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ABSTRACT
Methodologies suitable for use by electric. utilities 'to
assess the impact of including. a Wind Energy Conversion
System (WECS) in their generation mix are developad. The
approachk utilizes élregdyﬂ available plénning teckniques

aqcessible to utilities with modifications ¢ includa a

' WECS. Tvo ways of .hodelling a WECS are presented. Firsgly a-

VECS is modelled"as' a multistate unit whose derated
capacities are caused b§ wipd variability and forced
outaées. Secondly, a WECS hourly output 1is taken as a
negative demand whick is subtracted from .the utility's
chronological load curve. 2 subsection of this second model,
which is verified, is in terms of the statistical cumulants
of the random variable describing the wind power ouatput
duration curve. The limitation of this subsection is

discussead.

The assessment 1is based on "comparison of total utility
generation system costs with and without a WECS. The value
of a WECS to the utility is taken as the - benefits defived

from displacad cost of energy and capacity of coanventional

‘plants.

- iy -



Because of +the uncertainty in the economic assumptions
made, this study ingludes a variation in the key aééumptions,

. .

so as to investigate their effect on the results obtained.

2

-

The reéults show that a WECS, at least, improves
generatioq_system;rel;ability in terms of the 1loss 6@ load
probability and.expected enargy notAsegvgd. is a resul% of
this, it is possible to displace.sgme'.Fonvqntionqﬁ;units'
capacity with a WECS. The value of a WECS varies with wind
' regimé, ‘planned geperation mix and sﬁch econonic factorg ds
escalation rate of fuel and operation and maintenance costs.
This implies fhat the value of a WECS. is utility specific.'

- .
In addition, it is sho‘n that increased penétration levels

of'a WECS may not be econoﬁically'viable.

e



N

ACKNOWLEDGENENT

F

The author wishes to thank his supervisor, Professor K.
P, Schenk for his invaluable guidance without which this

work would kave not been possible.

. Special thanks go to Professor N. U. Ahmed for his advice .

in matters pertaining to this thesis. The author also wishes
to thank all members of Staff of thé Electrical Fagineering

Department for ‘the assistance and discussions that went a

long way to alleviating personal burdens. ‘f/

-

The financial assistanca from the Department of

"

Electrical Engineering of the University of Ottawa and the

s

¥atural Sciences and Engineering Research Council of Canada .

is immensely appreciatéd.

)

-vi—



GLOSSARY OF TERMS
éagaéi;x Disglacément: The :amount of cqnéentional
generating capacity, .if any, that nighf be omitted from a

utility's planned future requiremenﬁs because of the planngd

addition of wind machines.

’

10

ut In ¥ind Speed: The speed at vhichk a wipd tdrbihe begins

.to produce power.

ut Wind Speed: The speed at which a wind turbire's

g
ot
]

u

power is brought to zero to avoid damage.

Energy Displacement: The amount of electrical energy that
need not be generatad because " of the enefgy produced by
installed wind machines.

-

Effective Load Carrying Capability: The allowable increase

in utility system anpual peak load that can be accommodated,

vhile méintainihg a fixed level of system reliability, by
installing 2 new generating umit,

. . .
Equivalent Capacity: = The capacity 'that could be removed

from the generating system after adding a wmew generating
' unif, to maintain the same loss of load probability as in

the origimal systenm.

—vii-
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Fquivalent Logd Duration Cugve: Probability distribution df
demand 3incleding the effect of the -rardom failures of

.

generating qnits.

Eigec%ad Energy Eoﬁ Served: Enerqy demanded of system but

- not~ delivered to load because of failures "of all the

generating units in the systen.

Forca2d Qutage Kate: The f£raction of time that a generating

L]

vnit will not. function when it is called upon to operate,

excluding scheduléd maintenance time and idle tinme. -

Intermittent Source: 2 generating source driven by energy

that is not continuously available,

Levelization: The process by which a series of non-uniform
future paymants is converted to a uniform(Mevel) series of

payments wvhose present “worth is equal to tkat of the

-

original non-uniform series.

load Duration Curve: This curve relates the customer's load
-level to the duration of time that =ach 1load level 1is

equalled or exceeded.

Loss of Load Probability: The expected value of days per

-year or hours per year of &a condition of 3insuficient

- viii -



generaiion available for the load or the probability that
.some portion of the load will not be satisfiad by ‘the

generating capability.

Penetgation: = Installed capacity of a particular 'type of
generator expressed as a percentage of installed system

»

capacity .

Béserve Margin: The excess of available generating capacity.

- over peak load, expressed as a percentage df peak load.

- X - ) R
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\ 3 . _ Chapter I. - | -

INTRODUCTION

1.1 MOTIVATION AND BACKGROUND

After the 1973 0il embargo, it dawned on a number of
people - seemingly all at the same time - that energy
resourcaes are npot, at least,' at the present levg; of
technology, without 1limit. This awareness stimulated the
interest of many electric utilities -touérds iha use of
unconventional but renewable energy sources. Wind power is a
renevable rTesource and has been known tq man for many

centuries.

farly in this century, wmuch of rural 2America used wind
pover to pump. water amd generate its electricity [40].
Since wind is abundant in some areas ( the upper 1limit on
?he practically exploitﬁble gﬁergy annually available from
vind power in the Unfied.séates is roughly 1-2 x 101‘2 Ki#h
per year'[10] ) replenishable and clean, it is considered
one of the most important energy sources. Hannfa;turers and

utilities alike have committed capital as well as hupan

resources to the development of wind power generation.
- ~
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Pacific Gas and Electrié Co., far example, has included 82.5
PETAIN P - .

_M¥ of ‘ind power in‘its generation expansion plans for ,1990.

. “\\\

Southern Califdrhia;dison'Cov has includad 43 MW of capacity
ﬁisp;acement by vindl power in-ité plan £for 1990. Hawaiian
Elec:éic éo., "Inc., has signed an agreement.to pufchase up
to 80 uéiof wind gbn;fated power by 1985 from;a private firm
that will retain‘ownership of the wind machines [40].

. Wind is iptermittent in nature and any pewer source that
depends on ;ind as its ipput will fiuctuate from zaero to
maxieum within a smpall time interval. The integration of
such an intermittent energy source into a utility resource
plan poses many a problem to system plamnners [11]. It is on
this premise that the -motivation %o develop a maethodology

suitable for use by slectric utilities to assess the impact

of including a WECS in their gemeration mix was comceivad.

1.2 APPROACH

The output of a WTG can either be fed directly into the
transmission grid or stored for use at nged. Enticipated
problems that could arise from +the incorporation of storage
systeas for a WECS bave been mentioned by Davitian [10].
Marsh [2] showed that the existence of system energy storage
has little effect on wind power plant valne, This study
considers the' operation of a WECS o¢n a non-demand basis,

that is, without storage.
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1.2.1  ¥ECS modelling .

o : . -
Two models may be useg_}n representing the WECS power
. X N - ‘ » *

-

outpuﬁ. In the first model, wind turbine generators na}_be'
’represented as multistatg, .generatois whose derated
capacities are proportional éo wind variability. iﬁe
resulfing probability demsity function of.derated capacities
is convoived with the load probability distribﬁtion along
side with conventional units .for : the period under
consideration. Production costs and reliability analyses are

performed on tﬁe egquivalent Ioad duration curve {ELDC), as

is the practice [13].

In the second model, the hourly WECS expected power
output for each period is obtained. This héuriy WECS
expacted power output is subtracted frdm the actual
utility's hourly load. The difference is eventually
recombined into a WECS - modified LDC. Conventional units
are committed following a prescribed merit order base& on
their marginal costs, to meet +he load demand after wind
mQdification

The use of the second model has been reportéd by sone
investigators [2], [sl, {71. Although tke samé general
conclusions can be pmade from results of the two Qode}s, the
first model . is obtained from a mofe detailed probabiiistic

representation of wind emergy as will be described. The
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results presented in this study afe based on the first modal

"since it allows for a more straightforward representation of

a WECS capital as well as 085 costs.

C R

1.2.2 Project Outline

A typical bypothetical electric utility, as given by the
IEEE Rgliability Test System [37], is defined as the base
case., Two planhing stratééies supposedly to be considared
by this hypothetical utility are analyzed. -Pirstly, the
utility considers-a plan in which the aim is to evaluate the
savings or loss in pPrimary anergy requirement as a result of
tke introduction of a WECS in their planned generation mix.
Secondly,  the ﬁtﬁlity proposes a plan where its concarn is
to evaluate the _possibility of pbstponing planpned

conventiornal capacities as a result of the introduction of a

WECS,

In both cases, the utility wants to know whether it would
be profitable to keep on increasing the WECS penetration so

long as the resources are available.

As a way of findimrg out the effects of the assumptions
made, this study also includes a sensitivity analysis of the

key parametefg used. Parameters such as forced ovutage rates
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of the wind - turbines, oil costs and operation and
maintenance .cost are varied and the efféct) on the final

results exanined.

Assessment, as reported in.thisAthesis, is based on costs
ard reliability results obtained with and vithout a WECS in
the energy and capacity displacement modes.

The project is divided into four major sections as shown

in Fig. 1.

Chapter two gives nmethods of analyzing wind data to
obtain the required models for simulation. In Chapter three,

the methodology is detailed. Load models, generayhing units?

models and simulation methods are discussed,

Results from Chapter three show that there is savings in
terms of cost of fuel and conventiomal capacity displaced
vhen a WECS is added to the generation mirx. The method of
appraising these savings withk a view to finding out whether
it benefits the utility is discussed in ‘Chapter four. Also
in this Chapter, a total utility systen cost approach is
used to compare each change case with the base case.
Production cost resulfs for fhe ha§e case are escalated over
the life of the WTGs. 4 levelized present worth equivalent
¢ost is obtained. This formed the total utiiity systea cost

for the base case.
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For each change'case, the ~T6tal utility systea cost =
lLevelized production costs + Pixed chafges on ERTGs «+
vLevelized‘HTGs'operation and mainten&ﬁcsfosa) costs - Fixed
<harges on ahy conventional unit displaced. Forced outages
of WTGs, generation mix, oil cost and operatiocn and
maintenance costs ‘are varied over a range tﬁat includes

severak¥ possibilities. The simulation is repeated for 2ach

case.

Chapter five presents the results. Reasons for the
results obtaiped are also givesn. In summary, it 3is seen
“that:

1. The LOLP and E(ENS) improve as a WECS is

introduced to the generatiomn mix.

2. The value of a WECS increases substantially with

slight increase ip fuel cost.

3. It is possible to postpone the imstallation of a

conventional unit when a WECS is installed.

4, The value of a WECS is sensitive to wind regime,
generation mix, fuel escalation rate and operation

and maintenance costgs.

5. The value of a WECS will differ from nutility to

utility.
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6. There is an optimum value for a WECS penetration
- W

for each utilityll

Conclusions and areas that require further investigation
are given in Chapter six. .
X

1.3  LIMITATIONS

The limitatioms of this study are .a result of sevaral
éssumptiogs vhich are necessary to conduct the analysis to a
fruitful end. Pointing Qut these limitatiﬁus here will help
to avoid misinterpretation of the results obtained. oo

- .

The assumptions made are:
The WTGs are considered as must run units.

2. Monthly wutility load models and monthly wind

profiles are used.

3., Time of day correlation between wind energy aad

r demand is neglected. .

Where time of day correlation is evident from feasibility
studies, hourly distributions must be used as will be

described later.



N

Generally, inadagquacy. in data ceollection dpminates the
study limitatioas. However,; the study adopted a systematic
approach whose variables can simply be 'éub§tituted' for

actual data in order to obtain specific results.



Chapter II

WIND DATA ANALYSIS

2.1 INTRODUCTION .

The primary cause of wind 4is differential heating of the

4

“ @arth's surface by the sun. This differemtial heating makes -

wind highly variable.and site specific. To ob;ain adequaaf
wind data at any site requires several years ‘of'wind Speéd
recordings including direction. Lack of such complete
information handicaps reaiistic calculations. ¥elton [1], in
his study of the 1loss of 'lOad' probability and papaéity
credit of a WECS with the Hawaiian Electric Cowmpany, data,
utilized many years of wind data. Such data, apart fron
being far-fetched for maay sites, requires an enormous

amount' of 'pfﬁcessing. A probabilistic approach for

modelling wind using known distributions is often used. For

nodelling wind wvariability, the Eayleigh and Weibull
o

distributions bhave been extensively used since they give

reasonable fits to  the observed wind velocities

{31.061.021],[24].

- 10 -



2.2 WIND VELOCITY DURATION CURVE

The wind velocity duration curve (WVDC) is a plot of wind
velocity versus the time the velocity aquals or exceeds the

value in question. { typical WVDC is shown ip Fig.2

(m/8)

Velocity

25 ~ 50 75 100
% Time

Piqure 2: & typical Wind Velocity Duration Curve

S - 11 -
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Fig.2 c¢an be plotted from hourly (averaged over a few
minutes duration) wind velocity data obtained over many
years for the site under consideration, otherwisa a

probability model for wind spzed distribution is usad.

The Rayleigh density function is defined as:
\

m

£v) = 2L ewl- T &% . (2.1)
. v ‘

4{!}' <

and that of Weibull as:

g-1 . :
t0 = E—epl- &) . (2.2)
) :
a
where v = Wind velociti
v = Mean wind velocity

and ¢ and B are the parameters of the distribution.

The Rayleigh distribution, being a one - parameter
distribution, is easy.to evaluate. The Weibull distribution
is an improvement on the Rayleigh distribution but requires
the evaluation of two parameters{cand 8). However, when 8 =
2 and o = %g , the Weibull distribution redamces to that of

T

Rayleigh,

- 12 -
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2.2.1- Dpetermination of Weibull Pargmeters

The Weibull qumulative distfibution function is given by:
Fv) =1 - expl- 5P - (2.3)
.The nth moment is:
= f: x&“f'(v)dv' (2.4)

The first aand second moments wpich are the mean -and

varijiance respectively are:

v =al(l + 1/8) . ’ (2.5)
o = P ra + 2671 - P+ g7hH (2.6)
vhere:
-] L
r@) = s vl Var (2.7)
0 . \
(2)2 = M_ - ll . (2.8)

V' 121 + 1/8)

If the mean velocity and variance are known, using( 2-5) and
(2.6), o and B are found and +the distribution plottad

Hith( 2.3 ) -

- 13 -



However ~ if only the nwean velocity 1is knowpn,

—

N

a good

estimate of 8 and the calculation of « from (2.5 ) may still

lead to good results [21].

In many cases

. wind is within

vind data [36] is given as % of the tinme

a given

interval.

ﬂobtained as shown in Table 1.

i
1

e S Y LT

.

-

Wind -For Ottawa Intarnational Airport (1979

TABLE 1

Typical

values may be

MONTH

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

1-5

-
DO EDEW

13
12
10
11

6-

wind Speed Interval (Km/h)

E-11 12-19
% of time
29 27
33 29
41 21
28 31
42 22
42 23

.50 21
ug 18
LE 22
42 23
57 20
35 28

23
23
15
24
14
18

14
10

20

Il =W ~Junm

Eaton

20-28 29-38 39-19

Pl aaal &

b e o A Eam e A g G e et Gam SEA ST G SN e S Ak vt ane o

If the data is well behaved,

may be

(2.3) as

used to obtain the

least square approximation

parameters o and S8 .

