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Abstract—The integration methodology of complete replanning and plan repairing is proposed to handle the prediction
errors for energy demands during multiperiod operational planning. Complete replanning is implemented periodically
and plan repairing is triggered during the execution interval. The plan repairing is constructed by a rule-based system
because of real-time limitations. The efficiency index of a utility pump is introduced to determine startup/shutdown
of equipment without integer programming in plan repairing. Case studies show that the proposed method is more pro-
fitable than the conventional replanning method. The total operating costs are reduced by 0.3-9.0% compared with the
conventional replanning method.
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INTRODUCTION utility plant considering variable electricity and fuel cost, different
process plant capacities and operating condition. Ito et al. [1994]
Most chemical plants consume a considerable amount of energygroposed an optimization method for the operation of a cogenera-
thus, multiperiod operational planning of utility plants has been stud+tion plant. The method combines the dynamic programming with
ied extensively. In conventional multiperiod operational planning, mixed integer programming. Papalexandri et al. [1996] reviewed
the operational plan is fixed during the execution interval in the plantesearches on optimal operation of utility plants. Hui and Natori
ning horizon [Jang and Babu, 1987]. However, energy demand carj1996] addressed the application of MILP techniques for the opti-
not be predicted exactly in real applications, and the prediction erromization of the utility plant. lyer and Grossmann [1997] proposed
in multiperiod operational planning makes it difficult for the con- a two-stage decomposition algorithm for the multiperiod planning
ventional method to obtain a true optimum. In this situation, the op-of the utility plant with given demand profiles. Papalexandri et al.
erational plan must be updated for optimal operation. [1998] considered the prediction uncertainty by exploring flexible
A plan update can be accomplished in several ways: relying oroperating scenarios using predictive planning methods. lyer and
human intervention, plan repairing, and complete replanning. TheGrossmann [1998] presented MILP formulation for the synthesis
distinction between plan repairing and complete replanning is fun-and operational planning of the utility plant for multiperiod opera-
damental. Plan repairing involves changing the operational plan ason with varying demands. Kim et al. [1999] proposed a new ap-
little as possible to obtain optimal operation. Complete replanningproach for optimal multiperiod utility plant planning. At the upper
generates an operational plan all over again. Re-generation of davel, the optimum configuration of the utility plant is determined
entire plan is rarely achievable in a real-time environment and reby dynamic programming, and at the lower level, nonlinear pro-
guires much computation time [Belz and Mertens, 1996]. Completegramming (NLP) is solved for each configuration that is decided at
replanning is useful when prediction error is so large that the offthe upper level. Yi et al. [2000] implemented optimal multiperiod
line re-generation of the entire plan can save operating cost. Therg@lanning by two-level approach considering the internal energy de-
fore, off-ine complete replanning is implemented periodically for mands. Strouvalis et al. [2000] proposed the customized solver for
optimal operation [Yeung et al., 1998]. In contrast to complete re-the operational planning scheduling of utility systems. Heuristic
planning, plan repairing is preferred in a real-time environment whermethods have been developed to minimize the operational cost in
the prediction error is not so large that off-line replanning is not re-utility plants as well [Yoo et al., 1996; Yi et al., 1998].
quired, but the current plan is not optimal. Many studies for the optimal operation of utility plants have been
There has been much research about multiperiod operational plammplemented. However, investigation results focused on only a sin-
ning of utility plants. Nath and Holliday [1985] optimized an in- gle execution interval. A utility plant is operated continuously and
dustrial utility plant using mixed integer linear programming (MILP). there exist sequences of many execution intervals. Therefore, the
Kalitventzeff [1991] presented mixed integer nonlinear program-study of single execution interval is not proper for a utility plant. In
ming (MINLP) formulation for management planning of utility net- addition, the above studies considered prediction errors by a pre-
works. Petracci et al. [1991] established the optimal operation of alictive way. However, the real world cannot be predicted exactly
and entirely [Spalazzi, 1998], and an operational plan must be up-
To whom correspondence should be addressed. dated because of uncertainty [Yeung, 1998]. In this paper, the in-
E-mail: chan@postech.ac.kr tegration methodology of complete replanning and rule-based plan
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Fig. 2. The process flow diagram of a simple utility plant to explain
efficient UP.

positive efficiency index, the plan repairing is triggered; otherwise,
a utility plant is operated according to operational plan under the
varying energy demands.

