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Optimal Generation Planning Including Pumped- Storage Plant Based
on Analytic Cost Function and Maximum Principle
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Abstract

This paper proposes an analytic tool for long-term generation expansion planning based on the maximum
principle. Many research works have been performed in the field of generation expansion planning. But
few works can be found with the maximum principle.

A recently published one worked by Professor Young Moon Park et al. shows remarkable improvements
in modeling and computation. But this modeling allows only thermal units.

This paper has extended Professor Park’s model so that the optimal pumped-storage operation is taken
into account. So the ability for practical application is enhanced. In addition, the analytic supply-shortage
cost function is included.

The maximum principle is solved by gradient search due to its simplicity. Every iteration is treated as
if mathematical programming such that all controls from the initial to the terminal time are manipulated
within the same plane.

Proposed methodology is tested in a real scale power system and the simulation results are compared
with other available package. Capability of proposed method is fully demonstrated.

It is expected that the proposed method can be served as a powerful analytic tool for long-term genera-
tion expansion planning.
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tion expansion planning models have been pro-
posed? 1 and some of them found the actual
implementation for utility plannings®-$ ®»-11.14-36)
Generation planning involves finding a generation ex-
pansion and operating policy that minimizes present
worth cost while meeting projected demands and other
imposed constraints such as technical, economical, en-
vironmental and other uncertainties. The reliable power
supply to the consumers at the lowest possible cost is
ensured, and moreover, such a plan is searched over
a far horizen. Since planning dicisions involve con-
siderable investments and operating costs and commit
utilities to at least 10 years into the future, better and
more efficient optimization techniques are always worth
to be paid continuous attention.

Reviewing the existing major mathematical formula-
tions for generation expansion planning models, it
seems to be able to categorize

a) linear programming formulations!’-%!-27)18),

b) nonlinear programming formulations®”,

¢) dynamic programming formulations® ®-'t),

d) dynamic expansion strategy using optimal con-

trol theory'®-'%!, and

e) others'®17),

Every formultion has its inherent advantages and
shortcomings, but a), c¢) and d) seem to be in wide ac-
ceptance.

In linear programming formulations which have
been developed from the early days due to its simplicity
and easy access to standard algorithms, there is a ma-
jor difficulty of problem size increase when increasing
planning period and increasing time steps of discrete
load duration curve. In order to reduce problem size
and exploit LP’s advantages, decomposition techniques
are recently proposed®)-18.19),

Dynamic programming formulations have been
found to be in popular use of which one is known with
the name of “WASP package” which is developed by
T.V.A.in U.S.A. Dimensionality problem forces users
to have computational burden.

Another approach with dynamic expansion strategy
1s to use optimal control theory and implemented in “Le
Modele National d’Investissement (MNI)”’ package
which is developed by E.D.F. in France. The load varia-
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tions with discrete time steps and plant capabilities are
represented with Gaussian random variables. This
modeling allows to include predicted load growth uncer-
tainties and the solution of the model gives the optimal
plant mix expectations, the use value of equipment and
other marginal cost informations. Nevertheless, it has
three major shortcomings such that a) discretization of
Gaussian probability density functions of random loads
and random plant capabilities brings higher computa-
tional burden for convolution, b) convolution of loads
and plant capabilities is a only rough approximation and
c) the optimal pumped-storage plant operation is not
achieved.

Advanced analytic modeling to use optimal control
theory is recently published's’ by professor Young
Moon Park et al. With the analytic cost function and
the imposed reliabilty constraint, the optimal plant mix
expectation is efficiently searched. However this
modeling includes only thermal units.

This paper addresses a dynamic expansion strategy
using optimal control theory. The above Park’s model
is extended to include optimal pumped-storage opera-
tion and instead of reliability constraint analytic supply-
shortage cost is introduced into the operation
simulation.

The validity and effectiveness of the proposed ap-
proach is tested in a real scale power system and the
results are compared with other avilable methods,
mainly with those of MNI.

