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I. TINTRODUCTION

1.1 Purpose
Generation scheduling, in eleétric pover systen
literature, means loading of available generating facilities
in such a way as to meet the demand for power while adeguate
System security requirements, energy transfer contracts and
enerqgy availability constraints are satisfied. Synonyms
which are quite extensively found in the 1literature are --
Optimal Load Dispatch and Economic Load Dispatch. While
ispatch sigrifies the minute-by-ninute decision to
deternine the generation levels of the committed units over
a day, generation schedulirg implies decision making over a
_longer period of time and in 1larger steps [Babb 3].
Hoﬁever, the measure of effectiveness for all of these is
the same; the system mnust be operated at the minimum
possible cost to the utility and therefore, to the customer.
OUntil recently, the economics of the day ¢to day
electric utility operation wvere fairly straightforward.
This was because the unit 1lcadings were primarly based on
the principle of equal incremental fuel costs for different
available generating units for short intervals of time ,
i.e., a few minutes. With the advent of the pumped-storage
unit, the Jjob of load dispatching becanme somevwhat
complicated, The punped-storage unit carnct be dispatched

on the basis of the cost of energy production alone. As the
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same facility is used for both pumping and generating the
capability of the pumped-storage unit to generate power is
dependent on the availability of pumping power as vwell.
This, in turn, creates difficult; in determining the
‘incremental fuel costs' for the pumped-storage unit.

With the addition o©f nuclear power plants to the list
of generating faéilities, the calculation of production cost
has teen futher complicated. In a nuclear power plant, fuel
is 1loaded into +the —reactor in batches every 12 to 18
months, Therefore, the available energy from the reacior
betveén two refuelings is essentially limited. Alsc,
derending on how much energy is actually produced during
that time, the esnergy production cost varies.

Por some utilities, with the trend toward increased use
of nuclear power plants , a substantial portion of the
generation is nuclear. As a rTesult, the minimum generation
level, which 1is composed ‘of the nuclear and security
constrained (non-nuclear) minimum generations, may exceed
the demand for power several times during the day. This
will place the utility in a situation in which ways and
means of utilizing this texcess' off-peak power have to be
devised. Anocther problem that adds +o the ccomplexity of the
prcbler is the fact that nuclear units cannot follow the
momentary changes in load because of their slow rate of

response.
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To overcome this difficulty, a combination of two
alternatives has been proposed. This includes: {1)
variations in the nuclear generation as much as possible,
and (ii) storage of off-peak energy using pumped-storage
units. The first of these alternatives may cause
inefficient operation of the nuclear plant and the second
one poses operating restrictions. Therefore, the operation
of the nuclear generating unit is to be optimized 1in the
context of the overall system includirng all other generating
facilities.

To plan for its operation between two refuelings, the
forced outage rate of the nuclear unit is forecast usirng
probabilistic methods. As a result of nect experiencing
forecasted outages, the amount of energy produced by the
'nuclear unit may be different than is anticipated. In
particular, the spent fuel removed during refueling =may
contain more or less fissionable ©U-235 than the design
level. Residual U0-235 has potential energy value and hence
some economic value. Also, perturtations to the operating
schedule affect the delicate balance betwveen burnup and the
refueling window. The penalty to the nuclear plant is
failure to recover all resources available from the nuclear
fuel.

Also, due to the cost increases in all spheres in the

fuel cycle, nuclear enerqy management is receiving
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attention. The detailed study of nuclear power generation
encompassing all aspects of the fuel management has becone
important. A reduction of 0.1 mill/kwhr in the producticn
cost of electricity could yield an anrual §700,000 savings
to the utility [Brown 14]. A comprehensive definition of
nuclear fuel management has been proposed by Walke [65]:

"eesoolet me define nuclear fuel management as

that collection of principles and ~practices

required for the planning, scheduling, refuelinag,

and safe operations of nuclear power plants while

minimizing total plant and system erergy costs' to

the extent possible through the timely procurement

of nuclear fuel and related services...."