For plan repairing, a rule base is used because of real-time lim-
itations. The rule base is constructed to reduce operational cost by
changing the operational modes of UPs. Based on the fixed modes
that are calculated from the off-line multiperiod operational plan-
ning and plan repairing, a utility plant is operated under varying en-
repairing is proposed for a continuously operated utility plant in ergy demands.
the presence of prediction errors. Case studies are examined and
the results show that the proposed method is more profitable than EFFICIENCY INDEX OF UP
the conventional method.

Fig. 1. Plan updating strategy for the handling of prediction errors.

If the change of driving force of UP from utility motor (UM) to
INTEGRATION METHODOLOGY utility turbine (UT) reduces operating cost, it is defined as the ef-
ficient UP and UT as efficient driving force. If the change of driving

The integration methodology of complete replanning and rule-force of UP from UT to UM reduces operating cost, it is defined
based plan repairing is shown in Fig. 1. Off-ine multiperiod opera-as the efficient UP and UM is efficient driving force. As an exam-
tional planning is implemented by using economic information, de-ple, consider the simple utility plant shown in Fig. 2. The utility plant
mand predictions over the horizon and process database. In multras a boiler, a steam turbine generator (STG) governed by (1), three
period operational planning, the optimal plan of a utility plant over letdown desuperheaters (LDs) and a kind of UPs.
planning horizon is determined by integer programming. The tran-
sition costs and switch costs must be included in the multiperiod
planning problem because frequent and large operational changdhe STG consumes high pressure steam (HS), extracts medium
between periods make an operational plan suboptimal for the entirpressure steam (MS), low pressure steam (LS) and steam conden-
planning horizon. At the end of an execution interval, the opera-sate (SC), and generates electric power. One of the UP1s is driven
tional plan is updated periodically by complete replanning. It is theby UM1 and the others are driven by UT1s. Two of UP1s must be
same as off-line multiperiod operational planning except for shift-operated in normal case. It is also assumed that all UT1s consume
ing planning horizon. If the current period is not the end of an ex-5.0 t/h steam constantly if they are operated, and UM1 consumes
ecution interval, it is examined whether or not the current periodl.5 MW electric power constantly if it is operated. The operating
ends. If the current period ends, energy demand is predicted to exondition is shown in Table 1. As manifested in Table 1, 5.0 t/h of
amine whether the operational plan determined from off-line mul-LS is needed. If a UP1 that stood by is turned on and another UP1
tiperiod operational planning is feasible or optimal for the currentdriven by UM1 is turned off, then additional 5.0 t/h steam can be
energy demand. The plan repairing is mainly triggered by two typesupplied to LS header through the UT1 and 5.0 t/h steam is needed
of events: infeasibility and optimality. If the operational plan is in- in MS header. The MS extraction of STG must increase to 135.0 t/h
feasible, the plan must be updated to be feasible under the processmaintain the pressure and temperature conditions of MS header.
condition in the current period. Although the plan is feasible, planTherefore, the amount of steam consumption must be 198.5 t/h that
repairing may be needed when the plan is not optimal on the energg calculated by (1) and the steam generation in the boiler must be
demand in the current period. This can be easily detected by th@18.5 t/h. As the demand of internal electric power decreases by
existence of an efficient utility pump (UP). If a UP exists that has1.5 MW, the purchase of electric power must be reduced to 15.43

FSTG HS can_o'7FSTG MS,ext O'5FSTG LSext 2'8ESTG gen 18.0=0 (1)
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Table 1. The operating condition of a simple utility plant to ex- Electricity
plain efficient UP company—-—-—-—- 3
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. - Operating . i — T Electricity

Units Minimum condition Maximum . : HS header - user
I |
Boiler [t/h] 00 3150 400.0 | W i 7S ser
STG —
— 4 koo
Boiler

HS consumption [t/h]  100.0 195.0 230.0 MS header

MS extraction [t/h] 70.0 130.0 150.0 @ D,

LS extraction [t/h] 5.0 40.0 40.0 T Orlea e 2| (p) MS user

SC extraction [t/h] 3.0 25.0 50.0 LDz

- LD3

Electricity [MW] 10.0 2357 25.0 . 1S header i i
LD1 [t/h] 5.0 20.0 30.0 l—Lg’
LD2 [t/h] 3.0 10.0 15.0 e
LD3 [t/h] 20 5.0 10.0 Fig. 3. The process flow diagram of a simple utility plant to explain

efficiency index.