- 14 -
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1=F = expl- HF

(2.9)
and -taking the logarithm of each side twice yields: .,
r
In(- In(1-F(v)) = flnv - Blna (2.10)
This is in the form : -
Y=AX+B . (2.11)

: 4
where A and B are the parameters of the regressed data, say

for each month, and may be evaluated by the eguation

Xy - Y .
Ao B (2.12)
2 %)
n
and
B = }—1 (Y - ATX) | (2.13)

wvhere n is the number of points.

From ( 2.10),

8=a | (2.14)
o= exp[— %‘] (2.15)
<3

- 15 =



" /2,3 POWER OUTPUT VERSUS WIND VELOCITY CURVE

~

The curve of wind power output versus winrd velocity
describes the performance of a given wind plant on a

specific wind regime. A typical curve of this type is shown

in Pig.3

Va. Veo .

o . 5 8 10 1’5 20
) Velocity (m/s)

Figure 3: Power Characteristics of Individual WECS
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The parameters of this curve are the cut in velocity vcf
the rated pover PR' the rated veldcity Vi and the cut out

velocity Voo In addition to tha above parameters, the wind

.,plant pover output is a function of the rotor shaft power,

mechanical transmission efficiency and generator efficiency.

2.4 POWER OUTPUT DJRATION CURVE (PODC)

This curve gives the probability of exceeding any given
pover level of the wind turbine generator; 4 typical PODC
is shown in Fig.4 The curve is obtained by Acombining the
wind velocity duration curve and the power output versus

wind velocity curve.

‘The vay the PODC is obtaimed is illustrated with the
following simple example: Suppose we want +tc know the
fraction of time ¢the wind turbine exceeds a power level of
0.5M¥. C;nsider a cut out velocity of 20 m/s. From the
pover output versus wind velocity curve, the wind turbine
exceeds 0.5MW at a velocity betﬁeén 8 and 20 r/s. Prom the
EVDC; the wind velocity exceeds 8 m/s about 50% of the time
and exceeds 20 n/s about 5% of the time. Hence (0.5MW will be
generated 45% of the time. Performing this calculation a

number of times for different pover levels yields the PODC.

~ The integral under the PODC is the average power’ generated

by the wind turbine gemerator in guestion.

r 4
- 17 -
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2
P (MW}

Figure 4: Power Output Duration Curve

2.5 HECS AVAILABILITY PROBABILITY MATRIX

The availability matrix gives a complete

probabilistic
description of the WECS output power.

The following steps
describe the procedure for obtaining this matrix:

Ll

- 18 -



1. From the PODC, obtdin hourly array output power.
If the wind characteristics are relatively unifornm
over the array and the WTGs iﬁ the array are
identical, the array could be modelled as one
machine. Otherwvise it shouid be modelled

separately and treated as different generators in

*

the simulation.

2. Derate the array capacity to as many levels as is
computationally feasible (20 uniform intermediate
values between maximum capacity and zero capacity

are used in this study).

3. Sort the hourly power output occurrences into an a
by n matrix where the rous represént Zero dﬁtput,-
power, rated output power, aﬁd k uniforn
intermediate values. The columes are the 24 hours

of the day.

4, Divide each €lement of the matrix by tke number of
days in the period considered. If a 30 day month
is considered and 10 values of 1.5MW occurred at
say 1 a.m., the probability of having 1.SMW at 1

a.m. is 10/30 =0.3333.

Table 2 shovs the form of the availability matrix.

A typical WECS availability matrix is showvn in Table 3.

- 19 -



TABLE 2

-

Monthly Availability Matrix

HOOR OF THE DAY

Power level 1 2 - 3 24

.
l

!

]

1

1 .

! PMW p(1.1) P(1.2) p(1,3) . p(1.,24)
I 0.95P p{2, 1) P{2.2) Pp(3,2) p (2,28}
{ 0.90P p(3.1) pi{3.,2) p(3.3) pP{3.24)
1

I

i

I

[

!

|

{

1

!

| 0.05p p(21,1) p(21,2) p(21,3) D(21,24)
{1 0.o00P p(22,1) P(22.2) p(22,3) P(22,24)
|

e Gt ot e Gem M Ak AL . SN R e ey Ay e e emee e ey =

A nultistate representation of a WBECS 1is obtaimned
directly from this matrix. If tke period is on an hourly
basis, the unit availability p;obability density fuﬁction is
made up of the derﬁted‘capacity states with their associatad
availabilities for the kour in quegtion. If a period of more
than one hour is coasidered, the average of the hourly
availabilities may be taken. It can be observed from Table
3 that the multistate representation does not just give the
average power output of the WECS array for eack hour but
also portrays the variability within each hour by the many
probable states. The nuaber of states could be doubled

<
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TABLE 3

Availability Matrix with Typical Values

L
l |
{ POWER HOUR OF THE DAY |
i OUTPUT t
| . (¥W) l
1 1 2 3 24 |
| ‘ !
| 75.000 <548 .546 .516 «387 |
| 73.125 .032 .065 .000 .032 X
| 69.375 «129 .065 .19% . 087 |
t 65.625 .000 .032 .000 . 065 {
i : |
] i
! |
i {
1 |
| _ (
| 1.875 .065 .097 .032 .000 |
| 0.000 .000 .124 .065 .097 {
1 -1

without subs&antial increasas in computing time. One other
advantage of the multistate representation is that the WTGs
are treated in the same way as conventionmal units in the
sipulation §rocess, wvith the same LDC for each pepetration
level examined. With the modified LDC model, sach
penetraﬁion level requires a different LDC. This makes the

programuing more complicated.

The array umit availability capacity probability density

function, for the months of January and August, as are usad

in this study, 1is shcwn in Table 4. The remaining months

are described in the Appendix.
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TABLE ‘8. - -

Multistate Representation of Units

CAPACITY (MW)

| l
| AVAILABILITY |
| I
i JAN AUG 1
| 75.000 0.48362 0.34609 |
] 73.125 0.06473 0.08632 |
| 69.375 0.08966 0.06416 |
| £€5.625 0.02115 0.01514 |
1 61.875 0.01861 0.01332 1{
| 58.125 0.,01241 0.00881 |
| 54.375 0.01237 0.00885 |
I 50.625 0.01233 0.00883 |
{ 46.875 0.01121 0.00802 |
| 43.125 0.00739 0.00529 |
I 3%.375 0.00989 0.00708 |
i 35.625 0.00621 0.00444 i
| 31.875 0.0088S 0.00351 ¢
| "28.125 0.00369 0.00265 1|
| 248.375 0.00369 0.00265 |
| 20.625 0.04273 0.03058 |
{ 16.875 0.00739 0.00529 |
| 13.125 0.00123 0.00088 |
| 9.375 0.00123 0.00088 |
l 5.625 0.01490 0.01066 |
l 1.875 0.05913 . 0.04232 |
i 0.000 0.11150 0.36417 |
i ' ' i

If the hourly expected power output is desired, this is

found by summing the products of power 1levels timas

availabilities in the corresponding column

availability matrix of Table 3.

- 22 =
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Chaptsr III

HETHOPOLOGY

3.1  INTRODUCTION

-
In system planning involving choice between alternatives,

costs are used as t@g major criteria for seleét?ng.the least
cost investiéht ihat ;eets the demand for éover with a given
reliability level. A very important step in this process is
the availability of a good forecast of what the demand would
be in the pericd to be simulated. Annual production costs
. (fuel, operation and mainmtenance) for alternate expansiéns
of the system's capacity which will have the same
.reliability in serving the forecasted demand are determined
by probabilistic simulation wmethods. If amnual fixed
charges on investment are added to the amnnual prodaction
costs, the total annval revenue requirements are obtained.
The expansion with <the lowest present worth of revenue
requirements 1is  selected. Based on thié choice of

expansion, one questiom to be answered  is: !

¥i1l it be viable to include a ®ECS in +the

generation mix ?

- 23 =



The apsver to this question-will be based on finding out
‘whether the total utiligy'systen cost "will be less when a
WECS is introduced. If the ansver is positive, JWt:he next

question would be: . . .

Could any of the planned capacity be droppad when

a WECS is introduced ?

3.2

et

OAD MODEL.

Thé most often used load model is the load duration curve
(LDC). The LDC is a function which relates the customar's
load level to the duration of time that eack load level is
- equalled or excaesdad. This LDC is obtained from . the
fore;a t of th¢ expacted hourly lcad. This expected hourly‘
lcad is mean value of the expected demand for that hour.
As was pointed out by Fegan et al. [19]), these mean
fore;ésts give a trajgctory for the load over the interval
considered. In realif} there are several otker trajectories
"for the same ‘periocd. The only confidence of the forecastar
as to tha wvalidity. of his forecast is that his <chosen
trajectory lies within an acceptable confidence interval.
Weather uncertainty dominates +this short term random
variability. The deterministic component of load can be
conceived of as thé'expected customers' load, with the
random coﬁponent distributed around it, usually in a normal

manner [ 34].

- 24 =



Té make this notion clearer, each point in the curve is
seen as the ueaﬁ of several other curves that form a normal
distributior as shown in Fig. 5. More peaked normal
distributions would occur in Qéasons vhen the weather and
customer reaction to weather are more certain and broad whsn
the weather and customer reactioh ' to weather are less

certain.

F(L)

Pigure 5: Load Distribution Including Random Demand
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3.2.1 Load Data
i L~

The IEEE Reliability Test System [37] load model is used
for this study. The data is giveﬁ in the Appendix. From
the data, the hourly expected load is computed. The load

curve for the month of January is shown in Fig.6.

The monthly load curves are converted to LDCs. .By
reversing the role of the axes and normalizing the time ,
the LDCs are interpreted as load probability distributions
or sometimes called normalized LDCs. The load distribution
used throughout this work is the normalized 1DC. However,
the prefix ‘'normalized' will subsequently be droppad. As
discﬁssed previously, - the 1LDC is constructed from nean
values. The actual value may not 1lie exactly on the curve,
thus making these values expected values, It is 1ip this
context that we can regard the ordinate of the distribution
to represeat thé probability that the given capacity value
is equalled or exceeded. = Such a curve for the nonth of

January is shown in Fig.7.
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3.3 ~ GENERATION SYSTEM RELIABILITY

The most widely used maasures of generat;oh System
reliability are ;he loss of load probability (LOLP) and the
expecied energy not served E(ZNS) indices of reliability
[13].. These indices provide a consistent and sensitive
measure of gemeration systam reliability. The LOLP, as used
in planning , is not a probability as such but a
probabilistic measurement of the expected number of days per
year in which the available capacity canﬁot meet' the peak
demand. Several factors affect .gemeration systen

reliability. Among these factors are the planned and forced

outage rates, as well as the size and number of umnits.

3.3.1 Generating Unit Model

Generating units are fraught with technical probleas that
caﬁ force them off  line at randon. To represent this
failure probabilistically, units are modelled as probability
depsity fumctions, that describe the probability that a unit
vill be forced off lime or, conversely, that the unit will
be available to generate electricity.

To obtain the forced outage rate of a generating unmit,

the random failure and repair of the unit is regarded as a
zeroeth order, discrete state, continous +transition

Markovian stochastic process [13]. This process is

characterized by lack of memory and can be represented by:

¢ | - 29 -



PIX(E) € %/X(t)) = %), X(t) = %50 -ons X(£) = %) (3.1)
= PIX() < WX(E) = x) .
(8] <ty <<t <t ”

That is, the conditional distribution of the future X (s+t),
given the present X(t) and the past X{(u), u < t, is

indepéndent of the past,

For conventional gemerating units, a two state model
suffices for planning purposes [32]. More than two states

may be used if desired.

Consider a generating unit with two states 1 and 2 which
are collactively exhaustive and mutually exclusive. FPig.8
gives the state space diagraz for a simple systen.

—_

Define:

gﬁt) = the probability of finding a genmerating unit in
state i, where 1 = 1 is the state corresponding to
maximumr available capacity apd i = 2 correspoﬁds

to the state of no availability.

X = transition rate froa state 1 to state 2
1/2 = average time a generating upit stays in the up
state.
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Unit State State Unit
Operable 1 -2 Failed

p7;

Figure 8: Generating Unit State Space Diagraa

transition rate from state 2 to state 1.

A =
]

1/u

averagé time a generating unit stays in the down

state.

The above information is obtaimned by recording the randonm
performance of a unit over some period of time.
4

If the failure and repair states are characterizad by

exponential distributions, then

by

e_lt = probability of wunit being available up to time t.
2
= 1-ae+ BEEL L
= 1 - At - (<)



-~

= probability of wunit being available during time at
< -

%

where
AAt = probability of transferring in time At from
) ‘state 1 to state 2
-
similarly
efut = probability of unit being unavailable up to time

t.

271 - pAt (<)

i

probability of unit being unavailable in time 4t .
vhere

MALE

probability of traasferring in time 4t from
state 2 to state 1

The following relationships are obvious
Pl(t+At) = Pl(t)(l-AAt) + P, (t)ubt (3.2)

Pzﬂﬂﬂt)

B, (£) (-1At) + P, (£)Abt . (3.3)

Bearranging terms

P, (t+AE) - P (£) .
AT =-AP) (t) + P, (t) | (3.4)
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Pz(t+At) - Pz(tl
At

Or, in the limit,

—
Pl(t)

P, (t)

= AP, () ~ uP,(t)

—H

Pl(

LR

t)

)

(3.5)

(3.6)

Since we assumed that the on{;.possible states for a

generating unit are the up and down states,

then. the'tuo

states defipe all possible states wa ever expect to find and

as such:

%m+%m=1

Setting the derivatives of ( 3.4 )

and solving for Pl (t) and P2 {(t) as t »

= ¥ _ _

R

- 33 -
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to zero
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vhere p and q are the upnit availability and forced outage

xate, raspectively.

A generating unit power output can be probabilistically

represented as a forced outage capacity density function as

~shown in Fig.9. Fig.ga gives the simplest probabilistic

‘model of this form. Often experienced failure of auxiliary

components such as valves, reheaters, pumps, faas, beilers,
bearing oil etc, call for a more detailed model for the
geperating unit. This is accomplished with the multistate
model of Fig.9b. In the derated state, a portion of the
capacity may be out of service randomly  due " to
aforementioned reasons which reduce +ha capacity of the
unit., A probability value is assigned io the existence of
that capacity stats. However, as wés mentioned earlief, with
coanntional ngits, two state representation suffices for

planning purposes.