The purpose of the methodolgy developed hers is to make
available a short-term planning tool to the utility planner.
This will be helpful in contractin§ for fuel acgquistion
(primarily non-nuclear), and energy sales and purchases. A
more direct wuse of this methodolegy, however, 1is to
determine the optimum generation schedule for an electric

utility operating nuclear, thermal, and hydro-elactric (both

conventional and pumped-storage) units.

1.2 State of the Art

Generation scheduling, in electric utility systenms
containing nuclear units, invclves a large variety of
control and ©planning activities., It includes nminute-py-
mipute dispatching of available generating units to meet the

systen dempand while c¢operating the nuclear unit iz such a way
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as to maximize total energy output from— the reactor,
Moreover, the overall strategy must result in the minimum=
cost operation over the planning horizon considered.
Because of the lohg lead time necessary for the preparation
cf fuel and the batch nature of its consumption, plans for
nuclear fuel procurement and utilization have to be
fcrrulated several years in advance. Growing recognition of
the complexity of this problem has prompted a variety of
theses, technical reports and papers to be vwritten on this
sufject.

Attempts have been made to solve this problenm ‘using
different techniques and encompassing various extens of its
encrmity, Because of the very nature of its enormity and
conplexity, different autthors have tried to address
different parts of the problem. The ones who have attempted.
ncre comprehensive approaches to the solution had to make a
number of simplifying assumptions, Following is an outline
of the research effort and the results obtained, arranged

according to the major activities addressed therein.

Bccnomic Load Dispatch

The problem of economic load dispatch, or optimal
dispatch 1is as o0ld as the electric power system itself.
This problem has been studied since the time when twc or

more gererators were used to supply the electric power
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depand. Happ [35] bhas presented a comprehensive survey of
the published research work in this field dating from 1922,
Baleriaux, Jamoulle and Guertechin [4] have pioneered the
load duration curve approcach of load dispatching with fossil
and pumped-storage units. Barcelo, Leamon and Koen [5] have
discussed a real-time dispatching algorithm with reference
tc lﬁéd‘ and reliability constraints. Blachon, Dauphin and
Feingold {7], Bonaert and Koivo [9], Bonaert, El-abiad and
Keciva [ 10], and Guillaumin, Drelor and ¥erin ([31] have
discussed the problem of eccﬁomic load dispatch with regard
to fossil and hydro-electric units.

Guy [32] has presented a method of economic 1load
dispatch which alsc determines the priority loading order
fcr fossil-steam units. Blaszczynski [8] has presented a
sensitivity study of economic dispatch for fossil-steanm
units, Vemuri and Hill [62] have considered hydro-electric
units along with fossil-steam units in their sensitivit?
study for the optimum plant operation, The parameter for
the sensitivity analysis is the émall order change in the
system input forecast,

Happ [ 35] has presented a comprehensive survey of the
putlished research work in Optimal Péwer Dispatch. He has
pointed out that the effect of long term decisions, taken
over a week or month or a year, are not properly reflected

by the short term (hourly or daily) dispatch algorithnms



presently available.

Joy [ 37] has presented a dynamic programming algorithm
for generating unit commitment over a period of one day or
one veek, Hévever, the plant loading order was treated to
be known apriori in this study. This requirement of
preselected loading order can stand in the way of optimal
resource allocation, specially if the producticn cost curves
intersect.

Powell [53] has attempted to solve this problem by
utilizing a dynamic programming algorithm in which the plant
loading crder need not be specified apriori. But, he has
noct been able to include generation constraints, such as
micimpum shutdown duration.

Megahed, Abou-Taleb, Iskandrani, and Moussa [48] have
presented a method of solving the economic dispatching
prcblem wusing a series of unconstained linear programs.
while they have been able to simulate the constraints on
demand and reserve using this @method, the generator
ccnstraints could not be represented.

Shen énd Laughton [59] have used dual linear
prcgramming for solving the load dispatching problem with
security constraints. W®hile the minimum turndown level fecr
a generator can be represented, its minimum shutdown
duration cannot be represented by the dual linear progranm,

Wollenberg and Fegley [72] have studied the trade off
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between the power systen qperaﬁing cost and the cost fer
maintaining system security. They have lumped all types of
generators into one. Hence the generateor mode2l does not
reflect the individual characteristics of different types of
generators.

