier while the global production cost decreases with
the increase of TLC the production cost of System 1 increases and that
of System 2 decreases and that of System 3 remains almost constant. If
the three systems are independent and there is no interconnection among
them then the ﬁroduction cost shared by each system is equal té the
individual production cost at zero tie line capacity .However,for
interconnection the production cost shared by each ayatem decreases with
the increase of TLC ( Table 6.10 ).At'one time it will happen that
system 1 have -ve values of production cost sharing which indicate that
system 1 does not have to inncur any expense for meeting its demand ;
morever;it earns some money by exporting enérgy to System 2 and System 3
Also for these cases,the production cost shared by System 2 and Systen 3
is less than the amount at zero MW tie line capacity.

The same observations are made by taking into qonsideration System 1
priority over System 2 and System 3.These are justified through Table
6.11 to Table 6.13 . ‘

Thé accuracy of the developed methodology is shown in this
thesis by solving a simple numerical example using this method and the

heuristic approach.The methodology is also appliéd to a three-area
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interconnected system.The results show the common trend.

7.3 RECOMENDATION FOR FUTHER RESEARCH

The following recomendationlare made in continuation
of this research.
(i) The method may be applied to more than three interconnected
saystems.
{ii) The load correlatiqn may be varied in evaluating production
cost.
(iii) The transaction policies of different nature among the systems

may be used .
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