A WTG aunit availaﬁility capacity probability densiﬁy
function vas given in Table 4. To include the effects of the
random mechanical failure, all the availability states
{except the zero pover ;ow)' are multiplied by g (the array
forced outage probability). The old entries are.;aplaced by
the new ones, Thé ¥esult obtained by sémming all - the
probabilities and subtracting from ore is the probability of

zero ontput.' When this is conmplete, the probability



>y

f,(Loi)

0 MW
(2) Two State Representation

JE’ ,/ _
<
Derated States
} Q,
3 q, ' i5
q
3
R
© ¢ C C C Cs

MW *
(b) Multistate Representation

?iguﬁe 9: Forced Outage Capacity Probability Demnsity

Function )

-~

distribution of the array output\includes the effacts

wind and forced outages.
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3.3.2 _The Effective Load gu;vg-‘

Random failufe of gemerating unité can be interpreted as
random loads presented to the gemerating units, vhose
probability density <functions are the -outage capacity
‘density functions of' the units. Thus a 100% reliable
generating unit seés an affective load comprising its forced
outage rate’and the random deamand. The“effectfve load curve
is also .referred to as the equivalen£716ad duration curve
{ELDC) .['13]. |
The effective load is defined by:

Le = L -%-ZLoi‘ . A‘ ‘ (3(10)

Lol

vhere Loi is the random outage 1load: for the ith unit.
Addition of these tuo-'independent random variables 1is
achieved by a convolution process either vith the method of
moments dr cumzmulants [20] or with the commonrly wusad
recursive technique { 26]. fhe "method 6f ‘moments -is
described in ?he Appendii while somé .aspects- of the

recursive technique are given below. To further illustrate

this method; comnsider the curves of Fig.10.

If upit 2 fails, all other units will drop to £ill the
vacancy caused by the loss of unit A. Tke same effect on
gpits B - K can be demonstrated by raising the load curvs by

the capacity of unit A for the period unit A failed. This
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is shown in Fig.10. Since p and q are the availability and

-

forcad 'outage rate respectively, the systenm has a

»

probability p of operating |on the 1lower curve and a
probability q of operating oa the upper curve. The effective
load curve for units B - K as a result of the original iodd
and outages of unit A could be taken as a weighted average

of tke two curves based on p and g for unit A. This process

will g:oduce a curve like the dashed curve which isA the
effective load for units B - K. To deal with unit B, <the
process is repeated using the equivalent load curve for un%t_
A a#_a basis. Zach comvolutiomn will extend tke peak §f the

curve upward by the capacity of tke unit comsidered.  Fig.

11 shows the ELDC characteristics witk all units convolved.

’ \
The curves are not as smooth 4ds exagerated in Figs. 10 and

11

It could be further shown matkematically that the ZLDC

makes the LDC -look larger by the follouigg arguments:
Agsuming that FL(L) = F(L);_Pie(Le) = Fl(Le).
Let PO(Le)= f(L) = léad probability distribution function,
Ff(Le) = the equivaleﬁt load probability distribution

function, .
Ci = capacity of unit i,
%ﬁﬁLoi)z density function of the random outage ioad,

then
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F(te) = f FL(Le-Toi) £, (Loi)dLoi | (3.11)
1oi )

‘ i
where F (Le) is the effective locad probability distribution

with the outage capacity of the first i units convolved.

Since £ is a dicrete demsity function, then
(28 .

v

o
£ (Loi) = p;(oi) + T q8(TeiCyy) (3.12)
T k=l
.. F@e) = TP L(le-loi)f . (Toi) (3.13)
. oL
Ioa
!
l/"
/
but
£, (Toi = 0) =p,
*
£o1 (101 = Cypd = dgy

where 1 represents the unit number convolved

and k represents the capacity state of i.

Using the recursive ‘technique, (3.13 )} reduces to

. . . . n . -
Fr(le) = F L(Le)p, + I F -

..)q. o (3.14)
k=1 1%’ Lix
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If a tvo state model is considered, ( 3.14) reducas further

to

e =p1 (te)p, *+ Fi“l'(ze-ci)qi- (3.15)

To show that eguatiocd @3.16)vis true.

Fi_lltle)pi + Fhec)g; > Pl e (3.16)
We note th;t,

#lec)a, > AR Ee) (3.17)
i (Le-éi) > Fle) - | o (3.18)

{ 3.18) 1is true since a backward cumnulative distribution

never increases. Therefore ( 3.16 ) holds.

3.3.3 LOLP and E(ENS)

For the calculatior of the LOLP and the E(ENS), all that
is needed ié the ELDC with all urits convolved. Since each
unit convolved adds its capacity to the paak of the previous
curve, tha final ELDC extends to a ébint equal to the sum of

the forecast peak load plus the installed capacity.
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The abscissa value of the ELDC at the installedfcapacity
is the percent of time the equivalent load will axceed the
installed capacity. This?isfthe LOLP.

The- area abovs the 3installed capacity vof the ELDC
represents energy demanded of the system but hnot delivered
tc load because of failure of all the generating units in

the system. This is the E (ENS).

3.3.4 Egquivalent Capacity

The equivalent capacity is conceptually similar to the
effective load carxying capability (ELCC) of a generating
unit., Tha ELCC was extensively investigated by.Garver [33]
and used by Marsh [2] in his studies. The EILCC is the
allowable inc:ease ih utility system annual peak load that
can be’ accommodated,v‘uhile maintaining a fixed level of
system reliability, by installing a new generating unit,
This concept is illustrated in FPig.12. ' Therefore, what the
ELCC gives 1is the proportion of the upit's capacity that
will serve the demaqd takiﬁi into account that the unit has

a finite probability of failure.

In contrast, the equivalent capacity assumes a fixed load
with varying installed capacity whereas the ELCC varies the

system load and capacity. Thus the eéuivalent capacity of a
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Figure 12, ELCC Of Unit Additiom
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WTG array is. that capacity of ' the conventional unit of
interest that can be réplaéed by the RTG array without

change in LOLP.

fha aquivalent capacigy is used in this study to evaluate
the wind capacity credit. -By noting the base case LOLP, the
conventional capacity tkat could be added or subtracted from
the system to yield the same LOLP after wind addition is

1 3
deterained.

3.4  PRODUCTION COSTS

Booth t26], Hilsonm et al. [12] and others have shown that
the expected energy generated by a unit is the area the umit
occupies under the ELDC. So, unlike reliability
calculétions, the order in which +the units are convolwad
with the L1DC is important. This order is described below

undar the subsection "Thermal Tnits".

Production cost is pade up of fuel, operation and

“maintenance costs.

3.4.1 Expected Enerqgy Generated by a Qnit

As was mentioned in-the calculation of the LOLP, forced
outages of genmerating units also affect the expected emergy.

This must also be incorporated im calculating the expected
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_énergy and subsequently the production costs in order to
increase the aécuracy of fhe results. Consider Fig.13,
Let Fig.13a describs a LDC of +the systen élong with the
merit order of locading. )
Assuming that FL(LJ = F(L), Fie(Le) = F?Le). )
Lat El= the energy generated by unit 1,
E ;=the gnergy -generated by unit 2,
gland p2= the availabilities of units 1 and 2 respect;vely.

gland q2= the forcad outage rates of units 1 and 2

respgctively.'
& T = period for which the LDC is obtained, o
€ = capacity of unit~i,' h
E?(Le)l= équivalent lcad probability distribution functien,

0 -
F(Le) = FIL) = load probability distribution function,
Fl(Le)= the equivalent load distribution function
after adding the effect of the random outage of
the first unit.
n~l .
F (Le)= the eguivalent load distribution function

after adding the effect of the random outage of

{n=1) units.

then, igporing maintenance requirements, the expected energy

delivered by unit 1 is given by:
- LyaL (3.19)
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Unit 1 [Unit 2 |Unit 3

0 C; C,+Cz Demand

. MW
(2) Unit 1 Available with Probability p

Unit 2

0 Ca MW Demand

(b) Unit 1 Unavailable with Probability q

Figure 13. Energy Generation By Units
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In calculating the energy delivered by the second unit in

| the merit order, tvo components must ba cénsidered. Hhenti;
urit 1 is available, with probability P; cunit 2 Hill'be
loadad to generation between loads c1 and c1+-c2 s however
when unit 1 is out of service because of forced outage, with
propability-ql, unit 2 yil; occupy the first position in the
merit order and will be loaded +to generation between the .
loads 0 and C

9t as shown in Fig.13b. The expectad enargy

delivered by unit 2 is tkerefore:

Z\ St 2 _ -
= pp,T j R(L)EL + q;p,T f F(L)aL (3.20)
S - 0
G C, |
= pzT { Py J F(L)dL + 9 f F(L)dL} (3.21)
: c, 0
Cl+C2 i<, :
= pZT{ l;_f— F(L)AL + ql_f F(L—C‘i)dL} (3.22)
c | ¢,
175
= pZT{ f [pyF (L) + qu(L—Cl)]dL} (3.23)
G
G+, |
E, = p,T f F (Le)dle S (3.24)
c ) |
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continuing in this way, it can be shown that for the nth

oy
units: , Py .

n

LG ™~ '

1= - I3

_ -1 PO ' (3.25)

E, =pT FF - (le)dle . .

n-1

T C.

j=1 * , , -

3.4.2 “Generating Onit Characteristigs
Th=2 individual characteristics of generating: units
determine to a great extent how they are committed to neet

the- load plus reserve reguirements.

3.4,2.1 _Hydro e

In hydro - thermai systens, lthe.scheduling and dispatch
problem requires the allocation of available hydraulic and
«{Pezmai resoqrces of the system.in such a wvay as to minimize
the system production cost. ,Ecdnonic‘ dispatch of hydro
thermal systems involves complex optimization whick is ;ot
within the scope of this‘giudy. is is the stgndard practice
[17], to make the most efficient use of the *free!(zero fuel
cost) hydro energy, ’fhe hydro units are.loaded to displace

the units highest in the loading order. The kydro units are
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 fitted iteratively in the loading order so that the

ava;lable_hyd O energy is discharged, at the specified hydro

capacity, withig a specified tolerance.

. 3.4.2.2 BTG As a Multistate Unit

In this.'model, é WTG .is regarded as just another
convegtional anit. But the two state forced outage capacity
density function used for conventional units is not valiﬁ'
for WIGs. A multistate representation iiﬂ‘Shown in
Fig.9 muét be used to reflect the variability of :;ailable

"~

¥TG pofer output witk time.
K

Convolving this multistate den§ity function with. the load
probgbility di;%%ibution can bé- acconplisﬁed using the
recursive equation of (3.14}. But as have been shown by
Schenk et al. [20]. the method of moments as given in the
Appendix .is more efficient than the recursive technique
especially where multistate vrepresentation of units is

involved.

The dispatqh strategy used with this model is to load‘the
WTGs rigﬁt after the nuclear units: This assumes that NTGs
are gust run units. The accufacy of this assumption lies on
how good the f;recast of wind availability is. Before this
strategy was adopted, a preliminary result obtainad by

varying the loading order was examined. The WTG array was
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dividad into three blocks and loaded at ghe base, =idrange
and peaking areas of the LDC respectively. . Table 5 shovs

+he resunlts obtained.

‘TABLE 5

Variation In WTG Loading

" Single " 3 Block

“Block Loading

. Loading -
Penetration (&) 2a2 2.2
LoLP - 0.00029 0.00029
Fuel Cost (3) 13.5100 13.6300

Table 5 shows that 1in so far as there is confidence in the

forecasted expected WTG energy, it is more appropriate to

load WTGs in such a way as to minimize fuel costs. v

3.4.2.3 HTG As a Negative Demand .

This approach was used by Marsh ([2] and Yankuiien et al.
{7]. It consists of subtracting the hourly expected WIG
ou;put powver from tte hourly demand and coavolving
conventional units to meet rTesidual demand after‘ load
modification. The way the WTG array powver output modifies

the LDC in the second model is shown in Pig.18.’

This method gives a clear picture of how WTGs contribute

by reducing the system load.
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Addition o:- éubtraction of the cumulants of the randoa
variables of independent distributions "is equivalent to
'convolvipg orldeconvolving the diétributions [20]. Assunming
the énergy from wind, represented by the PODC, is
independent of the load ﬁepresented by the LDC, the
cumulants of the random variables describiﬁg the PODC can be
subtracted from thoée of the LDC. The remainder should
represent the cumunlants of the modified LDC akin to treating
TG enargy ig’:fnegative‘denand. The method of moments can
be uéed to gfeat advantage here in that the step that
calculates the ¥TG power output - from the PQRC is
circumvented. P;eliminary resulﬁs shown in Table j%g

oints

out the limitation of this method.

-

TABLE 6

Preliminary Results on Subtractior of Cumulants Method

Multi- - Subtrac- Multi- Subtrac-
\\\a\_rstate tion of state /tion of
Eep. Cum. Rep. Cus.
Penetration (%) 2.2 2.2 15.0 15.0
LOLP . 0.00029 0.00033 - 0.00001 0.000013
Puel Cost (M3) 13.5100 13.6600 7.73200 7.732400
&

o

The reason for the discrepancy at the 2.2% level could be

seen -hy examining the values of the cumulants being

subtracted (only five cpnulants showr) .
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TABLE 7

Yalue of Gumulants For 2.2% Penetration

ORDER LDC PODC LDC - PODC
Cumulants Cumulants . ‘Cupulants
1 0.3807E QO . 0.1094E-01 0.36970E 00
2 0.5555E=-01 0.4101E-084 0.555108-01
3 0.3866E~02 0.7625E~08 0.38650E=-02
g -0.2617E-02 =0.1791E-08 -0.26169E~02
5 -0.9307E=-03 -0.3998E~-11 - -0.93070E-03

Table 7 clearly points out the limitation of this method.
For small WTG penetration, the PODC is small, consegqently
the cumulants are small compared with the cumulants of the
LDC and the subtraction makes little or no difference. For
higher penetrations, however, the accuracy improves.

™ - N

3.53.2.8 Thermal Units

Thermal units bLave peculiar characteristics amd in
committing units to acﬁ&eve the smallest production cost,

the economic’ strategy is to first commit least expensive

units. The economics of these units are governed by

performance parameters such as the heat ipput and the price
of fual used by the units. Units are segmented into blocks

because it is rarely economical to commpit one unit

completaly before calling ‘om another. The dispatching

function in the production costing proyram loads the units
comaitted in a manner which serves the demand at pinimam
fuel cost. The dipatch technique is the equal incremental

cost approach used by many utilities [35].

Ve
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Segrented commjtment or blocking®of units is used because

cf the shape of thke heat rate curves.

bheat rate for each M®h

(Erergy)

rate curve is shown in Fig. 15.

MBtu/MVh

This curve gives the

produced.

In

P

Segment 1

Segment 2

Segment 3

A typical heat

Power Qutput (MW)

Pigure 15: Typical Heat Rate Cuarve
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The input-ocutput cﬁrves.of a thermal plant are important
in describing the plant's efficiency. Such a curve is a

plot of fuel input (MBtu/hr) vs. electrical power output as

shown in Fig.16.

‘MBtu/h

Power OQOutput (MW)

Pigure 163~ Typical Imput-QOutput Curve

&
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The incremental heat rate curve (if the heat is expressed
in §) is a measure of how costly it will be to produce the
next increment of power and is a plot of the slope of the

input-output curve vs. output. Thus:

d(1/0)
- JHR, = ——m— . - .
i dpi (3.26)

where

IHEi is the incremental heat rate,

d(1/ 0)

dﬁi is the differenmtial of the input-~output curve with

respect to powerfﬁutput, P.

