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of total benefits is an iscelastic function of q : u(q) = aqb + ¢. The constants

a,b,c are to be estimated from the demand curve. Equating margiha].benefits and

market price, p, it follows that p :‘abqb"].

constant term, ¢, is chosen such that u(q) = 0. This is necessary if the case

Hence, n = E%T‘ or b= -1. The

with fixed demand requirements shall be comparable to the one with flexible demand.
Once a,b,c are estimated,'a piecewise linear approximation to the benefit function
is chosen. The index & = 1,...,9, and the approximation refers to the following
nine points: |

30,1) = (1)
q(2,t) = q(t)[.95]
' (4-81)
q(e,t) = g(t)[1 - .05(e-1)]
a(e,) = a(D.60).

This means the calculations are based on the range. from 100 percent to 60 per-
cent of at' The loss in benefits has to be added to the cost function and can
be interpreted as a penalty for failing to meet peak demand.

| The rest of the notation required to present the objective function is introduced
below. ' o

cP(i,1) capacity increments, firsf available in
CP(i,t,s) (period t (MW) o "

i=1,...,6 = plant types

.
it

1,2,3 = energy blocks of load duration curve

t=1,...,9 = planning periods

" -
t

= 2,3,4 = date of commercial availability of breeder

C(i) = initial investment costs ($/MW) for plant type i
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http:q(t)[.60
http:q(t)[.95

) peak capac1ty utilization in the representat1ve
,$) |\ year of period t (MW) '

k = 1,...,6 = modés of "operation

OMKi) = gperating and maintenancé costs (S/Mwh) type i
F(i,t) = fuel cost ($/MWh) type i, period t

H(k) = hours operated per year, mode k

2,1)) shortage cost for failure to meet peak.
(2,t)) demand levels v

g = 5-year discount factor.

The objective is to minimize total discounted capital, operétion, maintenance,
and fuel costs, and a penalty in case of failure to meet peak demand levels.

6 g t ' 5

.8 1-.5 t-
T oc()g TV eP(iL 1)+ zoor v p(s)c(i)stTeY Cp(i,t,s)
i=] i=1 t=2 s=2 :
6 6
L+ X r [oM(3) + H(k) F(i,1)158 UT(i,k,1)
i=1 k=1 ,
. 6 6 q t a o ¢ C
MIN + £ £ 1t 1 p(s) [OM(3) + H(k)F(i,t)]53" UT(i,k,t,s) (4-82)
CP,LUT,WT j=1 k=1 t=2 s=2 )
5
- 2 [u(g(e,1))58IWT(2,1)
2=1
5 q t
-3 t © p(s) [u(q(s, t))58 JuT(2,t s)

=1 t=2 s=2

The fixed demand requirement constraints are the-usual ones. Let A(j.k) be the
availability factor and j = 1,2,3 the index for the demand blocks. Then .
2 Z A(G,k) UT(i,k,t,s) has to be at least as large as fixed energy demands minus

the exogenously given hydroe]ectr1c energy supplies. In the case of flexible
peak demand, the fixed energy demand is replaced by the following weighted average:

£ g(e,t) WT(x,t,s), where WT(2,t,s) > O are the peak demand interpolation weights
)
with £ WR(2t,s) = 1. Further, initial and new capacities together have to be
A ' '
sufficient to satisfy peak capacity requirements plus a reserve requirement.
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If in period 2, the breeder is not yet available, the investments made during
that period should be the same, whether the breeder will become available in
period 3 or 4, i.e., CP(i,2,3) = CP(i,2,4).

The demand data for an application of the model is taken from the 1970 National
Power Survey. Cost coefficients are chosen as to be "reasonable". The coeffi-
cients for the breeder reactor are chosen to be economically competitive with
LWR's. ‘

The results for the United States show that a fast development of breeder capacity
results in considerable savings, and these savings are relatively insensitive to
the assumed annuai fossil fuel price increase and variations in peak demand. Tne
discounted costs would be in the order of $4 to $5 billions. The savings from
peak—]dad pricing would be even more substantial: $30 to $40 billions.

In order to test for possible aggregation bias when applying the model tc the
whole United States, the country has been subdivided into six regions. Then the
calculations were kepeated. The results indicate that the aggregation error in
the future demand for fossil fue]s was around 30 percent.