2. Production Costing Simulation

For the production costing simulation, this paper
derives an analytic operation cost function which is the
objective function to be minimized combined with the
analytic supply-shortage cost function given in*®,
assuming the Gaussian distributed random loads within
discrete time steps'*2*. The pumped-storage plant will
give some complexity in the simulation.

The pumped-storage plant operation is justified
when economy between pumping (incurring cost) and
peak-shaving (saving cost) is expected. This economic
justification is searched for example in WASP such that
the suitable generation position is repeatedly search-
ed on ELDC (Effective Load Duration Curve) until the
cost balance between pumping and generation (peak-
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shaving) is obtained. During these repeated process,
convolution and deconvolution are also repeatedly ex-
cercised. The chronological loss with a single load dur-
ation curve may lead to a insuffi cient result. Another
example used in MNI is such that pumping is done up
to the pre-selected economically prospective genera-
tion level in a specific convoluted case from both
discretized load and generation capability, and the peak-
shaving operation is performed at the same time. Such
cases are summed multiplied by their probabilities.
However, the pre-selected generation level cannot
reflect the true pumping level. In addition, the pre-sele-
cted generation level itself is not given accurately due
to difficulties of accurate convolution. Nevertheless,
WASP and MNI are known to be powerful tools for
generation planning.

This paper proposes quite a different and efficient
analytic approach to the optimal pumped-storage plant
simulation. Some difinitions are required:

(Definition 1) Pumping level is defined such that the
assumed supplied demand level including pumping load
is economically prospective.

(Definition 2) Peak-shaving level is defined such
that the assumed supplied demand level above which
hydro-generation is desired.

It is noted that pumping can only be done when
generation surplus is available and hydro-generation
in peak-shaving is economical when generation with
higher fuel costs could be reduced. Thus, the best
economic operation policy is pumping to pumping level
and generation above peak-shaving level. This concept
is also indicated in Fig. 1.

g —sennnssesnen - X,: Peak-Shaving
Level

TN/
Peak-Shaving
. Energy BT

Load [MW]

-X,: Pumping Level

Pumping Energy : E,
E,n = E,
n, : cycle efficiency

Time [h]
Fig. 1. Concept of pumping and peak-shaving

Supplied Demand and Operation Cost Including
Pumping Case
Supplied demand by pure thermal units can be ob-
tained through various simulation models'®-2®, but the
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one developed by Professor Park et al.!* 2 ig especial-
ly interesting since it is expressed simply by an analytic
cost function, and therefore the efficiency and ac-
curateness in modeling are greatly enhanced. This
paper follows also the same philosophy as the Park’s.
For this, an assumption is introduced*s)-2:

(Assumption 1) The capability of a generation group
is assumed to have Gaussian distribution with its
statistical mean and variance.

It is assumed that the random variable of pumping
and peak-shaving, y,, has also Gaussian distribution.
Due to y,, supplied demands of thermal units will be
increased and due to -y, thermal units will deliver less
energies. Apparent load would be increased for pum-
ping and decreased for peak-shaving.

Thus, three kinds of supplied demands are en-
countered such that
iZp =min(Lp.jy) (MW) for — = </Zp< X, (1)
iZy =min(L .;y)MW) for Xp </ZL<Xs (2)
iZs =min(Lg iy) MW) for Xs </Zs< +e (3)
where

Jy : the plant capability up to j-th group ac-

cumulated,

iZp : the supplied demand with L, and 4y,

iZL : the supplied demand with L and Yy,

i Zs : the supplied demand with L, and ‘y.
Le=La+¥% 4
Ls=La—¥ (5)
La : the random load

A=1i, s, k: index of year i season s and time

step £
i:Lz, ...... , N
§=1,2,- .S
E=12- , K

Additional impulse terms should be taken into account
as seen from Fig. 2.
Zep =min(Xe, LXMW for Xp<iZ,, <Xp+Vp (6)
7Zzs =min(Xs» Ls)IMW) for Xs~Xp<iz,, < Xs (7)
and iy=Xp or Xs
where
JZ., : the supplied demand with L, and ‘y for the
pumping impulse.
iZ.. : the supplied demand with L, and’y for the
peakshaving impulse.
Since y, is random, X, + ¥, andX, - ¥, levels would
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Supplied Demand 2
Fig. 2. Load impulse at x, and x,.

be overlapped. However, this overlapping does not
substantially alter results and thus overlapping may be
neglected. The expected supplied demand including
pumping and peak-shaving is given by with dropping
index j for the simplicity.