Gent and Lamont [27, 45] have presented a nminimum-
emission dispatch algorithm for fossil-steam units. Again
the interaction between fossil and other units (namely,
nuclear and hydro) with respect to minimum-emission dispatch
has not been quantified.

Brazzel and Balu {12] have presented an algorithm to
dispatck generation based on a given lcad demand, and
transfer the results directly to the 1loadflow progranm.
While the algorithm handles the fossil and the hydro unit,

it does not interact with the operation of the nuclear unit.

Short Term (one vweek) Generation Scheduling

Anderson, Jenkins and Joy [2], and Joy [38] have
presented dyramic programming algorithms for hourly
generation scheduling over one week. Though most of the
operating constraints for the generator were included in the
analysis, generator locading order was a prerequisits.

Babb and Jenkins {3] have discussed a stochastic hour-
by-hour production costing computer code for finding the

minimum cost generation schedule for a week. The sanple



9

system considered does not include the nuclear unit.

Dodu, Martin, Merlin and Pouget [ 19] have formulated
and solved a short-range dispatching problem feor a week.
The forumulation is done for a bhydro-thermal system (no
nuclear) with the assumpticn of 1linear fossil-fuel cost; A
branch and bound, and a gradient methods are applied for
determining the fossil and hydrc generations respectively.
Though a linear cost function for the fossil-steam unit is
nct always accurate, this algorithm represents the
ccnstraints on the generatcr output.

Reichert, Schaffer, Marculin and Wettstein [54] have
discussed the problem of hydro-electric pover plant
commitment when the availability of water is unpredictable
over a long period of tinme. Thye have presented a solution
to a practical problem where optimal use of the available

hydro-electric energy is shown over the period of one week.

Long Term (one year) Generation Scheduling

Generation scheduling over lonrng time periods is
necessary vhen nuclear power plant refueling is considered.
Also, due to large variations 1in availability of water from
one season to another, long term generation scheduling is
required for optimizing the operation of the hydro-electric

unit.

Agarwal [1] has presented a scheduling method for
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hydro-thermal (non-nuclear) systems over long time periods.
water inflows and load demands are taken as stochastic with
their probability properties pre-estimated from history.
The operating constraints on generators were not considersd.

VYiramontes and Hamilton {6&]‘have discussed the problenm
¢f long range hydro scheduling in integrated power systesms,
but scheduling of other types (non-hydro) of generators are
not mentioned. This is specially important because, major
part of the non-linearity is from the fossil-steam and the
naclear unit.

Booth [11] has presentad a computer nodel €£or
sirulation of power system operation. This is a very
comnprehensive discussion involving fossil-stean,
conventional and pumped-storage hydro units over a period of
one year.

Heuck [36] has discussed a non-linear prograamming
technique for optimal scheduling of thermal units over one
year. OUnique requirements for the nuclesar unit are 1ot

considered.

Turnage and Prince [60] have described a computer ccde
fcr optimizing +the utility system operation. Using a
predetermined nucleaf refueling schedule, an attempt is made
to determine the cptimal plan c¢cf operaticns for a systenm
containing fossil, nuclear, conventional and pumped-storage

hydro-electric units. As a result of not utilizing the
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contraints on the 1large fossil-steam units the optimum
schedule obtained from this computer code may have practical
lisitations.

Eng [28] and Gruhl [30] have reported procedures for
determining optimum production schedules for all types of
units in the system. However, all major constraints on the
generator operafioﬁ were not utilized. |

Kazemersky {uz}" has investigated the use of nixed-
integer proqramming with linear ©programming for determining
an optimum generating schedule and refueling outage dates
for an electric utility systen. The drawback is the
regquirement of extremely long computer time even for sample

system of three nuclear and two non-nuclear units. .