In the special case where the heat rate curve is assumed

constant, the incremental bheat rate equals the heat rate,

that is
IHR = HR

A typical incremental heat rate curve is shown in Fig.17

Once the incremental heat rate is  obtained, the
incremental fuel cost (IPC), which is an important component

of the fuel cost, is calculated by:

(_,- ’, }
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MBtu/MWh

£
Power Cutput (MW)
Figure 17: Typical Incremental Heat Rate Curve
IHRix UNIT FUEL COST
IFC, = $/Mwh (3.27)

HEAT VALUE ,

The fual cost of unit i is given by the product- of the
expected energy faﬂd the incremental fuel cost. The total
.cost of energy generated by unit i is: !

-
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ECi= FCi+ on

vhere ‘ -
Eci= production or ‘energy cost
Fci = fuel cost

Oﬂi= operation and maintenance cost

The egual incremental loading  procedure results in
minimum operating cost for ‘a power system [29]. This concept
can best be demonstrated by <considering thke curves of

-

Fig.18.

Assuge generaters 4, B, C, and D are to be operated
together iﬁ the most economic manner. fhe basic criteria for
such an operation is that each wunit opesrate at the same
value of incremental fuel éost (A)- A unit witk an entire
range of incremental fuel costs less ¥han that of other
units (curve C) is fully loaded before the other umits are
brought above their minimum load level. Similarly, unit D,
with a2 higher range,of incremental fuel costs, ®ight be usad
as reserve. Stated ma£hematically, optimal allocaticn of
power to n individual runming units within a power systen
for a2 given total load P, can be formulated as the
minimization of

H n . .
f= IKX(P,) ) L (3.28)
=1t t
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IHCREMENTAL PUEL COST (A)

e

. . ‘
. | ~ r,/f//’
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[ : \ |
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Figure 18: Incremental Loading

P

subject to the constraint
£ n

P +P - TP. =0

T. oss 4%

where ~s
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e

%~ = powar output of unit i (i = 142¢====N)
;(gi)= cost of producing P
Rr = total power to be supplied by power plant
- 3 -
PLOSS = transmission losses.
The solgslon of this problem is simply
dSA dKB th f§9-= A {3.30)
d?A dPB dPC an
. Tharefore to achkieve minimum operating cost, units are

ccamitted in the order of their marginal ircremental fuel
cos£,_vith the least expensive units figst ( unit commitment
) allocation of outpatjgo compitted units must follow the
ot~
equal incremental cost épproach { economic dispatch ). With
multiblock units, cognizance must be taken of the fact that
2 higher block must not be loaded before its lower block
irrespective of their relative npmarginal costs. This is
because sometimes A is not non - decreasing, so that tﬁe
lower blocks could have higher average incremental fuel cost

than the upper blocks.

. ¥

An example of single block and multiblock representation
and their associated incremental fuel costs are given in

Table 8, their funel cost and type in Table 9.
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TABLE 8

Generatigg Unit data

: Marginal Costs ($/MWh) .
Unit VNo. Type FOF Single Block Three-Block Repres.

Size of Repres.,

- {M¥) Units Lower Middle Upper
400 2 Nuclear .12 5.592 ——— -—-  5.592
300 1 Coal . .08 11.400 10.368 10.880 11.300
197 < 3 6 0il «05 . 19.971 19.757 22.563 19.872
155 4 Coal .04 11.160 10.272 10.680 11,160
100 3 #6 0il .08 22.080 19.780 20,700 22.080

76 4 Coal .02 14,880 13.220 12.280 14.880

S0 € Hydro .01 0.000 -— —-— —

20 4 $#2 0il .10 37.500 —— === 37.500

12 S $6 0il .02 28.520 -—— -— 28.520
TABLE 9

Fuel Type and Costs

L 3 L
{ |
| |
| Type . Cost {
{ B $/8Btu | !
l ) ' l
1 #6 0il 2.30 |
{ #2 0il 3.00 i
1 Coal 1.20 i
{ Nuclear 0.60 i
! |
-7
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Chapter IV

CRITERIA TO ASSESS THE VALUE OF A WECS

4.9 INTRODUCTION

-

Econonic appraisal methods command a greater confidence
when used. for'select'ng or ranking on a ccmmon basis the

different options available.

Conventionally, wken a new plant is operatéd in the
system; some other plants having higher operating costs are
relieved of duty. There is a saving associated with this

which must be assessed over the lifetime of <the new plant.

If the saving is mostly fuel, the value of the new plant is

evaluated using the marginal rather than the average cost of
fuel, The cost of supplying the energy associated with

different alternatives to meet demand is evaluated. These

-
et

costs and benefits are assessed over the lifetime of 2ach
cgmpeting plant opiion and present valued to a £fixed date

using the chosen interest and discount rates,

As new generating concepts become substantially different

operationally and econosically from the conventiocnal
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generating units, the established utility assessment and

evaluation methodologies = may beconme inadequate. In

particular,. - guesses have to be made about the £future

.

behaviour of some guantities such as lnterest rate on
capital, inflation rate on fuel prices, the useful life of
the proposed plant and sometimes the conversion efficiancy

which can be achieved.

Although the combination of so wmany elements of
uncertainty detracts froe the credibility of the £final
economic assessment, this study chose a2 'set of criteria
vhereby the conclusions made froa results will al;ost always
be realized. This certainty has been enhanced by mamy
sensitivity analyses carried out; The extent of realization
is still a function of the assumptioms uahe- by individual

utilities.

4.2 TOTAL OTILITY SYSTEN COST

4.2.1 Raevenne Requirements

aee

¥

Revenune requirements are defined as the fevenues vhich
Bust be obtaiﬁed'in order to cover all expenses incurred,
associated with and including the company's Minimuom
Acceptable Eeturns (MAER) on investors colﬁitted capital
[31]. The plan with the minimum presemt vworth of revenue

requirements is identified as the most economic.
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The -econoaic criteria using detailed ninimum revenue

requirements consistss of capital and operating cost

- componeats for each year of the study period [23]. These

components are shown in Table 10.

-

TABLE 10
Eevenue Requirements Components
Capital Associated‘Revenue Requirements
Minizum Acceptable Return on Capital -
Depreciation
_Income Taxes on MAR on Capital
Other Taxes
L. Insurance
i Operating Revenue Requirements
~F#el Costs

Variable (function of use ) 06X
Fixed (function of time ) O&M

These criteria . using different variables for every year
of the study period tend to“™be too complex and costly

especiélly in a study where the aim is +to establish and

assess some This brings tke question of whether

otfer s -methods cannot be succassfully used without
loss of generality. The levelized present worth equivalent
cost approach is onme suchk method, This will be taken up in

the next section.
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3.2.2 Levellzed Present Worth-Eguivalent sszﬂ

oLeveli;aiion is a proééss by which' a series of - noa-
unifora future paylents is converted to a unlforn (level)
series of péynents whose present wo ! is equal to that of
the origiuai ﬁon—uniforn séries. In this approach, the

projectasd cost under in#éétig ion is éonvérted.to a level

.annual annuity covering.tka plants'.life and the present

vorth. taken. Imn this way, the impact of escalation on fuel,
interest rate on capital and OSE costs qfe included. If a
full scale study is requirad,‘ the analysis is repeatad for
each year of the study 'périod. This levelization approach

is shown pictorially in Fig. 19.

)

Present worthk arithmetic is commonly used by planners.

jThe' ending value - of an amount P at an annual compound

/(.'

inteérest rate of i for n- years §s given by

v = P+ - . (4.1)
¢ a3 ' L
The present value of -an anount P dne in n years, given i

as the tlme valne of noney is i

v =Fas) - L 4.2)

\'\-/_, . .

‘. = .65 =




ACTUAL
COST

LEVELIZED COST

COST ($)

YEAR

- Figure 19: levelized ‘Equivalent Cost
drhe prasent value of a S :ies ‘of payments~¢o be recelved

at the end of each.of the.next n 'years is given by

' . .

) \_ -’
Vo= PL+) T + )2 4 ... (1+i_)”n] O {4.3)
, . - _E N 5 _ J &
' nuti'[}lying equation (4.3 ).,by(/1~/i)‘\ ives
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PU(I+) = FLO+Q#D) ™8 + oo () ] | 4.9

shbtrgcting equation,( 4.3 ) from equation { 4.4 ) yields

] o ‘ (4.5)

~ Suppose the amount F is an outlay such as production

-

costs or O&M costs, vhich inflates at a rate of a% annually,.
! _ P8

the series of equation ( 4,3 ) becones

. S
:, 2 ..
= F[(lii) e R LR S (4-6)
' (I+1)° - (L+i) . (1+1)
a - ~
l-(%%n . 0. . . '
= Pl ST PR
" where
F = first year, end of year, cost
a = Annual inflatiom rate in per unit
i = present vorth interest rate in per unit
n = npumber of years
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" 1/a .is the °ca2ital

The term in the
present worth factor

woxth interest rate

equivalent cost, X

value can be

-~
.

(4.8) and (4,9 ),

factor is:

i+a:1
l__— (—r} . s §
L =2 1+1 :{l(LHJ

§

*

bracket of eqﬁégion (4.7 ) 1is the
putting into conside;aéion the present
and the‘annual inflation rate. The
+ for n years which .pfoduces tha sane

uritten as:

% * a = preseant value
‘yhere R
a = annuity factor giie§ by:
a= Eﬂ% (4.9)
1 (141} )
thgr%fore:;
o x' = y1/a * .Pregéni'valne .

recovery factor .[30]. From ( 4.7,
N
the levelized present worth equivalent

i-a’

A+ - 1
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The tota} utility system cost was therefore taken as the
levelized production costs + fixed charges on W®TGs +
levelized RTGs-0&6M costs - fixed charges on any conventional

[ 3

unit displaced.

4.3 BCONOMIC ASSUMPTIORS

Most of the Economic assumpticns used were obtained from

[2] and {7]. These assumptions are given in Table 11.

TABLE 11
~ Economic Assumptions

Factor ] Yalue .
WTG Lifetime ‘ ' 30 years *
Present Worth Rate U 10%
Escalation . : « 6%
¥TG Rating : ' 1500 kw-
WTG Capital Cost 590 $/kv
WTG O&M Cost(leed cost Pqnivalent) 10.70 $/kv

4.4 FOEL (ENERGY) DISPLACEMENT

.Energy &isplacement is the-amount of e;ectric enerqgy thaé
need not’ be generated by installed cénventional geperation
bec#ﬁsé of the. energy produced by installed wind machines.
When no conventioral capacity is dropped as a result of the
wind @machine inttoduced, some other more expensive
generating units will gemerate less energy énd as such fﬁel
~is saved. What value this savings'in fuel has to.the utility
can be evaluated in teras of costé of fuel displaced. These

-
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fuel savings may‘'ba more significant since the cost of fuel

escalates over the life of the wind turbine plagnt.

»
The production cost result was used to determine the cost

. \ - ‘\_}
of fusl saved.
Let IR
Py = 'Base case production cost )
o ¢ (
-Pw = Wind case”production cost
‘ ',;. = Levelizing factor given by equation (4.10)

+hen cost.saved on fuel is:

cs = L(Py - By

_ 4F> capacITY DISPLACENENT

Capacity displacement is the amount of conventional’
generating capacity, if any, that might be omitted from a
utility*'s plamned future requirements because of the élanned
addition of wind machines.

‘Obtaining the equivalent capacity for each change case as

vas earlier explained gavg'the capacity displaced.
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Decisions could be made on units to be disp}aced bﬁsed on
somg'underlying assﬁmptions. Firstly, the utility does not
want to displace nuclear capacity since these are base
ioaded units and thus the @most econoaic units to oparate.
Secondly, the fast startin§ peaking units would not be’
displaced because of needed fast pick up in “case of
unprecedentsd lack of wind to éperate the wind turbines.
Therefore, the remaining doal and oil fired units were
displaced in turn. The gisplacenent vith lowest system cost
.was the econonic choice. ‘This choice of displacement by

, ¢ :
alternate substitution quarantees optimum geheration mix.

Capécity, displacenent results are given here as
equiva%ent_'capacity in percent of the installed wiznd

capaqity.

iu.e SENSITIVITY ANALYSIS

B.6.1 Change in Geperagion Mix

k4

In the fuel displacerment stu&y, it was assumed that the
base case generating units' mix will remain coastant

ughout the study period. Most utilities change +heir mix
thrpugh time, :epiacing 0il with ccal or nuclear. or vice
versa depending on the pélicy in. vogue., In oréer,to assess
the effects of this change , all oil f£fired units were
changed to coal half way 3in the study period while
maintaining the installed capacitf constant.

Td.' - .
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8.6.2 Change in ¥TGs Forced Outage zza’t’"@L

Planned and forcad outages of plants contribute
extensively +to their wiability. Since tﬁé forced outage
rates ofIHTGs are not:very vell known at the momant, it was
accounted for by derating +the probability demsity functions

: : ¢
by 3%. Planned outages of WTGs can conveniently be scheduled

during pericds of low wind. As a way ‘of examining thea.
effect of this =assumption omn results, the deration

multiplier was increased in steps of 5% ub to 25%.

4.6.3 Change in 0il and O8N costs

The extensive lack of experience witk WTGs warranted the
study of a variation on-.the assumed 08M costs. Future oil.
cost is also highly unpredictable. Tke preéent oil price was

not envisaged 10 years ago. To consider this, the escalation

‘rate of fuel was varied and effects assessed. -

L



Chapter V

NUMERICAL EVALUDATIONS AND RESULTS
5.1 INTRODUCTION

This chapter gives the resau btained from the steps as

described in previous chapters. 1likely reasons why such

results were obtained are ijscussed:

Bhatever assessment nmade of ‘a‘.iECS in an el&ctrical
utility context, the primary‘concérn_of the utility is teo be
able‘to measure the viability of a; chﬁ in terms of'both
reliability and edononic considg;é%ions. As such,ézll
results and conclus;én are aimed towards achieving this
objective by 'making costs and value the -predominant

quantity.
“l

: - -
5.2 ENERGY DISPLACEMERT

~
Host utlilities may first- apply WECSsS im this mode as it

guarantees no - loss of lcad due to pnexpected low wind
periods since no p;annea conventional Fapacity-uas dropped.
2nergy displacement was determined via the production
costing program. The fuel cbsts for the baSe case and for
each wvind addition was obtained by: |

. -, . - o (,
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L(FG - FG) Lo o (5.1)

where -
FCB = Base case fuel cost
FCw = Hind case fuel cost
L = Levelizing %fctor given by equation ( 4.10)

. The results are summarized in Table 12.

TABLE 12

Total Annual Fuel Costs

.

