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Abstract-The integration methodology of complete replannmg and plan repairing is proposed to handle the prediction 
en-oz~ for e~ae~gy demands during multipeziod operational plaming Complete replm~mag is nnple~nented periodlcally 
mad plan repaimag is triggered dmmg the execution interval. The plan repan-mg is cons~ucted by a role-based system 
because of real-ffrne limitations. The efficiency index of a utility pump is introduced to determine starry, p/shutdown 
of equipment without integer programming in plan repairing. Case studies show that the proposed method is more pro- 
fitable than the comre~ational replammag method. The total operating costs are reduced by 013-9.0~ compa-ed with the 
conventional replmming method. 
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I N T R O D U C T I O N  

Most chemical plsnts consume a considerable amount of eneigy; 
thus, multipenod operational planning of utility plants has been stud- 
ied extensively In cot~a~entiotlaI multipez-iod operational planning, 
the operational plan is f~xed duiing the execution interval in the plan- 
ning horizon [Jang and Babu, 1987 ] " However, energy demand can- 
not be predicted exactly in real applications, and the pre&ction en-or 
in multipenod operational planning makes it difficult for the con- 
ventional method to obtain a ~ue optimum. In this situation, the op- 
erational plata must be updated for optimal operatiotl 

A plan ~pclate can be accomplished m several ways: relying on 
human intervention, plan repaumg, and complete replamm~g The 
distinction between plan repahing and complete replam~ng is fun- 
&mental. Plan repairing involves changing the operational plan as 
little as possible to obtain optimal operation. Complete replaiming 
generates an operational plan all over again Re-generation of an 
entire plan is rarely achievable in a real-tmae environment and re- 
quhes much computation time [Belz and Ivlertens, 1996]. Complete 
replarming is useful when prediction error is so large that the off- 
line re-generation of the entire plan can save opera~ag cost. There- 
fore, off-line complete repNmitg ks implemented pe~-iodica~y for 
opNnal operation [Yeung et al., 1998]. In contrast to complete re- 
plaming, plan repairing is prefen-ed in a real-tmae e~a&-or~nent when 
the prediction error is not so large that off-line replarmmg is not re- 
quired, but the ctm-ent plan is not optimal. 

There has been much reseada about multipez-iod oper~ot~al plan- 
ning of utility plants. Nath and HolIiday [1985] optimized an in- 
dustrial utility plant using mixed integer linear pro~'mmning ( Iv l ILP) I  

Kalitventzeff [1991] presented mixed integer nonlinear program- 
ruing (IvlINLP) fonnulation for manage~nent plsm~ng of utility net- 
works. PeU-acci et al. [1991 ] established the optimal operation of a 
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utility plalt comidelJng variable elecllicity and fuel cost, different 
process plant capacities and operating conditionL Ito et al. [1994] 
proposed an opNnization method for the operation of a cogenera, 
tion plant. The method combines the dynamic programming with 
mLxed integer progranmaing Papal~xan&-i et al. [1996] reviewed 
researches on optimal operation of utility plants. Hui and Natori 
[1996] addressed the application of MILP techniques for the oph- 
mization of the utility plant. Iyer and Cnossmarn [1997] l~oposed 
a two-stage decomposition algorithm for the multiperiod plarming 
of the utility plant with given demand profiles. Papalexan&i et aI. 
[1998] considered the l~-ediction uncertait~:y by explozing flexible 
operating scenarios using predictive planning methods. Iyer and 
GTossmmm [1998] presented MILP fonnulation for the synthesis 
and operatiotlal platming of the utility plant for multipeiiod opera- 
tion with varying demands. Kim et al. [1999] proposed a new ap- 
proach for optimal multipezJod utility plant planning. At the upper 
level, the optimum configuration of the utility plant is determined 
by dynamic pro~-amning, and at the lower level, nonlinear pro- 
granmmg (NLP) is solved for each cotNguzation that is decided at 
the ~pper level. Yi et al. [2000] implemented opmal  multiperiod 
planning by two-level approach considering the internal energy de- 
man&. Strouvalis et al. [2000] proposed the customized solver for 
the operational plaiting scheduIing of utility systems. Heuristic 
meth~xts have been developed to minimize the operatiotlal cost in 
utility plants as well [Yoo et aI., 1996; Yi et aI., 1998]. 