Planning with Explicit Stochastic Reserves Constraiht: Scherer and Joe (1977)

Most utilities use loss of load probabilities (LOLP) as a criterion for system
reliability. The models considered so far 1Mp1icit1y or explicitly employ res-
>trictibns which express the reserves as a fixed percentage of the capacity require-
ment.. The reliability of a system planned in th{s fashion cannot be expressed
easily. Therefore, the resu]t'is somewhat arbitrary. It wouid be desirable to
incorporate the LOLP concept into Tinear models of the kind discussed above.

Scherer and Joe propose a simple mixed integer model. The important assumptions
are that each plant has only one generating unit, and the operating state (up

or down) for each plant is independent of that of all other plants. Demand is
determined exogeneously and assumed'to be price insensitive. The true concave
cost function is approximated using the fixed charge approach. Finally, a
Bérnou]ij outage distribution is assumed, where p,q are the probabilities that

a plant is up or down and are assumed not to depend on'p1ant size. Having p,q

~ given for each plant, every possible configuration of up and down plants can be
“assigned a probability P(n), where n is the index of each configuration or state.
P is the required reliability level.
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The objective is to minimize total capacity costs, consisting of a variable part
and a fixed charge (CK(j) = $/MW-year, K(j) = MW).
J

MIN 5 (CK(3)K(3) + CFC(j)FC(3)); FC(j) =0o0or 1; j = 1,...,d.
K,FC,X j=1 ' ' ‘ (4-83)

Since there are J plants, there are ZJ possible states. Let the 0,1 integer
variable X{(n) be associated with each state. Let S(n) denote the set of plants
that are up in state n. If X(n) = 1, then the capacity of all the plants up in
state n has to be sufficient to meet demand. However, the capacity constraint
(4-84), cannot be met with certainty. Therefore, the reliability const(aint
(4-85) requires that the system must be able to satisfy demand with a probability
of at least P. 1-P is the loss-of-load probability (LOLP). '

oJ

T K() 2D X(n); n=1,...,2% (4-84)
jes(n). ‘ -
N

z P(n)X(n) > P. - (4-85)
n=1 _ S . ,

~ The approximation to the cost curve is only good within a limited range. Thnis
motivates the next constraint. '

0 < K(3) < KMAX(G)FC(3)s 3 = 15.uund. | (4-86)

Finally, the state variables are binary.
) o J
X(n) =0or 1; n=1,...,2" (4-87)
The calculation of the P(n)'s implies that all J plants will always be built,
only their size has to be determined. However, the solution can be K(j) = 0,
so that the procedure is not restrictive in this respect. Can a solution in
which not all plants are built be feasible? Scherer and Joe (1977, p. 981)

give an affirmative answer to this question.
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As expected, numerical computations show that the number of p]ahts increases

with demand but system capacity reserves decrease as a percentage of demand. This
shows that the rule-of-thumb of constant reserve margins may lead to significantly
different resu]fs, especially in a growing system. The costs of computation of
the Scherer-Joe model are increased due to the introduction of 2J demand con-
straints instead of the usual 1.

SUMMARY AND COMPARISON

Linear programming modéls of investment have been used in the electric industry
with varied purposes and results. The main properties of the models surveyed are
, summarjzed in Table 4-4. This table outlines the similarities between the models
discussed. A1l models, except one, minimize total discounted costs. Minimiza-
tion of revenue requirements is very closely related. The load duration curve
is usec in most of the models to representc fluctuating demand requirements. Only
one model has been able to incorporate uncertainty about future demand levels
other than by 1hposing fixed reserve margins. Manne's (1974) model incorporates
uhcertainty about the date of the commercial availability in a more sophisticated
manner. .