(2) (B) ’ (<) . (D)
Penetration levelized .% Increase
& 7 Fuel Costs  A¥vailable In Funds
a .-t . M3 Available
- 0.0 225.43 0.00 0.0
2.2 : - 218.23 7.20 3.2
4.2 207.63 17.80 L P
6.2 197.13 - 28.30 4.7
8.1 186.52 38.91 4.7
11.6 168.13 57.30 8.2
15.0 e 150.42 _ 75.01 7.9 _
18.0 142.91 82.52 3.3 ~
21.0 ' 140.75 - 8G.68 1.0
4

An exaqination'of_ colnmn‘(B) - of Table 12 shows that
2lthough there is a cpntinuaﬁs dec#ease in f#tl cost vith‘,;
ipcrease .in penetfation. these.;osts tend to .sgtdrate at
higher penetrati;ns. To make this clea;;f, column (C) gives

the funds available as a result of the zero fuel cost for

>

. »
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 the purchase, 1nstallatlon and oPeratlon of the WECS.

e

HTGs- (base case - change case). Column (D) is the %
increase in available funds per penetration level with
respect to the base case. This column clearly shows the
saturation effect. The highest‘bayback vould be somewhere
between 4% and.ss for this system. The jump at 11.6% is as
a result of the doubling of the cap§city ofJHTGs from an
increment of 75 MW to 150 MW per level of penetration.
. ) T

'The reason for this saturation effecgy is that each
additional increment of a WECS dispiaces lower cost energy
fron conyentionélluni;s. The systemr is simply fdllouing the
Jaw of diminishing returns. A picture of this effect is
seen better in Fig.20 where wind power is‘considered 3s a
negative demand. |

A plot of column (D) vefﬁﬁé column (i) of Ta51e~f2 is
shown in Pig. 21. This <clearly shows diminishing returas
with increase in.panetration.

In this energy dasplacensnt node, it might be safer for

utilities to simply 1look at the funds available column and

compare this with all expected expenses to be 3incurred on
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5.2.1 Value _o_g Eprergy Displaced.

There could be several uays of looking at the benefits or

va.lue of the -energy dlsplaced. It wounld be vorthless :.f the

available funds recoveged as a result. of savings in fuel
£ ' |

\\h\ -,) ' «cannot purchase -and maintain the WTGs reéponsihle for the

e

savings. One way of assessing this benefit is by comparing

L

the total utlllty system cost with . and uithoui a WECS.
Assuming the assumpt:.ons of Table 11 hola/ Table 13 gives
the benefits~us;ng the total utility systenm cost, -

o - T17 -
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TABLE 13~

Pnergy Displaceamant Value of RECS .

Penetra~- WTG Base NTG Levelized Total Cost  Gain
tion -  Year lgvelized Puel Cost ®$.  (Loss)

% Capital . O5R Costs n$ ' _ u$

Cost 3
ng

0.0 0.0 0.0 225.43 225.83 0.0
2.2 1.47 1. 43 218.23 221.13 4.30
4.2 2.95 .2.8¢ 207.63 213.44 11.99
.2 8.43, 4,28 ~397.13 205.84 19.59
8.1 15.90 5.71 186,52 198.13 27.30
11.6 '8.85 ‘8.5l\ 168.13 - 185.55 39.88
150 11.80  11.42 1560.42 "173.64 51.79
18.0 14,75 14,28 182.91 ° 171.94 53.49

21.0 17.70 17.13 180.75° 175.58 49.85
;S :
The gains <£rom each 1#491 of penetration could be
compared with availgpie Jind resources with al view to
establishing yhicﬁ. penetration levél uili_ benefit the
utility wmore. Figure Zé gives a graph 6% the gain 5:
—savings veréus penetiafion: Thi# also shows that the savings
is -n§t continuosly 'fpcréasigg with increase in a WECS

/ penetration.

-~ } ) o ) o

v - qpotﬂer- way of lookiné'at the value of a W®ECS is by
‘making o assuiptiog for the capital and O&M costs. By
’;;icﬁlating' how many dellars ;onld be saved &ué to “the
addition of WIGs as given in column. (C) of Table 12 (funds
availabié), ihe amount that could be profitably‘-spent‘on
each WTG could be established. This approach will yield a

breakeven cost thatsthe utility can afford to spend on 2ach

-
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"WTG and at the same time suggest the cost goals
manufacturers aust meet if they wish utilities to buy their

WTGs. For a breakeven, equation (5.2 ) aust holad.

"FA(X) = TWA(X) ' (5.2)
Where
FA (X) = Funds available for penetration level X

TWA (X)

Tétal WECS costs for penmetration level X

TWA(X) may comsist of WTG capital cost, WTG O&M costs, land
costs, interface éosts, capital investnent,' stock earmnings,
interest price om bonds, etc. All except WTG capital and 06N
costs could be accurately estimated. Equation (5.2 ) ¢an be

further broken down intoe:

-
-

PR (X) = WUC(X) + ®WEC (X) o, (5.3)
. . ‘/‘.
Where ‘ ' ) (*H
. PA(X) = Punds availdble for penetration level X
© ROC(X) = ché unknown costs for pemetration level X
WKC (X) = WECS known gosts for penetration level X
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Pquation { 5.3) can then be solved for the WTG capital and

0&M costs for the penetration level of interest. -5

5.3+ EKELIABILITY

The reliability considered is +that of the generation

systen. The LOLP and E (ENS)

inéicas wvere -usad. The
variation of LOLP and E (ENS) with penetration_levei-is shown
in Table 14, To lexéress the LOLP in days/year,. the
probability valuaes are nmultiplied by the number of days in

the year.

TABLE 14
LOLP & E(ENS) With Different 'Penetration

Penétration LOLP

T (ENS)
% GWLh

0.0 0.013390 1.231852
2.2 . 0.010899 0.971175
6.2 0.004402 0.370845
11.€ 0.00201€ 0.159944
15.0 0.000882 0.066143
18.0 0.000359 0.025056
21.0 0.000149 0.009626

Fig.23 shows the

penetration.  This

values of +these indices

result

is obvious

since increase

penetration adds more gererating units to the syétem serving
the same peak load which would have otherwisa been served
reliably without the WECS. ' The fact that these carves

saturate implies that saturatiorn 1is also expectéd in the

- =81 -
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capacity displacement mode ‘singe the
criteria for detériiqing'thelcapacitg-d
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10LP is used as a
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S.t  CAPACITY DISPLACEMENT |

Unlike energy displacement, : vhen a ¥WTG is added,
‘conventional capacity Jis removed in such a way as to
maintain a consﬁant LOLP, in this case, the baée case LOLP.
Capacity diqpl&cament is mainly a functiﬁn'of the demand,
generating‘units' forced outaéés and capacities. The order
in which +the gemerating units are convolved with the load
probébility distribution is not §ensitive to capacity
displacenment. B&t in this study, production cost results
wvere used to deternime ‘optimum generation six . for each
capacity dropped by making sure that the displaced capacity
for- eath WTG addition presented fhe lowaest production costs
vhen compared uiih other dis?léceable .units. So the sate
producéion cost program an; the same comaitment strategy was

employed. in determining the capacity displaced by each

addition of WIGs. The results- obtained are presented in

Table 15.
TABLE 15 | -
Equivalént Capacity. é
{R) {B) (<) (D) ()
Penetration  WTG Conventional Type of “{C) x 100
% Capacity Capacity .Unit (8)
(MW) Displaced Displaced
: (B¥)
S
2.2 75 36 COAL . 0.48
6.2 225 103.5 | COAL 0. 46
11.6 450 168.6 COAL 0.37
15.0 600 221.0 COAL ' 0.36
18.0 750 264.5 COAL+0IL 0.35

21.0 900 ' 315.8 COAL+OIL 0. 35
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The last column of Table 15 sﬁovs 'ﬁhé saturation - at
higher penetrations mentioned earlier. This column is the
equivalent capacity in percent of imnstalled WTIG cabacity.
The value to the utility of the capacity displaced would be

the invastment cost associated with the conyentional.
generating units displaced as a result of a WECS addition.
?ig. 24 shows a graph of equivalent égpacity in percent of

WTG capacity plotted agaimst penetrations.
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v

Pigure 24: §TG Equivalent Capaclity vs. Penetration
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5.5 SENSITIVITY ANALYSIS

] . . .
5.5.1. Variation In TG Porced Outage Rate

Table 16 describes the effectq of variation ;n FOR, fuel

cost as vwell as LOLP.

TABLE 16

Effect of Forced Outage Rate {FOR) of WTGs

FOR Fuel Cost ; LOLP

% n$ .

3 . 13.670 0.00473

5 13.747 0.00490 )
210 13.766 ¢.00496 -

15 13.783 0.00500
20 13.805 0.0050¢9

25 13.829 0.00518 -

+

These results clearly show that increase or decrease in
the;deration multipliér to account for iTG randonm mechaniéal
'fai%ure has sonme effect‘aﬁ the wiability of WTGs. There is a
consistent increase in cost and LOLP with increase in forced
outage rate; So a WTG design with lower forced outages rate
can énhaqce benefits wheze results_ for viability are

marginal.

S5.5.2 Variation In Fuel and O&M Costs.

For the baseline analyéié, a 6% per year escalation rate

’i

was used. In this section, +the effects of an increase in

fuel cost escalation rate by 508 while that of the OEM Eost

-8 e s AR
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remained comnstant and an increase and decrease in the O&N

cost escalation rate by 50X while that.of-fuel cost‘;enained.

constant was assessed. Table 17 shows the effact of an

increase in the escalation rate of fuel cost by 50%X.

TABLE 17

..

Enefgy Displacement.valué, Fuel Cost Escalated 9%/yr.

Penetra- WTG Base WNTG Levelizad Total Cost Gain
tion Year levelized Fuel Cost Mg (Loss)
% Capital O8N Costs u$ - u$
" Cost n#
M$
0.0 0.0 0.0 322.14 322.14 0.0
2.2 1.47 1.43. . 311.85 314.75 7.39
4.2 2.95 2.856 296.72 302.53 19.61
6.2 ‘ 4.43 4.28 281.€9 290.40 2 31.74
8.1 = 5.90 5.71 266,54 278.15 43.99
11.6 8.85 : 8.57 200.28 - 257.70 64.44
“15.0 11.80 11.42 214.96 238.18 83.96
18.0 14.75 14,28 204.23 233.2¢ 88.88
21.0 17.70 »17.13 201.13 235.96 86.18

Table 18 shows the effect of am increase in the escalation

rate of OEM cost by 50%. '

Table 19 shows the effect of a decrease in the escalation
of 0&¥ cost by 50%. An examination of the Gain(loss) column
of Tables 17, 18 and 19 shows that an increase or decrease
in the escalation rate of the O0&M costs, although has some

effect on the viability of ¥ECSsS when conpared'uith the

v
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TABLE 18

Enerqgy Displaéement Value, O8M Cost Escalated 9%/yr.

Penetra- WTG .Base §TG Levelized Total Cost Gain

tion Year Levelized Fuel Cost 3 (Loss)
% Capital O8M Costs n3 u$
Cost n$
us$
0.0 0.0 0.0 225.43 225.83 . 0.0
2.2 1.47 2.04 218.23 221.74 3.69
4.2 2.95 4.08 207.63 214,66 10.77
6.2 .43 6.12 197.13 -~ 207.68 17.75
8.1 5.90 8.16 186.52 200.58 24,85
. 11.6 8.85 12.24 168.13 189.22 36.21
15.0 11.80 16.32 . 150.82 178.56 86.89
18.0- 14.75 20.50 142.91 - 178.06 47.37
21.0 17.70 28,48 . 140.75. 182.93 82,50
¥ - TABLE 19
Energy Displacement Value, OSM Cost Escalated 3%/yr.
Penetra- NTG Base TG Levelized Total Cost Gain
tion Year levelized Fuel Cost Mg (Loss)
% . /capital O&M Costs u$ . N$
) Cost ug .
u3 .
.0 0.0 0.0 225.43 225.43 0.0
2.2 1.47 1.05 218.23 - 220.75 4.68
4.2 2.95 2.10 207.63 212.68 12.7%
6.2 433 3.14 197.13 208.70 20.73
8.1 5.90 4,20 186.52 196.62 28.81
1.6 8.85 6.28 " 168.13 183.26 42.17
15.0 11.80 8.38 150.42 170.60 54.88
18.0 14.75 10.87 . 142,91 168.13 57.30

21.0 17.70 12.56 140,75 171.01 55,42

baseline rate of 6% showr in Table 13, increase in fuel cost
escalation rate by 50% almost doubled the galps from a WECS.
This is an eloguent testimomny of the fact that the benefits
from a WECS will increase snhstanfially if the cost of fuel

rises. This is clearly shown in Pig. 25. ‘
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5.5.3 Cchange In Geperatjon Mix.

»

All the results so far have been pdsed‘ on constant
generation mix. The results below compares tﬁe benefits
obtained with a constant generatioy mix to that obtained
vith a change in mix through .tine. Assuming the base'year to
£;11281, a constant mix vas used for the 30 ybarg anding
2010. This was coapared with converting all the oil fired
upits to coal by 1995 while maintaining the same installed
capacity-that should serve the load growth through time.

Tables 20 and 21 show results obtained from this comparison.

o No assumption was made as regards capital and OEM costs.

(2]

TABLE 20

(. Constant Generatiom Nix

Penatration- Levelizad Fands

4 Fuel Cost Available
- v n$ k3

0.0 25.44 - 0.0

2.2 24,32 1.12

6.2 22.27 3.17

11.6 20.03 . 5.41

15.0 18.35 7 .09

18.0 16.57 8.87

21.0 14.96 10.48°

J

Tables 20 and 21 show that among other things, the type
of generation mix greatly affetts the benefits from a WECS.
If +the mix is dominated by cocal or nuclear units, the

benefits are low. On the other hand, if there are many oil
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3 " TABLE 21 =
e ! O
Ckange In Generation Mix . s
Penetration . ¢ Levelizead Funds
< Fuel Cost ‘ Available
- - n$ : : S H$
0.0 24.81 ) " 0.0
2.2 23.77 1.04
6.2 21.90 2.91
11.6 19.86 ) 4,95
5.0 18.24 €.57
18.0
21.0

fired units, then the expected benefits should be 'high.
Fig. 26 shows how tkhe funds available vary with the two

types of' nixes considered.
yp !

The dashed line could be takem as the effect of a gradual

change from oil to coal. It is all-tanténount{to~the'forpé:

inference drawn that higher benefits are realiﬁéd-wﬁgﬁ’théré

are msore oil fired umits in the systen.:

~
~

. 16.50 8.31
s 18.92 9.89 ‘“—’/ﬁ\\\\\\g~
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Figure 26, Effects Of Change 'In Generation Mix For 30 Year Study Period.
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~) ' Chapter VI

*

CONLOSION

The objective of this thesis is to assess the impact a
RECS has on electrical utility planxiing. This objective has
been achieved by finding out how a WECS effects the tvo

plannirg goals - cost and reliability.