UP1 1TiM
HS demand [t/h] 95.0
MS demand [t/h] 135.0 dition is same as Table 1 except the electricity demand. In Fig. 1,
LS demand [t/h] 65.0 the external electric power demand is 39.0 MW and intemal electric
E purchase [t/h] 16.93 power demand is 1.5 MW. However, the external electric power

demand is 37.0 MW and internal electric power demand is 3.5 MW
in Fig. 2. From the operating condition, it is manifested that 5.0 th
MW. Therefore, the operational cost is 31856+15.43G . of LS is needed. If UP1 that stood by is turned on, the operating
Without changing the mode of UP, LS can be supplied by LD cost is 318.5(; 4.:+15.43G . that is, the mode change cost of
or STG. However, LS extraction of STG cannot supply enough stearUP1. If the UP2 that stood by is turned on, the operating cost is
because of the operating limit. Therefore, LD1, LD2 and LD3 must317.9Gg 4+14.93G . that is, the mode change cost of UP2. The
be manipulated. If the flow rates of LD1 and LD2 increase to 25.0original cost is identical with the example of Fig. 1. Therefore, the effi-
t/h and 15.0 t/h, respectively, the operating cost is 320,0€ ciency index of UPL is (1.5Gye+1.5G ,.)/(320.0G i+ 16.93C )
16.93G - Because operating cost calculated by changing the modeand the efficiency index of UP2 is (2,1G.+2.0G ,,)/(320.0Gs gen
of UP is less than the cost calculated without changing the mode 6f16.93G ,,,). Because the efficiency index of UP2 is larger than
UP, the UP1 is efficient and efficient driving force of UP1is UT1. the efficiency index of UPL, turning on UT2 is more economical
However, if we want to repair the operational plan of a utility than UT1 when LS demand increases.
plant, we must define the index to determine which UP is more ef-

ficient than others. The efficiency index of UP is a quantitative meas- CASE STUDIES
ure that will indicate how much efficient UP is in a given process
condition and defined as follows: 1. Process Description
Fig. 4 shows the process flow diagram of an industrial utility plant.

(Original cos} —(Mode change cokt
(Original cos}

) The steam generation unit consists of four boilers, high pressure
feed water heaters (HPH), steam air heaters (SAH), deaerators, oil

The original cost is calculated by adjusting the flow rate of con-heaters, and fuel atomizers. HPH, SAH and fuel atomizers con-
tinuous equipment without changing the mode of the discontinu-sume MS, and deaerators and oil heaters consume LS supplied. The
ous equipment, and the mode change cost is calculated by turnirgpilers produce only very high pressure steam (VS) to be fed to a
on/off the discontinuous equipment and adjusting the flow rate ofVS header. VS is fed into STG that generates electric power and
the continuous equipment. If the sign of the efficiency index is posextracts MS, LS and SC. The numbers of operating UPs must be
itive, UP is efficient; otherwise, it is not efficient. As the value of fixed to supply utilities to the process and utility plant. Table 2 shows
the efficiency index is larger, the UP becomes more efficient. Asthe numbers of installed UPs, the amounts of steam and electric
an example, consider the simple utility plant shown in Fig. 3. Thepower consumption to drive them. For example, the number of UP5s
utility plant has a boiler, an STG governed by (1), three LDs ands six; four of them are driven by UT5s and the others are driven
two kinds of UPs. It is assumed that one of the UP1 driven by UTlby UM5s. UT5s consume 50.26 t/h of steam and UM5s consume
and another UP1 driven by UM1 are operated, and the third UP1770.0 kW of electric power constantly if they are operated. The
driven by UT1 stands by. It is also assumed that UT1 consumesteam headers are four different kinds according to their tempera-
5.0 t/h steam constantly if it is operated, and UM1 consumes 1.5ure and pressure. Four bailers can supply the entire amount of steam
MW electric power constantly if it is operated. It is assumed thatrequired in the processes and utility plant. Electric power must be
UP2 driven by UT2 is not operated and UP2 driven by UM2 is op-purchased to meet the electricity demand because STG cannot gen-
erated. UT2 consumes 7.0 th constantly if it is operated and UMzrate enough electric power to be used in the process and utility
consumes 2.0 MW constantly if it is operated. The operating conplant.