B =P Xs
PA —J:u Zp sz (Zp) de +fx ZL fz,_ CZL)dZL
P

Xp+yp

+j;szsfzs(zs)dZs+j_‘"{ Xp ofip(Lp)

X
P
o g xS
deLfy (y)dy }fyP (YP)dyp +f {f XS' fLs
P

~=VXg-¥p
.

Le)dLs [ fy (1)dy My, (y)dye
Xs

=LeFy, (Xp) Fy Xp) + (LeF1,(Xp) -
=0 1, (X)) (1 —Fy Xp) ) H{FF(Xp
= 0 (X)) 1 —Fy(¥%)) — (Lp —9OLOLP (Xp)
= 04,1 5 ,(O)Fyy, (Xp) +LFu(Xo) Fy (Xs)
+ (LFL(Xs) — o2fL (X)) (1 —=Fy (X))
+ (T FR(Xs) — 0/ £ (XD )1 —FL(Xs))
— (L =y)LOLP (X9 —0££,(0) Fy, (Xs)
~LF.Xp)R(Xp) = (LFL(Xp)
=021 (Xe)) (1 —Fy (X)) — (FFy (Xp)
=0, fy(Xp)) [ 1 —Fu(Xp)) + (L—y) LOLP(Xp)
— 01, (O)FyL(Xe) +Ls (1 —F1s (X) Fy (X))
—[Ls Frs(Xs) — 0% f15(Xs)) (1 —Fy (Xs))
—(yFy(Xs) — 0% fy(Xs)) (1 —Frs (Xs))
—(Ls =Y)LOLP"(Xs) — 02 f;5 (O) Fyus (Xs)
+Xp (Fge (O) —Fop(Xp)) (1 =Fy (Xp))
+Xs (Fzs (0) =F1s (X)) (1 —Fy (Xs))  (8)
where
F.(a): the proability distribution of x from -3 to a.
f.a) : the probability density value of x at a.

6, : the variance of x.
x : the mathematical expectation of x.
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,711‘
L (L—y ¥
f:(0) 2o, o expl——=—L 7 (9)
20"
o, = al+ o,°?

1 a—(Val+ T g2 2
B, ()2 — + yo'+ L g?)e,
yL =7 erf ( Ty 00270, z )

(10)
LOLP (&) & [ F,(Z)6.(Z)dZ (11)
LOLP(a) & fFy (Z)f.(2)dZ (12)
Fra(0)& o torf (212 L (13)

2 / oL Az + —@P H _J
Once the supplied demand expectations of every

time step are determined from (8), the total operation
cost, f;, for the unit time interval is given by

=Tt D (CI=CH*)I B+ Ttgfo (S)
K j K

(14)
where
f.. : the expected supply-shortage cost in k-thtime
step.
There are an equality and an inequality constraint

for pumped-storage plant operation. These are

Es = % Ep (MWh) (15)
Ep < Epmex (MWh) (16)
where

Epes : the maximum allowable pumping energy

[MWh], :

I:Z,J : the expected pumping energy [MWHh],

E. : the expected peak-shaving energy [MWh],

n» - the cycle efficiency [p.u.],

Q

the average fuel cost {$/MWh]
i=12, ... , n : plant type
C <C*and C = 0.