The WECS has been modelled . in two ways:

1. As 2 rultistate unit -’

2. As a load modifier

Thesa models were ipco‘rporated in a production .costing‘
apd reliability p;ograﬁ from where resu}.\t.s hased on.
parametric variation‘s vere assessed. The main conclusiors
that car be drawr <{rom this study for the wind data and

-

utility assumed are:

1. 2 WECS can contribute to overall system
reliability. Simce reliability dis the ' main
criteria used in planning, then a WECS can

displace conventiconal unit capacity.
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2. There is an optimum value for the level of
penqtration'to be used after which each additional
WTG has less expensive fuel to displace and as

such less value to the utility. .

/-""’_\

3, The value of a WECS to the utility is sensitive to

generation mix.

4, A WECS will be much wmore competitive if oil price

\%ncreases. &
\

5. The benefit from a WECS is utility specific.

The last point emphasizes that the incorporation of a-
WECS into an electric utility should not be based on results
obtained by other utilities because results are not generic.,
Individuél ntilities should v;rify‘hov a WECS affects then
by the application-of the models described. 211 results
point towards a WECS beinpg a viable venture. ¥o negative
results discouraging the application of a WECS has so far

been envisaged.

The reliability and production cost meodule is~¢he.core.of
an electric utility optimal generation expansion planning
computer program such as the WIEN Automatic System Planaing
Package (WASP). Utilities ui;hing to exploit wind enérgy and
kaving the knowledge of the effects of a WECS and how it is
assessed, can evaluate how it impacts their specific systenm

-
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by simply making the required changes in the reliabilty and
production cost module of“their planning package as. »as

described in this thesis.

As Grumman Energy Systems President, anéla B. Peterson
pointed out in Wind Energy Report, éay 1980, "Ome hundred
thousand‘small wind systems would save some five =million
barrels of oil consumption annually". This,optimisﬁ has been
expressed severally in many places butllike any other new
tecknology. WIGs are still fraught with market

uncertainties. v

6.1 FORTHER RESEARCH

S

A WECS being a new area offers limitless possibilities

for future research. -

6.1.1 Coincidence of Hipd and load

By intuition, wind pouet that peaks during summer would
be more valuable to a utility with summer peaking loads than
a gti}ity with wvinter peakinrg loads. A study done by Marsh
[2] showed that for the Southwestern Kansés, the wind
monthly emergy output peaks in March while the peak load
energy occurs in July and BAugust. This somehow contradicts
the ‘coincidence hypothesis'. There is therefore the need

for properxr reseérch with several sites to verify this

- 95 -
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S

hypothesis, If on the ‘long run €he coinpidénée phenomenon is
nullified, then simulation -of ;ystemé vith a WECS will be

2

greatly  simplified“ as' this will validate the use. of

gquarterly load curves instead of .ionghly or houélf lozé."
‘: . -' ( . , L}
curves. - ’ T

T e

6.1.2 ®ind Data

Iy

It has beem shown that bettgr‘wind':érpfiles‘giée bébter
WECS value. Therefore if wvrong uina-gtgtiétics‘ are used,
erronacus results would be obtained. fhere shonld be‘very
good acans of recording wind speeds minute by ninute at
appropriaté“heights without relying o;lwind data meant for
other purposes and the associated correction factors which

make the results error promne. ‘>

/
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Appendix A 'j'

DESCRIPTION OF THE METHOD OF HOHENTS.

This method.was ih£roauced by Schenk and Ran [14], [15].
The statistical moments and cumulants of tke normalizad LDC
and the:probability demsity function for the generating
units' forggh outage capacities are-calculatgd. To convolve
a unit uitﬁ the LDC, the cumulants of the unit are added to
the cumulants of the LDC. Deconvolution is simply achieved
by subtraction vf cumulants. The resultant cumulants after
the convolution of all units are the cumulénts representing
the randoa variables of the  ELDC. The Gram - Charlier
expansion is used to obtain the areas under the ELDC. This
simple manipulation of cumulants' to achieve convolution amd
.deconvolution is based on érobability theory results which
éhou that the cum&lants of the sum of indépendent random ’
variables are equal to. the sum of the cumulaats of the
ipndividual random variables, and the moments cf the product

of independent random variables are equal to the product of

+he moments of each variable.

To obtain the area under the ELbd between twvwo values Zl

and 22 one gets
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Area =/ f£(2)dz -/ £(2)dz n (A1)
Zl \ 22 -

in which £(Z) is the ELDC and zﬂ\(re standardized BVs

defined as - 1 : 4

Z; = (X - w;)/og _ - (A2)

In eguation (A2 ), My and 'ci are the mean and staandard,

deviatiox;s of the ELDC, described by the RV X . The integral

, i
in eguation (Al ) is obtained in terms of the ndramal
-~ L

probability density function and its derivatives as follows

o =]

fz_f(Z}dz = J’z_N(Z)dz + K(Z;) (A3)
i et
in vhich ¥{({Z) is the standard normal probability demsity
function given be '
1 2

N(2) = — exp [- g—] ' (a4)
/2% Lo

and the factor K(Zi) are given im terms of the Gram -,

Charlier. expansion as follows /
G
'K(2;) -—.-N(Z) (2,) - 47 (3) (z ;)
(G, + 106> 2 . ‘
P 2n® g ) = vz
(G + 35G ) '
- : o (z)  °
7 -
N - 98 -
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5 -
lG3 + 35G2)

8.

_ (G6 + 566G

N7 (z9) : " (A5)

»

This series can ba chosen in such a way as to ﬁbive the
best approximation to-ihe curve. In equation ( AS) the
derivatives of thke normal probability density functionm,
E(r)(ziy, of ordar f. may be expressed in terms of
polynomials H (Z,) as follows

o,
(r) _ r. : I
N (Zi) = (-1) Hr(Zj)N(Zi) - . (A6)

The factors Gv' V= 1,2,e0c00ee0ee, are obtained in terms

of the cumulants K\)as follows

_ V2 _ '
G, =K, /0 (a7)

R\\Ehmulants are known polypomial functiom of moments and vice’
versa. BEssentially, tBe cumulants of a distribution are
defirned rh'terns of the first home;t about the origin or the
mean and the higﬁer moment; about the mean. Higher order
cupulants of a - distributiom with prqpabiiity density

function f (x) measure the dapartﬁre of f(x) from the normal

distribution. Therefore the first two moments completely
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describe a ‘pormal distribution. This implies that ) for a
normwal curwve, the 'third and higher order cumslants are zero.
Since the LDC or ELDC are not normal, the use of higher
order cumulants becomes essential. The ‘cunulants K, are

i
e . . :
obtained from the moments W from the relatiomship [14] (

only fcp{[a\ﬁ shown ). o 2
F A - | -

. : . §
KER - .o
L2
L=k —H
3

1 L ]
3 = Hy T 3igHy T2y

ral
1

L [ S | l2 [] 12 |4
Ky = Wy = dugly ~ 30y F 12y - Gy

. The moments are givén by

= Cilqai + Cglqbl + ...

p =
")
|

and so on, where 94 is the unavailability coi:responding to
(=]

a partial capacity outage C_, MHé, etc.

e vt sy St ™ o e

et _



is vas earlier stated, the area eaéh upit §ccup£es under
the ELﬁc as given. by ( Ai)' is # prelnde‘to calculating the
¢cost of energy production. ' In -contrast to numarical
int%gr&iion used in obtaining the Ekgc area in the recursive
technigue,| areps i;& the method of moments are obtained by
calculating thd normal probability P( cfngscz }e
wyare Cl .and C, are the capacity states before and after
unit convolution. Note that the energy generated by a

particular unit is obtained as a difference bLetwean their

unserved energies.

/
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IEEE RELIABILITY TEST SYSTEM.LOAD DATA
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e
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AN

Tables 22, 23 and 24 give the weekly load in percent of

daily peak load in percent of weekly peak and

hourly peak load in percent of dailf peak respectively. The

annual peak load is 2850.0 NW.

TABLE 22-

Weekly Peak Load in Percent of Anmnual Peak

Veek

Vol &sEWw =

Peak Load

86.2
S0.0
87.8
83.4
88.0
84.1

3.2
80.6
) 78.0

73.7
71.5
72.7
70.4
75.0
72.1
80.1
75.4
83.7
87.0
88.0
85.6

Heek

27
- 28
29
30
31
32
33
3%
35
36
37
38
39
40
a1
42
43
44
45 -
46
47
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Peak load

75.5
81.6
80,1

88.0 .

72.2
77.6
80.0
72.9
72.6
70.5
78.0
69.5
72.4
72.4
78.3
74.4
80.0
88.1
88.5
90.9
94.0

e s Gemn b mA G med G REL ASD SN SRE W RRA e SvG SEM s Sl e GER Sum SR
.

C i S e e e e — LTS B Y 08 it T



A

[ ——

_as 89.0

1 22 81.1 |
! 23 - 950.0 49 94,2 |
1 24 88%7 50 97.0 }
| 25 89.6 51 100.0 o |
| 26 86.1 52 95.22 I
i |
S
. TABLE 23 .
v"‘"_/ -
Daily Peak load in Percent of Weekly Peak
] {
i Day Peak Load [
t . {
| \ Monday 93 {
i Tuesday 100 i
U Wednesday 98 1
{ Thursday 96 {
{ Friday 94 |
] Satarday 77 1
| Sunday 75 |
{ l
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TABLE 24

-

Hourly Peak in Percent of Daily Peak

U —— S ettt B I I e e

. |
Winter Summer Spring/Fall i
Reeks Heeks . _Weeks i
1-8 §§4-52 ~ 18-30 9217 & 31-u3/7 i
Hour fkdy . Wknd Wkdy Wknd ‘Wkdy Wknd i
. . . l
12-1ag°~ 67° 78 .64 74 | 63 75 "
1-2 63 72 60 70 62 73 |
2=-3 - 60 €8 58 - €6 - 60 69 |
3-8 58 &€ 56 €5 58 €& |
3-5 59 64 ‘56 . 61 59 65 |
5-€ fﬁg 65 58 €2 65 €5 |
6~=7 /74 66 64 62 72 €8 |
7-8 86 70 76 66 85 T4 l
8-9 95 80 87 81 95 83 l
9-10 96 88 S5 86 " 89 89 |
10-11 96 90 99 91 100 92 |
11=-Noon 95 91 100 93 | 99 94 H
Nooun=1pm - 95 90 99 93 93 91 |
1=-2 95 88 100 92 : 92 Q0 [
2~3 93 87 100 91 90 90 |
3-8 9u 87 97 91 88 86 i
4-5 99 91 9¢ . 92 Coe- 90 85 {
5-6 100 100 396 9 . 92 88 |
€=7 100 93 93 S5 96 92 |
7-8 96 97 92 95 - 98 100 {
" 8=9 S1 94 92 100 96 97 |
9-10 83 92 93 93 90 95 {
10-11 73 87 87 88 80 ~ 90 |
11=-12 63 g1 72 80 T0 85 i
l
f
\
D
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b

Ky

Appendix c

WIND DATA FOR MOLTISTATE REPRESEﬁTATIOH OF WTGS

- 105 -’

TABLE 25 '
Wind Data .
AN
CAPACITY (HW) AVAILABILITY

_ FEB MAR
75.068._> 0.49305 - 0.50731
73.125 0.06599 0.06790
69.375 0.09141 0.09405
'€5.625 0.02156 0.02219
61.875 0.01897 0.01952
58.125 0.01265 0.01301
58.375 0.01261 " 0.01297
S0.6 0.01257 0.01294
46.87 0.01182 0.01176
83.125 0.00754 0.00776
39.375 0.01008 0.01038
35.675 0.00€33 0.00651
31.875 0.00499 0.00514
28.125 0.00377 0.00388
28,375 0.00377 0.00388
20.625 0.04356 0.04482
16.875 0.00754 0.00776
13.125 0.00125 0.00129
9.375 0.00125 0.00129
5.625 0.01518 - 0.01562
1.875 0.06028 0.06203
0.000 0.0941¢6 0.06794

x,

-



TABLE 26
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Wind Data
CAPACITY (M¥W) AVAITABILITY
APR MAY
75.000 0.50731 . i; 0.44567
. 73.125 0. 06790 . 0.05965
69,375 ~ " 0.09405 0.08262
65.625 .0.02219 0..01949
€1.875 0.01952 0.01714
58. 125 0.01301 0.01143
54,375 0.01297 0.01139
50. 625 0.01294 > 0.01137
46,875 0.01176 0.01033
43.125 0.00776 0.00681
39.375 0.01038 0.00911
35.675. 0.00651 0.00572
31.875 0.0051% 0.004851
28.125 0.00388 0.00381
284,375 0.00388 0.00381
20.625 0.04482 0.03938
16.875 0.00776 -0.00682
13.125° 0.00129 0.00113
9,375 0.00129 0.00113
5. 625 0.01562 0.01372
1.875 0.06203 0.05449
0.000 0.06794 .0.18121

B



CAPACITY (HN)

75.000
73.125
69.375.
€5.625
€1.875
58.125
58,375
50.625
46.875
83.125
39.375

"~ 35.€75

31.875 "
28,125
24,375
20.625
16.875
13.125
5. 625
1.875
0.000

TABLE 27

wWind Data

JUN
0.39823
0.05330
0.07382
0.01742
0.01532
0.01021
0.01018
0.01015
0.00923
0.00€09

0.00815

0.00511
0.00403
0.00305

0.00305

0.'03518
0.00609
0.00101
0.00101
0.01226
0.04869
0. 26835
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AVAILABILITY

JUL
0.35557
0.04759
0.06592
0.01555
0.01368
0.00%812
0.00909

0.00907°

0.00824

'0.00544

0.00728
0.00856
0.00360
0.00272
0.00272
0.03142
c.0054a
0.00090
0.00090

0.01094 .

0.048387

0.34674

]



CAPACITY (HMW)

75.000
~73.125
69.375
65.625
61.875
58.125
54.375
50.625
46.875
43.125
39.375
- 35.675
31.875
28.125
28.375
20.625
16.875
13. 125

9.375
-5.625

1.875

0.000

)

'TABLE 28

Wind Data _,\//)

AUG

¥0.34608

0.04632
0.06416
0.01514
0.01332
0.00880
0.00885
0.00883
0. 00802
0.00529
0.00708
0.00844
0.00351
0.00265
0.00265
0.03058

0.00529

0.00088
0.00088
0.01066

- 0.04232

0.36817

AVAILABILITY
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SEP
0.38403
0.05180
0.07119
0.01679
0.01478
0.00985
0.00982
0.00979
0.00890
0.00587
0.00786
0.00493
0.00389
0.00294
0.00294%
0.03393
0.00587
0.00098
0.00098
0.01182
0.08695
0.294845

C
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TABLE 29

Wind Data
CAPACITY (MW} AVAILABILITY
o : ocT
75. 000 " 0. 85516
73.125 ‘ 0.0€6092
£69.375 ' 0.08438
65.625 0.01991
- 61.875 . 0.01751.