Linear programming is a convenient and flexible mathematical tool, having a

large number of users and many efficient computer algorithms. The detail incor-
. porated in the models discussed abové could not easily have been handled using
dynémfc or nonlinear programming. Manyvinsightg have been gained from linear
programming investment models since the pioneering study of Masse and Gibrat (1957).
But there is one area where the weaknesses of the method cannot be overlooked.
Lineaf pfogramming models have not been able to inCorporaté the effect of uncer-
tainty on the decision makers in a satisfactory manner. Until about 1970, v
p]anning'cautiously, i.e., constructing too much rather than too Tittle capacity,
carried a small risk. Demand grew at a quick and steady pace, so that unplanned
'overcapacity did not remain in the system very long. After 1970 this has not
been the case. As a consequence, one expects to observe a tendency among planners
of the utilities to favor plants with short construction lead times over those
with Tong lead times, even if the former cost a bit mbre. Linear programming

models are unable to capture this effect. This inability has motivated research
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Table 4-4 |
SUMMARY AND COMPARISONZOF‘REVIEWED MODELS

: Treatment of Economies
Author (Year) General Description General Purpose Objective  Demand Requirements of Scale
Masse and One period linear program- Demonstrating effect Cost mini- Approximate to load No
Gibrat (1957) . ming investment model of fluctuating demand mization duration curve
' on optimal plant mix

McNamara (1976) Multi-period linear pro- Provide easy to use Cost mini- Approximate to load No

gramming investment model model to simulate ef- mization duration curve

: ' fects of changes in
parameters
Anderson (1972), Multi-period linear pro- Normative model to Cost mini-  Approximate to load . No
Turvey and gramming investment model determine optimal mization duration curve .
Anderson (1977) . plant mix given many
' ‘ constraints

Gately (1970)

Cherene and

‘Schaeffer (1979)

Fernandez de

la Garza,
Manne, and
Valencia (1973)

Scherer (1977)

-Mu]tiiperiod mixed-integer  Normative pTanning model .Cost mini-.

programming 9investment - “to determine optimal mization
mode] plant mix, investment

schedule
Multi-period mixed- Determine optimal plant Revenue
integer linear program- "mix when dispatching requirement

ming investment model problem is integrated
. part of model

Multi-period mixed Normative regionalized Cost mini-
- integer linear program- planning model to mization
ming investment model determine optimal plant :
mi X
One period mixed-integer Determination of mar- Cost mini-
linear programming - ginal costs mization

investment model

Approximate to load
duration curve

"Typical® daily load

- curve for each season

Approximate to load
duration curve

Appfoximate to Toad
duration curve

Yes. Fixed
charge

"approach

‘Yes. “Plant

size fixed

Yes. Fixed
charge
approach

Yes. Fixec
charge
approach
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Author (Year)

General Description

Thompson,
Calloway, and
Nawalanic
(1977)

Deonigi (1971)
and Deonigi

and Engel
(1973)

de Boer,

- Leclercq, and

de Haan (1971)

'Frankowski

(1971)

Pozar and
Udovicic (1971)

Manne (1974)

- One period.linear pro-

gramming investment
model

Multi-period linear pro-
gramming investment model

Multi-period linear pro-
gramming investment model-

Multi-period linear pro-

gramming investment model

One period linear program-
ming investment model

Multi-period probabilistic
sequential linear program-
ming investment model

Table 4-4 .

(Continued)

\
General Purpose

Finding marginal costs,
especially as a con-
sequence of stiffer
environmental con-
straints

Simulate role of
nuclear power stations
in existing system.
Use for cost-benefit
analysis

Determine role of
nuclear power stations
in an existing system

- of nonnuclear plants

‘Determine role of

nuclear power stations
in an existing system
of nonnuclear plants

Determine role of ther-
mal technologies
(including nuclear) in
a system that is pre-
dominately hydro.

Optimal investment .
strategy when date of
commercial availability
of new technology is
uncertain

Treatment of Economies

‘Objective " ‘Demand Requirements of Scale-
Cost mini- Total demand No
mization

Cost mini- Total demand No
-mization

Cost mini- Approximate to load No
mization duration curve

Cost mini- Approximate to load No
mization duration curve

Cost mini- Approximate to load No
mization duration curve .