Finally, the expected annual generation cost F,, is

given by
S -
Ei= 2 nsfrs
g1
=5 ne (Dt £C-C*Y B+ tf
S K j=1 K
17

wher
frs : the expected seasonal generation cost

Optimal operation Including Pumped-Storage
Plant
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It is observed from equation (14) and (15) that the
operation cost fis a function of X ,and X s,provided that
constraints are satisfied. Hence the optimal pumped-
storage plant operation can now be formulated as

min f_-[-=f1-(Xp, Xs)
Subj&?t to g (Xpn Xs) = 7p Ep —Es =0
Xp™io < Xp S Xp P

K™ <X < Xg ™ (18)

This is a simple mathematical programming pro-
blem and can easily be solved. The augmented objec-
tive function is defined as
L =?T+ Ag+w Xp—Xp™®) +0(Xp —~Xpmin)

+“(X3-Xsm")+l(Xs"Xsm) (19)
where

A, w, v, u, t: Largrangian multipliers
Kuhn-Tucker optimal condition gives

EE__?___fT xag +w+p =0
6Xp aXP aXP
af. 9
oL _ 9t | %8 L, 4r =9
0Xg 0% 9Xg
g =0 (20-1)

w(Xp —Xp®*)=0

v (Xp —Xp™ )=0

u(Xs —Xg™)=0

t (Xs =Xg™)=0
If inequalities are handled seperately in iteration pro-
cess of computation, there remains only an equality con-
straint and the optimal conditions is reduced to

6?1- 2 dg —0
a3
9 Xe Xe (20—2)
3—f_T dg
—t 2 =0, g=0
37X, 9 Xs €

Equality can be solved with the givenX ,and the depen-

dent X Under this condition A is given by
0 ?T Og

T9Xs | 0Xs

Withthe substitution of eq. (21) into (20-2), the gradient

of X,is obtair_led _
L 9fq 0fr ,0g _0g

2= 21>

= —( /= (22)
6X,, aXP aXS axs)aXp
Improved pumping level is determined from
oL
XEv= X' - a (23)

9 Xp

where
a : step size

The marginal capacity cost in operation can also be
derived from (20-2) and the formula for this is given
in 30)

3. Generation Expansion Planning

To the global investment planning, multistage max-
imum principle is applied. The problem is finding the
sequence of control (units to be newly added) u(0), u(1),
..... , u(N-1) to minimize the objective function subject
to constraints.

The present worth method is applied on the total
objective cost function. For this, the investment cost
is assumed to incur year initials and operation costs
year middles. Beyond the horizen year, the demand is
assumed to be constant to infinity.

The state vector (accumulated capacity) is defined as

X(k) : capacity of k-th year

and the control vector as

U(k) : capacity addition in k-th year
X(k) and U(k) have n components from 1 to n and the
component is denoted by i. Then the state equations
describing the evolution of a power system take a form

Xitk+ 1)=X;(k)+u;(k),i =1,2-- » n (24

X{0) = given; the existing facilities.

When the investment cost in k-th year is denoted I#,
the operation cost F*, the supply-shortage cost G* and
the horizen year cost S, then the total objective cost
function becomes the summation of them and the pro-

blem of generation expansion-can be defined as follows:
N—-1
min 22 {I*(u(k)]+F*(X (k). U (k))
k=0 4 GRIX (), U (KD V48 (X (N))
subject to

(25)

X(k+1)=X(k)+U (k)
U(k)m® <U(k)SU (k)"
X (0) : given
X (N): free

The Hamiltonian is defined as
Hi=1*+Frk+ Gk -2(k+ DEX&K)+U k)] (26)
then, the adjoint system is given by

al;‘ k ] G k

- 27)
A+ D=200+ 22 St S

(312)
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A (N)= —85 (28)
D))
Eq. (27) can be solved from A(N) or is given by
N, 9Gm F ™ as
A(k)= -2 + -
m =k {6X (m) 90X (m) X (N
(29)

This can be interpreted as marginal benefit, because
all cost incrementals are negative.
Kuhn-Tucker optimal condition gives

AH* oIx dFk  9Gk

= + + —2(k+1) =0
dU(k) 0Uk) dUCk) 9U (k)

(30D
Upon substitution of eq. (27) into (30), the following
simpler form is obtained as
o1k
U (k)
It is noted that A(k) is the marginal benefit and it
is balanced with the marginal investment. In the
Hamiltonian optimum, marginal investment and
marginal benefit are equal. Moreover, it is the gradient
of the objective function. If the balance has not been
reached, further iteration is needed. For the gradient

search, incremental controls are required.