58.125 ‘ 0.01168
54,375 0.01164
50.625 0.01161

86.875 0.01055
43.125 0.00696

39.375 : - 0.00931

35.675 0.00584
31.875 0.00u61

28.125 0.00348
24,375 0.00348
20.625 0.04022

16. 875 0.00696 .
13.125 0.001186 :
9. 375 " 0.001186

5.625 0.01401

1. 875 0.05565

0.000 0.16378
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NOV
0.81721
0.05584
0.07735
0.01825
0.01605
0.01071
0.01067
0.01064
0.00967
0.00638
0.00854
0.00535

-.0.00423

0.00319
0.00319 _
0.03687

0.00638
0.00106
0.00106
0.01285
0.05101
0.23350

>



TABLE 30

Wind Data
CAPACITY (MW) AVAILABILITY
. DEC

75.000 ] ; 0.45987
73.125 0.06155
69,375 ; . 0.08525
65.625 0.02011
61.875 0.017€69
58.125 0.01179
548.375 _ : 0.01176
50.625 0.01173
36.875 _ 0.010€6
43,125 0.00703
39.375 . 0.00981
35.675 0.00590
31.875 0.00466
28.125 0.00352
24,375 0.00352
20.625 0.04063
16.875 _ 0.00703
13,125 0.00117

9.375 0.00117

5.625 0.01416

1.875 . 0.05623

0.000 - 0.15511
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QOO0 0a0O0O00000n

OO0 OOO0

OO0

35

PROGRAM DESCRIPTION .

THIS PROGRAM CALCULATES FUEL COSTS, LOSS OF LOAD
PROBABILITY AND EXPECTED ENERGY NOT SERVED FOR
GENERATING UNITS DERATED N TIMES TO ACCOUNT FOR

WECS UNAVAILARILITY OR CONVENTIONAL UNITS \

PARTIAL OUTAGES USING THE METHOD OF MOMENTS(CUMULANTS)

EACH INPUT VARIARLE IS DESCRIRED BEFORE USE

REAL*S TS,AR/0.0D0Q/,RB/0.0DO/,PUBASE,RNG,XLIM, SNAM(100)
REAL TOTAL/O. 0/, TCOST/0. 0/, INSTLC
COMMON /CUMMC/ CARFA CMEAN, cuma CUM3, CUMYL ,CUMS ,CUME, CUMT CUME °
COMMON /MMCGEN/ CMGFN1(100) CMCEw2(100) CMCEN (100)
&CMGENY(100),CMGEN5(100), CMGEN6(100) CMGFNT(TOO) CMGENS (100)
DIMENSION C(100) P(100),CD(100), UNS(100) IFC(100)
&BC(T0,6),AA(T0, 6) PP(70,6), ccc7o 5), AP(TOO)
&IAP(TOO) FC(?O 6) '
REAL*Y F“T(18) FMT1(18),FMT2(18) '
LOGICAL * 1 TINE(119)/119 LR A
REAL N,IFC

INPUT THE BASE LOAD, PEAK LOAD, TIME
AND NQ. OF POINTS IN THE LDC

READ(5,555) FMT
READ(S,FNMT) BASE,PKMW,TIME,NU

TNPUT THE WECS PENETRATION
PEN = 2.2

PUBASE IS THE BASE LOAD CAPACITY EXPRESSED'
IN PER UNIT OF TOTAL LOAD

PURASE=BASE/PKMW

CALL MLDC({NU,BASE,PKMW)
CALL MCGEN(C,P NBLK PKMW,SNAM,CD,UNS,IFC,AP,INSTLC)
DO 35 I=1 NBLK
JAP:AP(I)
DIFR=AP(I)-JAP
JDIFR=DIFR*10.0+0.1
AA(JAP,JDIFR)=I
FC(JAP,JDIFR)=IFC(I)
CC(JAP,JDIFR)=C(I)
PP(JAP,JDIFR)=P(I)
BC(JAP,JDIFR)=CD(I)
CONTINUE
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OO =W

PRINT 11

PRINT 227

WRITE(6,777) LINE

DO 150 I 1,NBLK
IAP(I):AP(I)
DIF=(AP(I)-IAP(I})*10.0+0.1
TU=IAP(I)

IR=DIF

TF A HIGHER BLOCKX, THE PREVICUS BLOCK IS REMOVED -

IF(IR-137,7,68
IF(IR-2)7,67,69

IBM=IB-1
G0 TO 9

IF(IR.GT.3)GO TO 7

TRM=IR43

CONTINUE <
CMEAN=CMEAN-CMGEN1T(AA(TIU,IBM))
CUM2=CUM2-CMGEN2(AA(TU, IBM)) .

CUM3=CUM3-CMGEN3(AA(IU,IBM))
CUML=CUMU~CMGENY (AA(IU,IBM))
CUM5=CUMS-CMGENS (AA(IU,IBRM))
CUMA=CUMB-CMGENS (AA(II,IBM))
CUMT=CUM7-CMGENT (AA(TU,IBM))
CUMR=CUMB-CMGENS (AA(IU,IRM))
CONTINUE ‘
IF(BC(IU,IR)-1)15,5,5
CONTINUE

RR=BB+CC(IU,IB)/PXMW

CALCULATE EXPECTED ENERGY AND COST.

CALL CALENG(ENG,BB,AB,PUBASE)
ENERGY=PP(IU,IBR)*TIME*ENG*PKMW/1000.
COST=ENERGY*FC(IU,IR)¥*¥1000.
TCOST=TCOST+COST

TOTAL=TOTAL+ENERGY
WRITE(6,200)SNAM(I),TAP(I),IR,UNS(I),C(I),IFC(I),ENERGY,COST
IF(BC(IU,TIP)=-1)15,15,2

CALL CONV(I)

AR=PR

CONTINUE

CALCULATE LOLP AND ENERGY UMDER LDC.
TS=AB+10.0D-2/PKMW
CALL CALENG(ENG,TS,ARB,PUBASE)

SLOLP=ENG¥*1.0D6
DCEM = PKMW * TIME % CAREA/1000.0
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SWOOO
- O

55
€6
114
77
200

101
102
103
104
105
585
777

CALCULATE EXPECTED EMERGY NOT SERVED. o ol

XLIM=AR+1.0 _
CALL CALENG (ENG,XLIM,a8,PUBASE)
ENGY=ENG*PKMW*TIME /1000.

OQUTPUT RESULTS

WRITE(6,111) DCEN
-~ WRITE(6,105) INSTLC

WRITE(6, 108)PEN
WRITE(6,55)SLOLP ~
WRITE (6,566 ¥PETA
WRITE(6,77)TCOST
WRITE(6,30)FNGY
WRITE (&, 101)PKMY
WRITE(6, 102) RASE
WRITE(6,103)TIME

JFORMAT STATEMENTS

-

FORMAT(//,5X, "ENERGY NCT SERVED=',E18.6, 'GWY')

FORMAT(/,2X, 'STATION',5X, "UNIT',6X, 'BLOCK"',6X, "UNIT SIZE',8X,
% 'BLOCK SIZE',9X,'I F €',13X,'EXPECTED EMERGY',8X,'FUEL COST'")
FORMAT (3X, "NAME ' [ BX, "NO. ", 7TX, "MO. ", 10X, "(MW) ", 14X, " (MW)',11X,
ETS/MWHY 17X, "(GWH) ', 106X, ' ($)'/) -
FORMAT(//,5X, 'THE SYSTEM LOLP IS',2X,E18.7) ) :
FORMAT(//,5X, 'THE TOTAL EXPECTED ENERGY IS',2X,E18.7,2X,'GWH")
FORMAT(//,5X, "ENERGY UNDER LDC =',1X,F9.3,2X, 'GWH")
FORMAT(//,5X, "THE TOTAL FUEL COST IS',F14.4,1X,'$") .
FORMAT(/,1X,A8,3%,15,5X,15,3X,F12.2,5X,F12.2,5X,F15.6,5X,F15.4,
&0¥X,F13.2}

FORMAT(/,5X, "PEAX LOAD=',1X,F10.3,1X, 'MW ")
"FORMAT(/,5X, "BASE LOAD=',1X,F10.3,1X,"MW')
FORMAT(/,5X,'TIME=",1X,F8.1,1X, 'HOURS ")
FORMAT(//,5X,'W £ C S PFNETRATION IS',F7.3,1X,'%") ‘
FORMAT(//,5X, "INSTALLED CAPCITY.=',1X,E10.3,1X,'MW")
FORMAT (1844) :

. FORMAT(1X,11941)

WRITE(6,777) LINE

STOP "

END
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SUBROUTINE MLDC (NU,BASE, PKMW)

THIS‘SUBRQUTTNE CALCULATES THE MOMENTS AND
CUMULANTS OF THE LDC

OO0 0

COMMON /CUMMC/ CAREA,CMEAN,CUM2,CUM3,CUME,CUMS,
&CUM6 , CUMT , CUMB

COMMON /MM/ CM1,CM2,CM3,CM4,CM5,CM6,CMT,CMS
DIMENSION RMOM(10), F(110) AS(12), XVEC(110) xvc<12)
EXVE(12)

REAL M1 M2,M3,Mn,M5,M5,M7,Ms

C
C
C INPUT THF KORIZONTAL AND VERTICAL AXES DATA OF THE LDC
¢
c :
READ(5,60) (XVEC(I),I=1,NU)
READ(5,65)(F(I),I=1,NU)

[ R

PUBASE=RASE/PKMW
DO 10 K=1,8
RMOM (K) 2 PUBASE**(K+1)/(K+1 0)
10 - CONTINUE
PAREA=PUBASE
DO 11 I=1,NU.
XVEC(I)= XVEC(I)/PKWW
11 CONTINUE
AS(1)=10.0
DO 12 J=2,11
AS(J)=A5(J-1)%10.0
12 CONTINUE

F(NU+1)=0.

XVEC(NU+1)=2. O*XVEC(NU) —XVEC (NU-1)
NU=NU-1

DO 20 I=1,MNU -

BO=F(I) - .

B1=(F (I} “(I+1))/(XVEC(I)—XVEC(I+1))
R12=(F(I+1)-F(I+2))/(XVEC(I+1)=XVEC(I+2))
B2=(B1-B12)/(XVEC(I)=-XVEC(I+2))
AB1=RO-B1*XVEC(I)+B2*XVEC(I)*XVEC(I+1)
AR2=RB1-R2¥(XVEC(I)+XVEC(I+1))
AB3=B2
XVC(1)=XVEC(I+1)/10.0
XVB(1)=XVEC(TI)/10.0
no 13 J=2,11 -
XVC(J)=XVC(J=-1)*¥XVC(1)
XVB(J)=XVB(J=-1)*¥XVB(1)

13 CONTINUE
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PAREA=PAREA+AB1*(XVC(1)-XVB(1))*AS(1)+AB2*
&(XVC(2)-XVB(2))*aS(2)/2. 0+AB3*(XVC(3) YVB(B))*

© &AS(3)/3.0

b e

PO 14 X=1,8

RMOM(K) = RNOM(R)+ABT*(XVC(K+1) XVB(K+1))*AS(K+1)/(X+1.0)
&+AB2¥ (XVC(K+2)-XVB(K+2) ) *AS(K+2)/(K+2.0)+AR3*
& (XVC(K+3)- YVB(K+3))*AS(K+3)/(K+3 o)

CONTINUE

CONTINUE

M1=RMOM(1)}/PAREA

M2=RMOM(2)/PAREA

M3=RMOM(3)/PAREA
. MU=RMOM(H4)/PAREA

M5=RMOM(5)/PAREA

M6=RMOM(E)/PAREA

MT7=RMOM(7)/PAREA

MB8=RMOM(R)/PAREA

CALL MMC(M1,ME,MS,MN,MS,MS,M?,M&Q\

CAREA=PAREA \

CMEAN=CM1

CuM2=CM2

CUM3=CM3

CuML=CML

CUMS=CM5S

CUME=CME

CUMT=CMT7

CUMB=CM§

FORMAT(8F8.2)

FORMAT(8F9.6)

RETURN
~ END
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SUBROUTINE MCGEN(C,P,NP,PKMW,SNAM,CD,UNS,IFC,AP,INSTLC)

SURROUTINE MCGEN CALCULATES THE MOMENTS AND CUWULANTS
OF GFNERATING UNITS

OO0 0ON

COMMON /MMCGEN/ CMGEN1(100),CMGEN2(100),CMGEN3(100),
RCMGENY4(100),CMGENS(100),CMGENG(100),CMGENT(100) ,CMGENSB(100)

REAL Q(100)/100%0.0/, C(100), P(100),INSTLC

REAL MM1(25),MM2(25),MM3(25),MME(25),MM5(25),MM6(25),MMT (25),

&EMMB(25), M1(100)/100*0 0/, H9(100)/100*b o/, MB(TOO)/TOO*O o/
& ”u(100)/100*0 o/, M5(100)/100*0 0/ M6(100)/100*0 0/,
&MT(TOO)/100*0.0/,M8(100)/100*0.0/,H,CC(25),QQ(?S)

DIMENSION CM1(100),CM2(100),CM3(100),CMU(100),CM5(100),
&CME6(100),CMT7(100), CM8(100) CU3(100) CUU(TOO) CU5(100)
&CU6(100),CU7T(100),CUS(1CO)

REAL CD(100) IFC(100) UNS(100),AP(100),INSTLC
. REAL * 8 SNAW(TOO)

REAL*Y4 FMT(18), FNT1(18) FMT2(18)

NO = 1

INSTLC = 0.0

DO 50 I=1,1700

C(I) = 0.0

CONTINUE (\_

o

INPUT SNAM = NAME OF UNIT
ch CODE THAT INDICATES WHETHER BLOCK IS 7O
BE CONVOLVED OR DECONVOLVED AND FOR THE
- CONVOLVED RLOCK, WHETHER ENERGY IS TC BE
CALCULATED CR “OT

UNS

UNIT SIZE
IFC

INCREMENTAL FUEL COST

1)
e =3
)
n -

UNIT AND BLOCK NO.