Many studies for the opNnal operation of utility plants have been 
implemet~d Howevei; im~estigation results focused on only a sin- 
gle execution interval. A utility plant is operated continuously and 
there exist sequences of many execution intervals. Therefore, the 
study of single execution interval is not proper for a ~ i t y  plant In 
addition, the above studies considered prediction errors by a pre- 
dictive way. Howevez; the real world caimot be predicted exactly 
and entirely [Sp~lazzi, 1998], and an opemtionaI plan must be up- 
&ted because of uncertainty [Yeung, 1998]. In this paper, the in- 
tegration methodology of complete replm=mg and mle-based plan 
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Fig. 1. Plan updating slrategy for the handlmg of prediaion errol~ 

repairing is proposed for a continuously operated utility plant in 
the presence of prediction en-c~. Case studies are exanained and 
the results show that the proposed method is more profitable than 
the conventional method. 

INTEGRATION M E T H O D O L O G Y  

The integration methodology of complete replatming and rule- 
basel plan repairing is shown in Fig. 1. Off-Me multiperiod opera- 
tional plat~aing is implemented by using economic infbrmation, de- 
mand predictions over the horizon and process database. In multi- 
period operational platxmg, the optimal plan of a utility plant over 
platming horizon is detemained by integer progiamming. The tran- 
sition costs and switch costs must be included in the multiperiod 
pManing problem because frequent and lmge opei~ational damages 
between pericxts make an operational plan suboptimal for the entire 
plamamg horizon. At the end of an execution interval, the opePa- 
tioilal plan is updated periodically by complete replarming. It is the 
same as off-line multiperiod opeiational planning except for shift- 
mg planning horizoln_ If  the current period is not the end of an ex- 
ecution interval, it is examined whether or not the current period 
ends. If the cunent period ends, energy demand is predicted to ex- 
amine whether the operational plata deteirnined from off-line mul- 
tiperiod operational planning is feasible or optimal for the current 
energy deman4 The plan repairing is mainly triggered by two types 
of events: infeasibility mad op~nali~ If  the opei"ational plan is in- 
feasible, the plan must be updated to be feasible under the process 
condition in the cun'ent period. Although the plan is feasible, plan 
repainng may be needed when the plan is not optimal on the energy 
demand in the current period This can be easily detected by the 
existence of an efficient utility pump (UP). If  a UP exists that has 
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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; othep~vise, 
a utility plant is operated according to operational plata under the 
varying energy demands. 

For plan repairing, a rule base is used because of real-rune lim- 
itations. The role base is CorlSlructed to reduce operational cost by 
changing the operational modes of UPs. Based on the fixed modes 
that are calculated from the off-line multiperiod opecational plan- 
ning and plan repairing, a tNlity plant is operated under varying en- 
ergy demands. 

EFFICIENCY INDEX OF UP 

If  the change of driving force of UP from utility motor (IJM) to 
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 
force of UP from UT to UM reduces operamg cost. it is defined 
as the efficient UP and UM is efficient driving force. As an exam- 
ple, consider the simple utility plant shown in Fig. 2. The utility plant 
has a boiler, a steam t~-bine generator (STG) governed by (1), three 
letdown desuperheaters (LDs) and a kind of UPs. 

Fsro, Hs, c~,- 0.7F~.rG, ~ ~,,- 0.5 Fsrv, Ls: ~ -  2.8EsrG, g~,,- 18.0 = 0 (1) 

The STG consumes high v-essure steam (HS), extracts medium 
pressure steam (MS), low pressure steam (LS) and steam conden- 
sate (SC), and generates electric powei: One of the UP1 s is &iven 
by UM1 and the othei's are driven by UTls. Two of UPls must be 
operated in normal case. It is also assumed that all UT1 s constane 
5.0 t/h steam constantly if they are operated, and UM1 const~aaes 
1.5 MW eleclric power constantly if" it is operated The operating 
condition is shown in Table 1. As manifested m Table 1, 5.0 t/h of 
LS is needed. If a UP1 that stood by is turned on and another UP1 
driven by UM1 is turned off, then additional 5.0 t/h steam can be 
supplied to LS header throttgh the UT1 and 5.0 t/h steam is needed 
m MS header. The MS exWaction of STG must increase to 135.0 t/h 
to maintain the pressure mad temperature conditions of MS header. 
Therefore, the amount of steam consumption must be 198.5 t/h that 
is calculated by (1) and the steam genecation m the boiler must be 
318.5 t/b_ As the demand of intemal electric power decreases by 
1.5 MW, the purchase of eleclric power must be reduced to 15.43 
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Table 1. The operating condition of a shnple utility plant to ex- 
plain efficient UP 