Efficiency index=
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Fig. 4. The process flow diagram of an industrial utility plant.

Table 2. The driving forces of UPs and steam/power consumptions
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can be defined as:

in UTs/UMs o
— - - Minimize
Process Driving Steam turbine  Electric motor
equipment force t/h kw
q p [ ] [ ] f :Z|:CVS lFVS gen t+CS\N FSW1+CE,tEpur,t + z CSW Zl,t,t*1:| (3)
uT1, UM1 4T4M 50.26 1770.0 i =Py
UT2,UM2  1T2M 2.13 90.0 Subject to
uT3, UM3 1TiM 7.59 220.0
UT4,UM4  4T4M 8.12 560.0 %U Z YitFiin ZCUF Z YiFiou: = 4
UT5,UM5  4T2M 17.29 1250.0 ' ' '
UT6, UM6  4T4M 4.60 250.0 HZUF. ineHiin. ZuyFH Z FiouHioue
UT7,UM7  2T2M 9.61 540.0 ' B
UT8,UM8  2TIM 2.34 45.0 ~ 3 YuFionHion =0 ®)
FSTG Vs com:ptFSTG MS ext t+qFSTG LS extt+rtESTG gent+$ (6)
2. The Formulation of Multiperiod Operational Planning Prob- ]
lem ; Yirt =N (k: all kinds of pumps) )
The multiperiod operational planning of a utility plant is decom-
posed into two levels. At the upper level, minimum steam genera- Esra gen i Epuri= Edmm’fl%y.,tE.,mt ®)
tion and electric power purchase are calculated by MINLP. At the
lower level, minimum fuel consumption rate is calculated by NLP.  Fi spn2Fi ama: (i @ll steam grades) ©)
2-1. The Upper Level Planning Problem _
: . , : Z 2y~ Vi (10a)
In the upper level planning, the objective function consists of the
total cost over all periods. Total cost is composed of the operating z 121~y (10b)
costs of a utility plant and the switch costs for all periods. The op-
: : : . 211527 Ve (10c)
erating cost is constituted by the steam generation cost, spray water
cost and purchased electric power cost. The optimization problem z ,,,<y+y.., (10d)
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Egs. (4) and (5) are mass and energy balance equations in tlace around the boiler, and (13) can be obtained from energy bal-
utility plant. The se€U represents the continuously operated unit. ance considering thermal efficiency of the boiler. The boiler effi-
The setDU represents the discontinuously operated unit such agiency of the i-th boiler can be expressed as (14). We have obtained
UTs, UMs. Therefore, integer variable y is used to represent on/ofthe coefficients for the boiler efficiency equation from the regres-
status of the units that belond. Eq. (6) gives the relation among sion based on operational data [Lee et al., 1998]. Total VS demand
power generation, steam consumption, and steam extraction of ST@btained from the upper level problem must be supplied from the
Details on the coefficient used in (6) can be found elsewhere [Ledoilers, as represented in (15).
et al., 1998]. The utility plant considered in the present study has3. The Rule Base for Plan Repairing
eight different kinds of UPs that are driven by UMs and UTs. The There exist many types of prediction errors affecting optimal op-
numbers of each kind of operated UPs have criteria for the normaégration of utility plants. Sources of prediction errors can be classi-
operation of the utility plant. The 9@t represents the k-th kind of  fied into energy demand and equipment performance. The predic-
UPs and each set Bf must satisfy the criteria Nh (7). Egs. (8)  tion errors of energy demand can be further split into timing and
and (9) represent the demand satisfactions of electric power anguantity. The timing error of energy demand refers to the shift in
steam, respectively. Egs. (10a)-(10d) are the relations between oréquired amount from a period to another. The quantity error of en-
off status variables and switch variables and are well defined byergy demand refers to inaccurate prediction. The prediction errors
Papalexandri et g11998]. of equipment performance result from the deterioration or scaling
2-2. The Lower Level Planning Problem of process equipment. Timing errors can be recovered by moving,