NS NO. OF DERATED CAPACITY STATES

AOOOOO00OCOO0a00000000WU

READ(5,555) FMT
READ(5,555) FMT1
READ(5,555) FMT2 _
55 READ(5,FMT,END = 100)SNAM(NO),CD(NO),UNS(NO),IFC(NO),AP(NO),NS
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-INPUT THE DERATED CAPACITIES

-

READ(5,FMT1)(CC(N),N=1,NS)

OO0 OO0

INPUT THETIR CORRESPONDING UNAVAILABILITIES

READ(5,FMT2) (QQ(N),N=1,NS)

OO0

RO 10 N=1,NS
CC(NY=CC(N)/PKMW
Q(NOY=Q(NO)+QQ(N)
MMT{N)=CC(N)*QQ{N)
MT{NO)=MT1{NOY+MMT(N)
MM2(NY=MM1(N)*CC(N)

M2 (NO)Y=M2(NO)+MM2(N)
MM3(N)Y=MM2(N)Y*CC(N)
M3I(NO)=M3(NOY+MMI(N)
MMY (N)=MM3I(M)Y¥CC(N)

MU (NO)=MU (NO)+MMU (M)
MMS (N)Y=MMU (N)*CC(N)
MS(NO)=M5 (NQ)+MMS (M)
MME(N)=MMS(N)*CC(N)
ME(NO)=ME (NO) +MME ()
MMT (N)=MME(N)*CC(N)
MT(NO)=MT (NO)Y+MMT (N}
MMB (N)=MMT (N)*¥CC(N)
MB(NO)=M8 (NO)+MMB (V)

10 CONTINUE
P(NO)Y=1.-Q(NO)
C(NO)=C(NO)+CC(NS)*PKMW
IF(CD(NO) .EQ. 0.) GO TC 11 ) »
INSTLC = INSTLC + C(NO)
1 CONTIMUE

CALCULATE THE CENTRAL MOMENTS

sEe R RS N R

CM2(NO)=M2(NO)-MT1(NO)**2 )
CM3(NO)=M3(NO)-3.*MT(NO)*M2(NO)+2.¥M1(NO)*%3
CMU(NO)=MU(NO)=-U . ®*MT(NO)*MI(NO)+6.*¥M1(NC)**¥2¥M2(ND)-3.
LEMT(NO) %%y ' ’
CM5(NO)=MS(NO)-5.%M7T(NO)*MU(NO)}+T10. ¥MT(NO)**¥2*¥M3(NO}
&-10.*MT(NO)**¥3¥M2(NO)+L, *MT(NO) ¥¥5
CM6(NO)=M6(NO)-6.*MT(NO)*MS(NO)+15.¥MT(NO)**2*¥M4 (NO)-20.
&*M1(NO) ¥¥3¥M3(NO)+15. ¥MT(NO) ¥*4*¥M2(NO)-5. %M1 (NQ ) **6
CMT(NO)=M7 (NO)=-T.*MT1(NO)*M6(NO)+21.¥M1(NO) *¥*¥2*¥M5(NO)
&=35.%MT1(NO)**¥3¥ML(NO)+35. ¥M1 (NO ) **4¥M3(NO)=-21. ¥M1(NO)
&EXSEM2 (NO)+OXMT(NO) *%7
CMB(NO)=M8 (NO)-B.*¥MT1(NO)*MT (NO)+28.%M1(NO)**2%¥M5 (MNO)
&=56 . ¥MT(NO)*¥*¥3%¥MS(NO)+70. ¥MT(NO) ¥*¥4*¥MU (NO)=-56.%*M1(NO)
& ®XSEMI(MO)+28. ¥M1(NQ) *¥6%*M2 (NO)-T . %M1 (NO) **3
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&+210 . ¥CM3(NO)®CM2(NQ)*¥2
* CUR(NO)=CMB(NO)-28. *CMG(NO)*C 2(NO)=56. *CMS(NO)*CMB(NO)
&=-35. ¥CMU(NQ)#%24420 . #CMU(NO) M2(NO)**2+560 ®CM3(NO)
&**2*cm2<no>-s3o.*cne(woa*yjc
CMGEN1T{NC)=M1(NO)
CMGEN2 (NO)=CM2.(NO)
CMGEN3{NQO)=CU3(NO}
CMGENU (NO)Y=CUL(NO)
CMGENS(NQ)Y=CUS(NOY .
CMGENG6(ND)=CUS(ND)
CMGENT (NO)=CUT(NQ)
CMGENSB(NO)=CUS(NO)
NO = NO + 1 . ‘ ) :
GO TO 5% -
100 CONTINUE
NP = NO - 1
RETURN
555 FORMAT (1844}
EMD ’ .

OO0O0O00O0O0

SUBROUTINE MMC(VM1,VM2,VM3, VML, UMS, VM6, VMT,VME)

SURRCUTINE MMC CALCULATES THE MOMENTS ABOUT THE
MEAN AND CUMULANTS

OO0

- COMMON /MM/ CM1,CM2,CU3,CU4,CUS,CUE,CUT,CUB
REAL M
CM1=VM1
CM2=VYM2-UM ] *%2
CM3=VM3-3_ ¥UMT¥VM242, $YM]¥%3
CMU=VMUZL, ¥UMTRYM346  ¥UMIXXDRYM2 -3, 2VM]*¥Y
CMG=VM5-5, ¥UM1¥UMU+10, ¥UMT%¥2¥YM3 10, ¥YM1¥%3
ERUM24L , ¥UMT %25
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OO0 0O00

QOO 0O0

10

" CMB=VME=6 . *UMI*VYM5+15. KyM1¥R2RVMY- -20. *vw1**3
ERUM3+15. BYMIRRLEYMO 5 #YM#RG
CMT=VUMT-7.¥UMIRUMA 121 SYMIRXDRYMG_35 ¥YM{%E3
EXVMULIS FUMIRBYRYMI_ 21, ¥UMIRESEYMDLE  RYMI¥RT
CMB=VMB=8 .  ¥UMIRUMT 428 . ¥UM I #RDRUMAELE S #YM 1 #EIHYMS
&+TO,  ¥YMIRELRYMI_56 UM RRSHYMIL28 , FUM*#5

& EUMR2-T  RYMIREG

Cli3=CM3

CUU=CMU-TF, RCMO%RD

CUS=CM5-10. ¥CM3I*CM2 :

CUE=CMO=15 ¥CMU*CM2-10, RCMI X230, ¥CM2**3
CUT=CMT-21.XCMOXCM2-35 ¥CMLUXCMI 42710, ¥CMI¥CMO*¥D
CUB=CMB3~28 ¥CMARCM2-55 ¥CME¥CM3I-35, ¥CMU*X2,.1420,

ERCMURCMR2XD,.560. *CM3**2*CM2 630.*CM2**L4
RETURN
END

* SUBRCUTINE CALENG(ENG,XT,YT,PUBASE)

THIS SUFROQTINE CALCULATES THE EXPECTED ENERGY.
XT=UPPER LIMIT,YT=LOWER LIMIT,PUBASE=P.U.DISTANCE
OCCUPIED -BY THE BASE LOAD.

REAL*8 ENG,XT,YT,PUBASE
IF(YT.LT.PUBASE)GO TC 5
ENG=AELDC(XT, YT).

RETURN

- IF(XT.LE. PUBASE)GO TO 10

ENG= (PUBASE-YT)+AELDC(XT PUBASE)
RETURN

ENG=XT-YT

RETURN

END
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OO0

OO0 0000

OO0

SUBROUTINE CONV(I) . .

SUBROUTINE CONV ADDS THE CUMMULANTS OF PLANT(I)
TO THE CUMULANTS OF THE LDC TO OBTAIN THE CONVOLUTION
OF UNITS WITH THE LDC.

COMMON /MMCGEN/ CMGEN1(100) ,CMGEN2(100), CMGEN3(100)
&CMGENL4(100),CMGENS5(100) CMGEN6(100) CNGEN7(100) CMGEN8(100)
COMMON /CUMMC/ CAREA CMEAN cum2 CUM3 CUMY, CUMS, CUM6

-&CUM7 ,CUMS8

CMEAN= CMEAN+CMGEN1(I)

CUM2=CUM2+CMGEN2(I) ~

CUM3=CUM3+CMGEN3(I}

CUMU=CUMU+CMGENU(T)

CUM5=CUM5+CMGENS (1)

CUMA=CUMB+CMGENG(I)

CUMT=CUMT+CMGENT(I)

CUMS=CUMB+CMGENS(I)

RETURN :

END

Py

./fm\\; 

4

FUNCTION AREA(Z) ﬁ ‘

THIQ SURROUTINE CALCULATES THE AREA UNDER A
NORMAL CURVE.

REAL*S P,B1,B2,B3, B4 BS T,2,ZX

P=0. 2316HT°D0

R1=0.31938153D0 R ' L
B2=-9.356563782D0

B3=1.¥81477937D0

Bi=-1.821255978DC

B5=1.330274429D0

T=1./(1.+P*Z)

ZX=DEXP(-(Z%*Z/2.))*0. 3989”228OHDO

AREA ZY*(B1*T+B2*T**2+B3*T**3+B4*T**4+E5*T**5)+7 0D-8
RETURN

END
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O0O0O00

OO0

OOO0O0O00

98
- 97

FUNCTION AELDC(XU,XL)
IMPLICIT REAL*8 (G-H,M-0,P-V,X-2)

1Y

THIS SU%ROUTINE CALCULATES THE AREA UNDER THE EQUIV LOAD

DURATION CURVE (ELDC)

COMMON /CUMNC/ CARrA CMEAN,CUM2,CUM3, CUMY, CUMS, CUM6,
&CUMT ,CUMS

DIMENSION SK(2),Z(2),MD(2)

VAR=DSQRT(DBLE (CUM2))

CALCULATE THE GRAM CHARLIER SERIES G(I) FACTORS

G1=CUM3/VAR**3

G2=CUML/VAR¥**Y

G3=CUM5/VAR®¥5
GL=CUMG/VAR*¥6+10.0%G1%G1
GUB=10.%¥G1*¥2
G5=CUMT/VAR*¥74+35 *G1%G2
G6=CUMB/VAR¥*8+56 . ¥G1%¥G3+35, ¥G2¥*2

CALCULATE THE DERIVATIVES OF THE NORMAL PDF, N(Z)
FROM HERMITE POLYNOMIALS H(Z), AND HENCE THE
PROBARILITY F(Z)

IJ=1

X=XU

GO TO 97

X=XL
Z(1)=(X~DBLE{CMEAN))/VAR
Z(2)=(X+DBLE(CMEAN))/VAR
DC 30 I=1,2

22=2(1)

. NZ=DEXP(-(ZZ%%2/2.))/2.5065628275

H1=2Z
H2=ZZ*H1-1
H3=ZZ*H2-2.*H1
HU=7Z*H3-3.%¥H2
H5=7Z%HU4-4 ¥H3
H6=ZZ*H5-5.*%HY
HT7=2Z%H6-6.¥H5
H8=ZZ*H7-T7.%H6
HQ=Z2Z*HB8-8.*H7
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N2=H2*NZ
N3=-H3*NZ
NU=HL*NZ
N5=-H5%¥NZ
NE=HA*NZ
NT=-HT*NZ

MD(I)=G4B%N5/T720.0D0
SK(I)=AREA(ZZ)+G1%¥N2/6.~G2¥%¥N3/24. +G3*Nﬂ/120 -GL4*N5/T720.
&+G5*¥N6/5040. -G6*N7/u0320

30

CONTINUE -

IF(SK(1).LT.0.0)8K(1)=0.0
IF(SK(2).LT.0.0)8K(2)=0.0
PROB=SK(1)+SK(2)

IF(IJ.EQ.1)PTEST=PROB
IF(PTEST.LE.8.0D-4)PROB= PROB+MD(1)*6 0D-1
IF(IJ.EQ.1)PROB1=PROB
IF(IJ.EQ.2)PROB2=PROB
IJ=IJ+1
IF(TJ.LE.2)GO TO 98

AELDC=CAREA*(DABS(PROB1-PROB2))

RETURN

END

//GO.SYSIKN

(3F8.2,21
1140.00
1140.00
1368.00
1596.00
1824.00
2052.00
2280.00
2508.00
1.000000
0.¢11290
0.685484
0.498656
0.419355
0.219086
0.006720

DD ¥
3)
2565.00
1168.50
1386.50
1624 .50
1852.50
2080.50
2308.50
2536.50
0.997312
0.879032
0.659946
0.486559
0.407258
0.172043
0.004032

744,00
1197.00
1425.00
1653.00
1881.00
2109.00
2337.00
2565.00

51

0.990591
0.850806
0.637097
0.473118
0.395161
0.125000
0.000000

1225.50
1453.50
1681.50
1909.50
2137.50
2365.50

0.978495
0.815860
0.610215
0.463710
0.373656
0.090054
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1254.00
1482.00
1710.00
1938.00
2166.00
2394.00

1510
1738

0.962366
0.779570
0.583333
0.452957
0.356183
0.063172

1282.
.50
.50
1966.
2194,
2u2z2.

50

50
50
50

0.952957
0.752688
0.553763
C.446237

0.314516

0.041667

1311.00
1539.00
1767.00
1995.00
2223.00
2451.00

1339.50
1567 .50
1795.50
2023.50
.2251.50
2479.50

0.939516
0.731183
0.533602-
0.439516
0.283602
0.030914

0.928753
0.705645
0.514785
0.430107
0.245968
0.014785



"

(A8,F3.0,F5.0,F7.3,F5.1,I3)
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(7F7.3)
(TF7.6)
NUCLEAR 1. 400. 5.592 1.1 1
400.00
0.12 .
NUCLEAR 1. 400. 5.592 2.1 1 .
400.00
0.12 .
WECS 1. 75. 0.000 28.1 21
1.875 5.625 9.375 13.125 ‘16.875 20.625
28.125 31.875 35.625 39.375 u3.125 u6.875
54.375 58.125 61.875 65.625 69.375 73.125
-06473 08966 .02115 .01861 .01241 .01237
.01121 .00739 .00989 .00621 .00489 .00359
-04273 00739 .00123 .00123 .07T490 .05913
COAL =>B 1. 155. 10.476 7.1 1
77.5
0.01
#6 OIL-C 1. 12. 28.520 27.1 1
12.0 ~
0.02 _
#2 OIL 1. 20. 37.500 19.1 1
20.0 :
0.1 ‘
~#2 0IL 1. 20. 37.500 20.1 1
20.0
0.1
#2 OIL 1.  20. 37.500 21.1 1
20.0
0.1
#2 OIL 1. 20. 37.500 22.1 1
20.0
6.1
/*

24.375
50.625
75.000
.01233
.00369
11750
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RTATTIOM
HAHE,

UHIT
Ho,

SAWPLE OUTPUT

RLOCY, .
HOY,

UHIT SIZE

{H¥)

RLOCK

SIZE
(HW)

1 FC
$/HHH

EXPECTED ENERGY

(GWH)

FUEL COST
%)

I N XN E R RS N N A R R AN N R RN R I R R N R N N N R R R R R D N R RN Ny T R R D E R R R N N RN R R R R AR RN RERRE;
. .

HUCLEAR
MUCLFAR
YECS

COAL ->B

%6 OIL-C

42 o
02 oIL
£ o1
72 0IL

1
TP

28

FNERGY (IHDER

INSTALLED CAPCITY =

W ECS PENFTRATION IS

THE
THF

THE

FHERTY HOT
PEAY LOAD:z
RASE LOAD=
TIME:

SYSTEM LOLP IS

TOTAL. EXPECTFD ENERGY IR

SERVFD=

2565 ,000 HY
11h0,000 vy

Th4.0 HOURS

oo, 00
hon,oo
75.00
155,00

_m.oo
20.00
21,00
20.00

20,00

LDC = 1393.229 GWH

3479.990 KW

0.A7T3N32NF-N1
0.1393097E 04
TOTAL FUFL €OST IS 10796953,0000 §

0.117890E 00GWH

h0oo.00
k00,00
75.00

77.50

GHI

5.591999
5.591999
0.0

10, 476000

28.519989
37.500000
37.50N000
37.500000
37.500000

261.88717
261.88717
26.9883
55.3536

0.0250
0,036
0.0308
0.0274
0.0244

\_J

1H61N75.00

1H6ah75,00
0.0

579884.00

-

712.90
1296.25
1154,13
1027.17

913,74
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