- A(k)=0 (31)

oH*
LU (k)= —am
STk
= a{l(k)——éu(k)} (32)
then, the improved control is given by
U (k) = U (k) +AU (k) (33)

The major calculation in this modeling involves the
marginal capacity cost in operation which is
represented in eq. (29). Operation results deliver this
informations. Thus the key of the problem lies on the
efficient operation simulation.

The next major step is a-step determination. Very
excellent and efficient optimal step size calculation is
suggested by P. Lederrer?®.

4. Simulation Results

The proposed model is tested on a real scale power
system and compared mainly with the results of MNI
which are available from the previous study work?®.
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4.1 Input Data

Two systems are interchangeably used according
to necessity. System A is the prospective KEPCO’s
system, and system B indicates EPRI's synthetic

system 1.
Loads are summerized in Table 1.

Table 1. Load inputs.

i
™~ Jewer oy H 3 ‘ s 6 T
= 1] 763702 | 732582 | 68027 | 688844 | 572029 | 5.354,16 | 528348
g 1] 0530.00 | 08044 | 836831 | 84801 | 631731 | 6393 | 63088
W o f U] R3IBe [ RN [ 770202 | 763619 | 643091 | sozsm | 595075
E | v | savees |amess | sorsz | ramer | sssam | e2men | sass
|
2 s 113196308 j10.600.60 |11.133.98 | 1037800 | 8.634.0¢ | 30859 | 791329
g é 1 {13853.28 13,333, 28 |12.570.38 | 12.2099¢ |10,093.3 930337 | 902737
1 @ ] m|1308733 12834 [124760 | 115840 | ess22 | assez | a7seaz
<
§ & | Iv]aTase jMsT fdd | neseo | ssern | 92sezz | s.0e05
£
E 111825364 [17.000.63 1600401 | 15.042.00 | 131786 | 322854 | 120832
= I [ 2095748 |20619.18 [2013885 | 183465 {135753 | 140249 [139%34
; 1201288 |19.48298 11900074 | 175695 |14.508.8 | 13508 | 1326
< | vizoamo (203925 2001808 181870 {15003 | 140360 | 137977
EPRI LOADS 23.255.102 20,740,602 15.809.99 14.415.301
MW] 22,006.99 18.923.301 14.770.3%8
Time XEPCO 1 3 H 7 5 2 i
Duration
[h] EPRIL 8 3 5 2 3 2

Load variances are to be taken as 5 [%] to mean in
KEPCOQO’s case, and calculated from LDC in EPRI’s

case.
4.2 Operation Simulation

For pure thermal system, operational characteristics
are compared with each other. One year or one season
is selected as one operational test period. Table 2 shows
the results for System B.

Table 2. Operational characteristics for system B.
(Period = 728 [h])

Proposed ErRt Propsed
| Method Remarks
(Pure thermal) (Pure thermal} (Pumping)
‘Total Supplied
Energy 1GWhY 138434 13.902.0 141768
Not Supslled Enerky 3] 21.93 23
1Gwh
LOLF fp.u.] 00374 0.00333 00218
& Nuchear 4,950 34 4,950.14 4.950.04 8.000]A1W)
g Coal 6.55&.@ 6,431 .45 6.317.58 11.200{MW]
g oit 2,091.36 226028 199322 8.000[MW}
} Gas Turbine 24570 279.88 167 OR 4,800{M W}
Pumping - - 148 64 1.000{MW}
Total Operating
X 55, 249,140
Com it 252,633 255.860 !
Energy Mismatchi% -0.00t1 -0.465 ARFA of LOC
- 13038
1GWh)
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The result of EPRI is based on the probabilistic
simulation (cumulant method) with ELDC and every
single unit, while the proposed method uses the discrete
load duration curve and group generations. In case of
pure thermal operation, the proposed method showed
smaller energy mismatch. Pumping case is compared
with the pure thermal operation. The increase of sup-
plied energy by coal type plants and the decrease of
supplied energy from plants with higher fuel cost have
reduced the operation cost. Thus, the economy for
pumping operation is evident, although the total sup-
plied energy is greater than the pure thermal case.