In the lower level planning, we have allocated the boiler load ac-swapping and deleting the plan. Planning errors concerned with pre-
cording to efficiencies to minimize the total cost. The total cost isdiction quantity and equipment performance require complex repair-
composed of the fuel cost and boiler transition cost. The total amountieig strategies considering the efficiency indices of UPs.
of generated VS in four boilers are determined from the solution of Figs. 5(a) and 5(b) show the rule-based hierarchies for selecting
the upper level problem. The multiperiod planning problem can berepairing strategy. Fig. 5(a) is the hierarchy to determine simple re-
formulated as: pairing strategy such as deleting, moving and swapping. A delet-
ing plan can be used when energy demand prediction of some per-
iods does not occur due to production cancellation. A moving plan

_ i.e., introducing a delay to the unit configurations and operatin
f _‘ZT .‘%.r[c"“e“':”“e“ *CoanilFivs gon “Fivagenel (1) ((:onditions) is egmployedywhen energy req%irements are dZIayed%n
a simple manner. A swapping plan can be employed when the en-

Minimize

Subject to ergy demands are exchanged. These methods are easily applicable
F.arw=F: cen,+Fvs gont (12) if the production plans are cancelled, delayed and exchanged. If
prediction errors mentioned above do not happen, complex repair-
Fooe = 1 FicenHiceni tRvs Hivs gen  Fisew.iHipews (13) |ng strategies are triggered_

LRV, Mit Fig. 5(b) shows the rule-based hierarchies to implement com-

M=8,F s gor B Frvs g HG, (14) plex repairing. The complex repairing of multiperiod operational
plan is always accomplished from LS header to VS header. It is com-

Fivs gen & Fus gent (15) posed of the handling of UT, UM, STG, LD and boilers. The heu-

itBIr

ristics for the repairing at each header can be summarized as fol-
The subscript i represents the i-th boiler. Eq. (12) is the mass balews:

Simple
repairing
Production

equence exchang >

@ (b)

Complex
repairing

[ Swapping |
{ the plans :

""""""""" Cimplomment | =N [impemen —
{ LS repair {7 @S lepamng | MS repair ?"@S repaml@
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Fig. 5. (&) Rule-based hierarchy to select simple repairing strategy. (b) Rule-based hierarchy to select complex repairing sgpte
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LS header: Table 3. The demand prediction of steam and electric power
1st. Mode changes of UP2-UP8 Period 1 2 3 4 5 6 7
2nd. LS extraction of STG

3rd. LD from MS header to LS header

VS [t/h] 150.0 175.0 160.0 140.0 155.0 165.0 166.0

4th. LD from VS header to LS header HS [t/h] -112.0-138.0-125.0-139.0-122.0-134.0-119.0
MS [th] 204.0 166.0 2140 179.0 220.0 169.0 210.0
MS header: LS[th] 880 40.0 96.0 36.0 950 410 890
1st. Mode change of UP1 E[MW] 300 340 310 380 360 320 340
2nd. MS extraction of STG
3rd. LD from HS header to MS header Table 4. The optimal plan of UPs
4th. LD from VS header to MS header 1 5 3 2 5 6 -
HS header: UP1 3T1IM 2T2M 3T1M 2T2M 3T1M 2T2M 3T1M
1st. LD from VS header to HS header upz 2M» 2M» 2 2M 2M  2M  2M
2nd. Mode changes of UP1-UP7 up3 1M M M M M M M
UP4 4M 4M  1IT3M  4M  2T2M  4M 4M
VS header: UP5 3T1IM 2T2M 3T1M 2T2M 3T1M 2T2M 3T1M
1st. Boiler load allocation UP6 4M aM aM aM 4M 4M 4M
2nd. The change of driving forces of UP1-UP8 UP7 2M 2M 2M 2M 2M 2M 2M

upPgs 1M M 1M M M M M

If prediction error concemed with LS exists, the operational plan
must be repaired because the current plan may be infeasible or a
more optimal plan may exist under the current conditions. To repaiimplemented all over again from LS header to reduce total require-
the operational plan of the LS header, the efficiency indices andnent of VS and increase electric power consumption, which can
efficient driving forces from UP2 to UP8 are calculated and the conbe accomplished by changing the driving forces of UPs as UMs.
figurational modes of UPs are changed. Generally, the handling of
UPs does not satisfy the temperature and pressure conditions of a RESULTS AND DISCUSSION
header because the amounts of steam consumption of UTs are fixed.
Therefore, LS extraction of STG, LD3 and LD6 must be adjusted The results of the proposed method are compared with the results
in order to meet the temperature and pressure conditions of the heaaF conventional multiperiod planning. Table 3 shows the demand
er. If prediction errors do not exist or rules succeed in repairing opredictions of steam and electric power for a planning horizon of
LS header, the repairing of MS header is implemented. seven periods. The signs of HS demands are negative, which means