Cost mini-  Approximate to load No-
mization “duration curve
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Author (Year)

General Description

Scherer and
Joe (1977)

Masse and.
Gibrat (1957)

McNamara (1976)

Anderson (1972),

Turvey and

Anderson (1977)
Gately (1970)

Cherene and

Schaeffer (1979)

Fernandez de
la Garza,
Manne, and

Valencia (1973)

Single period mixed-

integer linear program-

ming investment model

Treatment of
Uncertainty

Reserve
requirements

Reserve

requirements

Reserve
requirements

Reserve
requirements

Reserve
requirements

Reserve
requirements

Table 4-4

(Continued)

General Purpose

Comparison between LOLP Cost mini-
or fixed margins as

criteria for reliabi-

1ity reserves

Spatial Model

Including Transmission :

No

No

No

No

Yes

One version, yes

\ Treatment of Economies
- Objective Demand Requirements of Scale
Aggregate demand Yes. Fixead
mization charge
approach
Financial Integrates Dispatching'
“"Constraints Lead Times and Investment Decision
Limit on in- No No
vestment
spending
No Yes. Invest- No
ments in early
period are
very expensive
No No No
No No No o
No Yes. Explicit- Yes
ly incor-
porated in
model
No No No















Jenkins, R.T. and Joy, D.S. (1974). "Wien Automatic System Planning Package
(WASP) -- An Electric Utility Optimal Generation Expansion Planning Computer Code."
ORNL-4945, Oak Ridge National Laboratory, Oak Ridge, Tennessee..

Kastning, -C. (ed.) (1976). Integer Programming and Related Areas. A Classified

Bibliography. Berlin, Heidelberg, New York: Springer Verlag.

A Manne, A.S. (1974). "Electricity Investments Under Uncertainty: Waiting for
the Breeder." In M.S. Macrakis (ed.), Energy, Demand, Conservation, and Institu-
tional Problems. Cambridge, Massachusetts: MIT Press, pp. 91-112.

Markowitz, H.M. and Manne, A.S. (1957). "On the Solution of Discrete Programming
Problems." Econometrica, 25, 84-110.

Massé, P. and Gibrat, R. (1957). "Application of Linear Programming to Invest-
ments in the Electric Power Industry,” Management Science, 3, 149-166.

McNamara, J.R. (1976). "A Linear Programming Model for Long-Range Capacity
Planning in an Electric Utility," Journal of Economics and Business, 28, 227-235.

Memmart, G. and Wellmann, H. (n.d.). "“Studie uber die optimale Verwertung von
Plutonium in der Energiewirtschaft." Contract Euratom 040-67-7ECIC (as quoted
in de Boer et al. (1971)).

Nelson, J.R. (ed.) (1964). Marginal Cost Pricing.in Practice; Englewood
Cliffs, New Jersey: Prentice Hall, Inc.

. Nerlove, M. (1963). "Returns to Scale in Electricity Supply." In Measurement

in Economics, C. Christ (ed.). Stanford: Stanford University Press, pp. 16/-198.

Pozar, H. (1963). Leistung and Energie in Verbundsystemen. Vienna: Springer-
Verlag. :

Pozar, H. and B. Udovicic (1971). "Etude de la Repartition Optimale des
Centrales Electriques dans la Partie Occidentale de la Youcosvie.” In
Economic Integration of Nuclear Power Stations in Electric Power Systems.
Vienna: International Atomic Energy Agency. - -

Scherer, C.R. (1977). Estimating Electric Pover Systems Marginal Costs.
Amsterdam: North-Holland. . , :

Scherer, C.R. and Joe, Leland (1977). "“Electric Power System Planning with
Explicit Stochastic Reserves Constraint," Management Science,.ZB, 878-985.

Scott, D.L. (1976). Financing the Growth of Electric Utilities. MNew York:
Praeger Publishers. . : ‘

Thompson, R.G., Calloway, J.A., and Nawalanic, L.A. (eds.) (1978). The Cost of
Energy and a Clean Environment. Houston: Gulf Publishing Company.

Thompson, R.G., Calloway, J.A., and Nawalanic, L.A. (eds.) (1977). The Cost of
Electricity. Cheap Power versus a Clean Environment. Houston: Gulf Publishing
Company. ‘

Thompson, R.D. and Graham, G.G. (1977). "A Manual to the “World Bank Electricity
Linear Programming System as Installed at the California Energy Resources
Conservation and Development Commission." Unpublished dratt, Sacramento, Cali-
fornia. : ‘

4482