Reactor Refueling

Since nuclear energy is available in fixed gquantities
over fixed 1lengths of time, the first steps towards
optimization are to determine the amount of energy and the
tinme period. Bukovski [15] has reported about a
computerized model (REFUEL) being used by the Commonwealth
Edison Company of Chicago., This computer code is used to
determine feasible nuclear refueling schedules within the
system constraints over the planring horizon.

Kazemersky [41,42)] has presented a technigue to

investigate the scheduling of =2nerqgy producticn and nuclear
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refueling dates for a utility system. Deator {[17,18] has
discussed a refueling aﬁd maintenance model {RAMM) which can
be used to determine a number cf feasible‘ multi-year
refueling and maintenance schedules.

®With the knowledge cf the refueling schedule, the batch
fraction and the enrichment of the nuclear £fuel are
investigated. This is one feature of the overall problem of
fuel management and fuel cycle analysis. The selection of
fuel assemblies to be discharged 1is another aspect of the
prchlen,

Wwidmer [70,71] has described a technique to determine
the fuel enrichment within +the overall objective of

.mipimizing total utility system cost for supplying the load
demand. Motoda, Herczeq and Sesonske {49 ] have formulated a
stagevwise approach to optimize the number of fuel assemblies
to be discharged and 1loaded, and positioning of each
assembly so that power peaking is also mirimized. Wicks
[69] has suggested a combinaticn technique using simulation,
gradient method and closed form decision laws to obtain the
optimzum dispatch and outage schedulingAstrategy.

Linear programming has been used by Rbhodes [55] to
determine the energy allocation over a multi-year tinme
horizon. He has devéloped the wmodel by assuming that the
lcng-term system-nuclear unit interaction <can be studied

while suppressing the day-to-day operation of the system.
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Watt, Kearney, Benedict and Mascn [66], and Watt [67]
have attempted to  minimize the revenue requirement
associated with the fuel cycle costs of a nuclear povwer
plant throughout the planning horizon of five to ten years.
The Nuclear 1In-Core Simulation and Optimization Model that
they have used, explores the flexibility in relocad batch

fractions and enrichments.

Nuclear Fuel Cycle Cost

Nuclear fuel undergoes variéus types processings before
it is ready for ‘use. when it 1is in +the reactor, the
consumption is not instantaneous as it happens with coal,
for example. A fuel assembly may "burn" in a reactor for
four years. Once it is discharged} the liability or the
asset of‘the spent fuel assembly is dependent con what can be
done with it from technical and legal points of vievw.

Hang and Koncel [ 34], and Povejsil, Witzke and Desalﬁo
[52), Mason [47], and Dragoumis,Cademartcri.and ®ilioti [21]
have analyzed the cost of nuclear fuel cycle based on the
different activities involved in it. Salmon [57,58] has
presented computer codes vwhich can be used for calculating
the fuel-cycle cost of a nuclear gererating unit. These in
turn determine the cost of nuclear erergy when the amount of
prcdution is known apriori.

Watt, Benedict and Mascn [68] have presented methods of
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calculating incremental fuel costs for nuclear 'energy.
.These are based on  pre-determired amount of energy
prcduction and are liable to change when the actual amocunt
of rroduction is different from the predicted amount.
Rothrock and Omberqg [56] have studied the effect of carrying
charges on incremental energy cost and optimum refueling
policy. They have compared the incremental costs as
functions of both the enrichment change and the batch size-
enrichment change.

Goodrich, Rees apnd Wells [28] have presented a computer
code which employs probabilistic technigques to obtain
predicitons of generating unit loadings on the basis of
prcducticn costs. Hovever, the production cost of nuclear
energy is found from a predetermined amount of energy to be
generated. |

Field [26] has analyzed the Light Water éeactor fuel
cycle under the scenarios of both reprocessing and throw-
away. He has discussed the effects of timing and amount of
rerreccessing on the uranium fuel invent§ry.
| In summary, researchers have attempted to solve the
prcblem of generation scheduling by addressing different
parts of 1it. However, the problem of dispatching the
nuclear unit along with the non-nuclear units ‘has not besen

addressed fully.

































































































































































































































































































