The complex repairing of the MS header has the same structurthat HS supply from process plants is larger than HS demand. The
as that of the LS header. If prediction error exists, HS header remultiperiod operational plan is calculated by the decomposition meth-
pairing is implemented; otherwise, the rule-based system searchegl. Table 4 shows the optimal plan of UPs by the upper-level mul-
the repairing strategies of the HS header. To repair the operationgiperiod planning considering switch cost. Fig. 6 shows the results
plan of the MS header, the efficiency index and efficient driving of the optimal boiler load profiles by the lower-level multiperiod
force of UP1 are calculated and the mode of UP1 is changed aplanning considering the transition cost of boilers. Based on the re-
cording to the calculation. MS extraction of STG, LD2 and LD5 sults of the multiperiod operational plan, a utility plant is operated
must be adjusted to meet the temperature and pressure conditionader the varying energy demands.
of the MS header because the steam consumption of UT1 is cot

stant. 180

If prediction error concerned with HS exists, the feasibilities of S Boller )
LD1 and LD4 are examined. If they are feasible, flow rates of LD1 160 - ) . 7o Boiler
and LD4 are changed and VS repairing is implemented. Otherwise — —
the configurational modes from UP1 to UP7 are changed for LD1= 140 4
and LD4 to be feasible. After the repairing of the UPs, the repair-= A . .
ing of the LS header must be implemented all over again becaus% 120 { o . . —®
the mode changes of UPs make steam supply to MS and LS hea Zg: —0
ers change. o004 Tl —o— o

The repairing rule base of the VS header is usually implementer™ R -
by the load allocation of boilers and mode changes of UPs. The loa 80 4 —8— —f—
allocation is implemented by NLP. The problem formulation is the ———
same as the lower-level planning formulation except time horizon 60 i . . . . . ;
In the repairing stage, time horizon is reduced from the present time ! 2 3 4 3 6 7
In an extreme case, total requirement of VS can be larger than the Periods

maximum operating limit of boilers. In this case, repairing must beFig. 6. The results of boiler load allocations.
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Fig. 9. The predictions and measured values of steam demands to

Fig. 7. The predictions and measured values of steam demands to represent quantity errors.

represent timing errors.