4.3 Generation Expansion Results

As an optimal long-term generation expansion plan-
ning tool, the effectiveness and capability of the propos-
ed method should fully be demonstrated. For this
purpose, two Tables are provided.

Table 3 shows a 10-year planning case for the op-
timal investment. Both methods, the proposed and
MNI, are compared with each other year by year. Any
remarkable discrepancies are not found, but it is seen
that MNI invests more pumped-storage plant, while the
proposed method invests more coal type plants by the
horizen year.

In Table 4, the optimal investment for a 15-year
planning interval is summerized. Here, a major
discrepancy between both methods is found in the in-
vestment of pumped-storage plant. MNI invests 2,500
[MW] by the year 2,001, while the proposed method
invests only 1,100 [MW]. It is noted that the effect of
the horizen year is noticeable from Table 3 and 4, in
both methods, since it can be seen within the same plan-

Table 3. 10-year optimal investment.

Reserve (%) | Noclear (MW) | Coal MW]  JPumpedwinrage [ Present Worth
Year | Demand (MW} [}
IMW] | Proposed | MNI {Proposed] MNJ [Froposed | MNI [Proposed | MNt [ Proposed M1 | Remarks

Initial IR 210 00 Okher imitiate;
1906 | 1066 | Ssam |sen) wo | %o 10w Jioco| - ~ ] w5530 | 3899179 | Contenso
1087 | 11679 | sz [sa0 | o0 { sel e3 | qos| - - pamsee | 0w | mwy
1998 L a2e | s141 fszes| tooo [iooo] 222 | 2s6f — | — | 20m03% | 2005 | Oil.s79r
1989 | 1000 | aams Jar3m| o0 {rooe)] - | - f - | - | 2036640 | 2120781 | Combined
1990 [ 150 | 459 |awoof zooe faeeo - - | - | - |cemuse | 2emsre | w20
199 |66 [ a0 |ezsa) 200 fzoeo| - | - 2685280 | 2677200 | Gas Turdine
1982 [ 1e317 | 4305 [4sss| 2000 |aoof - | - ~ | - [2001%0 | 2027665 | =100
1993 { 1977 | erim [4s30| 2000 foooof -} - - - | 22zis70 | anvivse
1994 {2778 | 3am |e2sdf 200 [2won| 351 | - 41 | 2056880 | 2063465
1995 | 23740 | 3814 latwef 2000 j2000) 561 | asef - [ 108 | 2122630 | 2026008
1998 | 25881 | 2690 || - - - . - — | sreazio | w0243

Total Presemt Worth Cost [8S) 92.493.460] 32,146,607

on Analytic Cost Function and Maximum Principle

Table 4. 15-year optimal investment.

Yeur Tﬁm Reserve (W] [ Nuciear (MW] | Coat [MW)]  [Pumped-Storage | Presest Worth Cost
W) i )
Proposed! M| [Proposed | MN! |Proposrd | MK1 [Proposed | MN1 | Propased | mret
]
1986 | 10656 5824 |59.05 50 900 914 | 1000 -] - 3577140 | 3549336
1987 J 11670 56.83 | 58.39 900 9200 385 | 50 - - 2892010 | 2955485
1988 lem 5320 [5479] 1000 J1000| 204 | 26| - — | 2488050 | 2472826
198¢ | 14014 46.50 ! 47.95 | 1000 [1000 - - - - 2150050 | 2128781
1990 | 15340 46.88 ] 48.20 ) 2000 |2000 - - - - 2081470 | 2975783
1991 | 16796 45.80 147.26 | 1357 {2000 - - - - 2655580 | 2682288
1992 | 18117 4“4l [15 95 | 1914 |2000 - - 2374990 | 2432065
1993 | 19977 4191 |ea15] 1947 f2000 - 63 | 2198380 | 2235132
tou [amre | 295 (08| 2000 faeo] — [~ = |21z | zo5mes0 | zos1se
1998 | 23744 36.24 | 40.46 | 2000 f2000 - - - 342 | 1903060 | 1940174
1996 | 25881 32.72 | 38.20 | 2000 |2000 - @ - 388 | 1771510 | 1899755
197 | 208 3168 | 2381 | 2000 [2000 504 s - 385 ) 1828010 | 1900215
1998 (30260 | 3121 [3877- 2000 Jaoo| e | we] m [amr | memz | rssven
199 32123 | 3800 [3043 2000 [a000] 130 [1170] 306 | 368 | ssroe%0 | veorens
2000 |33m | 3599 {407 ] 2000 [so00 3000 {1088 &0 | 375 | 192030 | rsaiemy
2000 3200 | 207 (] - [ | - [ ] = | - | sewoem | sz
Toul Present Worth Cont [u5] 40472310 40810434