Fig. 7 shows the predictions and the measurements of steam qedble 5. The results of plan repairing and efficiency indices
mands, which have timing errors. Dotted graphs represent the meas- UP1 uUP4 UP5
ured steam demands and solid graphs represent the predicted steanpyiving Efficiency Driving Efficiency Driving Efficiency
demands along the prediction horizon. The prediction error of elec- forces  index  forces index  forces index
tric power.demand does npt exist. The measgred vglues qf Stedgl 3TIM —1.0610° 2T2M 6.6510° 2T2M 9.5610°
demands in the fourth period are delayed until the fifth period. In .
I ) . - - Feasible plan
the initiation of the fifth period, the operating conditions and con- . s
figurations must be replaced with the plan of the fifth period. How- 7 3TIM Infeasible  Not calculated 2T2M 1270
ever, replacing the operational conditions and configurations with
the plan of the fifth period causes infeasible or suboptimal. Thesanore general to occur and difficult to recover than the timing errors
problems can be solved by moving the plan of the fourth period taf energy demands. Dotted graphs represent the measured steam
the fifth period. Fig. 8 compares the results of the proposed methdemands and solid graphs represent the predicted steam demands.
od with the conventional method. The plan of the fourth period isThe prediction error of electric power demand does not exist. Fig. 9
delayed by the rule-based repairing system. However, the convershows the discrepancies between measurements and predictions
tional method has only a periodical replanning system, and a utilityfrom the fifth period to the seventh period. The plan from the fifth
plant is operated with the plan of the fifth period that is calculatedperiod to the seventh period must be modified for optimal opera-
from the multiperiod operational planning. Fig. 8 shows that thetion. Table 5 shows the results of complex repairing from the fifth
operational costs by the proposed method are less than the costs pgriod to the seventh period. In the fifth period, the configuration
the conventional method. The operational costs is reduced by 1.@&f UP5 is updated from 3T1M to 2T2M, and the configuration of
9.0%. UP4 is not revised because the efficiency index of UP5 is larger
Fig. 9 shows the predictions and measurements of steam demandsan the value of UP4. The efficiency indices of the remaining UPs
which have quantity errors. Quantity errors of energy demands arare not calculated because all of them are driven by Ums, and LS
demand is reduced when compared with prediction. UP1 is not used
to repair the plan because the efficiency index of UP1 has a nega-
tive sign. In the sixth period, any repairing operation is not imple-
mented because the plan is feasible although discrepancies exist be-
tween the predictions and measurements. In the seventh period, the
efficiency index of UP4 is not calculated because all of the UP4s
are driven by UMs and LS demand is reduced when compared with
the prediction. The configuration of UP5 is updated from 3T1M to
2T2M because the efficiency index of UP5 has a positive value.
The change of driving force of UP1 in the seventh period is infeasi-
ble operation; therefore, the configuration of UP1 in the seventh
period is not revised.
Fig. 10 compares the results of the proposed method with those
5.0e+6 . , . : : - : : of the conventional method. From the first period to the fourth per-
0 1 2 3 4 5 6 7 8 9 iod, the operational costs are identical because prediction errors do
Prediction herizon not exist and the plan repairing is not required. In the fifth period
Fig. 8. The comparison of the proposed method with the conven- ~ and the seventh period, the proposed method is more economical
tional method in timing errors. than the conventional method because prediction errors exist and

1.1e+7

1.0e+7 4

9.0e+6

8.0e+6 A

7.0et6 1

Operational costs (won)

6.0e+6 —e— Conventional method
~-— Proposed method
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Operational costs (won)
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~—=— Proposed method

6.5e+6

6.0e+6

T

4 5 6 7

Prediction horizon

Fig. 10. The comparison of the proposed method with the conven-
tional method in quantity errors.

the plan is updated by the repairing scheme. However, the operaut
tional costs of the proposed method and the conventional methogur

have little difference in the sixth period. In the sixth period, the plan

is not repaired because the operational plan is feasible although pr&TG
diction errors exist. The operational cost saving is about 0.6-2.0%W

compared with the conventional method when quantity prediction
errors exist.

CONCLUSIONS

The integration methodology of complete replanning and plan

: binary variable
: switch variable

Greek Letter

n . efficiency

Subscripts

BFW :boiler feed water

CBD : continuous blowdown

con : consumption

dmd :demand

E : electricity

ext : extraction

gen : generation

HS - high pressure steam

in : input flow

LS : low pressure steam

MS : medium pressure steam
: output flow
: purchase

spp  :supply
: steam turbine generator
: spray water

Swit : switch

t : time period

VS : very high pressure steam

REFERENCES

repairing is proposed to handle the prediction errors for energy deBelz, R. and Mertens, P., “Combined Knowledge-Based Systems and

mands during multiperiod operational planning in utility plants. Per-

iodical complete replanning and rule-based repairing is very impor-

Simulation to Solve Rescheduling Problerdsitis. Support Syst.
17, 141 (1996).

tant because the future cannot be predicted entirely and exactly. Thdui, C.-W. and Natori, Y., “An Industrial Application Using Mixed-
proposed method is more profitable than the conventional method Integer Programming Technique: A Multi-Period Utility System

when timing and quantity prediction errors exist. The operational

Mode; Comput. Chem. Engn@0, S1577 (1996).

cost was reduced by 1.0-9.0% under the timing errors in energy préyer, R. R. and Grossmann, . E., “Optimal Multiperiod Operational Plan-
diction and 0.6-2.0% under the quantity errors energy prediction ning for Utility SystemsComput. Chem. Engngl, 787 (1997).

compared with the conventional method.
ACKNOWLEDGMENTS
This work has been supported by the Brain Korea 21 project.

NOMENCLATURE

BIr : the set of boilers

C : cost [won]
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DU : the set of discontinuously operated units
E : electric power [MW]

F : flow rate [t/h]

f : Objective function
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N : the number of operating pump
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