ning interval from 1986 to 1996 that investments of coal
type plant and pumped-storage plant of a 15-year plan-
ning interval differ from those of a 10-year planning
interval. ‘

The total ;Jresent worth costs are comparable each
other, showing 32,493,456 [k$] in the proposed method
and 32,346,607 [k$] in MNI for a10-year planning case,
and 40,472,310 [k$] and 40,510,434 [k$] for a 15-year
planning case.

The comparison of the computing time with Eclipse
MV-8000 showed that the proposed method is more
favorable by 1/4 than MNI for a 10-year planning case
and by 1/8 for a 15-year planning case. A 10-year plan-
ning by the proposed method was run in about 4
minutes.

Since the proposed method is based on the analytic
function, it is believed that the more efficient and ac-
curate investment planning could have been achieved.

5. Conclusions

As a power system planning tool, this paper has
presented new, efficient and accurate analytic
methodologies. The scope of this work can be devided
into two phases;

Phase I : Optimal operation

Phase II : Optimal Long-term Generation Expan-

sion Planning.

Major contributions to the long-term generation
planning may be summerized as follows:

Phase I:
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1) the analytic production costing for the pure ther-
mal system (Park’s Model) is extended to include the
pumped-storage plant operation. Based on the unified
concept of “‘Supplied Demand” which takes the lesser
one between random load and random plant capabili-
ty, the formula of the expected supplied demand in-
cluding pumping case is derived. Since this formula is
analytic, the efficiency of computation has greatly been
enhanced than other methods, for example, used in
WASP and MNI.

2) Instead of computing the reliability as the con-
straint which is usually applied in power system calcula-
tions, this paper manipulates the reliability as the
variable which can be optimized. For this purpose, the
analytic supply-storage cost is included in the simula-
tion. Combining this with the operation cost, an effi-
cient cost function can be defined and the system’s
reliability can easily be optimized with this cost
function.

3) With the cost function defined above, the effi-
cient and accurate optimal pumped-storage plant opera-
tion has been achieved using the defined pumping and
peak-shaving levels.

Phase 1I:

4) Based on the analytic cost function, the efficient
optimal long-term generation expansion planning model
is newly proposed using the maximum principle.

5) The maximum prinpciple is solved by the gradient
search due to its simpli¢ity. Every iteration is treated
in the form of the mathematical programming such that
all controls from the .initial to the terminal time are
manipulated simultaneously.

6) The major calculation in the proposed model in-
volves the marginal capacity cost in operation. This
marginal cost information is obtained from the opera-
tion model, and therefore the focusing key of the pro-
blem lies on the efficient simulation of the optimal
operation. This could have been achieved by the pro-
posed analytic cost function.

7) The applicability of the model has fully been
verified and results are shown in Table 3 and 4, com-
paring obtained results with the MNI’s. Tables show
that the proposed method is favorably comparable with
the existing package MNI in the accuracy and effi-
ciency.

Further research works remain, however, on topics
such as the inclusion of unit retirement, the more effi-
cient convergence acceleration, the better horizen year
selection, etc.
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