Units Minimum Operating Maximum 
condition 

Boiler [t/h] 0.0 315.0 400.0 

STG 

HS consumption [t/h] 100.0 195.0 230.0 
MS extraction [t/h] 70.0 130.0 150.0 
LS extraction [t/h] 5.0 40.0 40.0 

SC extraction [t/h] 3.0 25.0 50.0 
ElechJcity [MW] 10.0 23.57 25.0 

LD1 [t/h] 5.0 20.0 30.0 
LD2 [t/h] 3.0 10.0 15.0 
LD3 [t/h] 2.0 5.0 10.0 

UP1 1T1M 

HS demand [t/h] 95.0 
MS demand [t]h] 135.0 
LS demand [t/h] 65.0 
E purchase [t/h] 16.93 

1VI~V. Therefore, the operational cost is 318.5C.,, e~,+l 5.43Cz, p... 
Without changing the mode of UP, LS can be supplied by LD 

or STG. However, LS ex/a-acfic~l of STG cannot supply e~lough steam 
because of the operating limit ThemfGe, LD1, LD2 and LD3 must 
be mafipulate& If the flow rates of LD1 and LD2 increase to 25.0 
t/h and 15.0 t/h, respectively, the operating cost ks 320.0C.s~,+ 
16.93CE,~,. Became Operating cost calculated by changing the mode 
of LIP is less than the cost calculated without changing the mode of 
UP, the UP1 is efficient and et~cient &iving force of UP1 ks UT1. 

However, if we want to repair the operational plan of a utility 
plant, we must define the index to detemaine which UP is more ef- 
ficient than others. The et~ciency index of UP ks a quantitative meas- 
ure that will indicate how much efficient UP is in a given process 
condition and defmed as follows: 

Efficiencyindex=(Original cost) (Mode change cost) (2) 
(Original cost) 

The original cost is calculated by ac~usting the flow rate of con- 
tinuous equipment without changing the merle of the discontinu- 
ous equipment, and the mede change cost ks calculated by tuming 
on/off the discontinuous equipment and adjusting the flow rate of 
the con~auous equipment If the sign of the efficiency index is pos- 
itive, UP is efficient; otherwise, it is not efficient. As the value of 
the efficiency index is larger, the UP becomes more eflqcient As 
an example, consider the shnple utility plant shown in Fig. 3. The 
utility plant has a boiler, an STG govemed by (1), three LDs and 
two kinds of UPs. It is assumed that one of the UP1 &Jven by UT1 
and another UP1 &wen by UM1 are operated~ and the third UP1 
driven by UT1 stands by It is also asstrned that UT1 consumes 
5.0 t/h steam constantly it" it is operated, and UM1 consumes 1.5 
IVIW electric power constantly if it is operated It is assumed that 
UP2 driven by UT2 is not operated and UP2 driven by U2X62 is op- 
erated UT2 consumes 7.0 t/h constantly if it is operated and UM2 
consumes 2.0MW comtanfly if it is operated. The operating con- 
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Fig. 3. The process flow diagram of a simple utility plant to explain 
efficiency index. 

dition is sane as Table 1 except the electricity demand ha Fig. 1, 
the external electric power demand is 39.0 MW and internal electric 
power demand is 1.5 MW. However, the external eleclfic power 
demand is 37.0 MW and internal electric power demand is 3.5 MW 
in Fig. 2. From the opemmag condition, it is manifested that 5.0 t/h 
of LS is needed. If  UP1 that stood by is turned on, the operating 
cost is 318.5C~s ~,+15.43CE,~, that is, the mode change cost of 
UP1. If  the UP2 that stood by is turned on, the operating cost is 
317.9C~s ~,+14.93C~y~, that is, the mode change cost of UP2. The 
original cost is identical with the example of Fig. 1. Therefore, the effi- 
ciency index of UP1 is (1.5C~ ~+1.5Cz,~,)/(320.(X~.~ ~,+16.93CE, p~) 
and the ettqciency index of UP2 is (2.1Cs~ ~,+2.0Czp~)/(320. 0C~. ~. 
+16.93Ce,~,). Because the efficiency index of UP2 is lager than 
the efiqciency index of UP1, tuming on UT2 is more economical 
than UT1 when LS demand increases. 

CASE STUDIES 

1. Process Description 
Fig. 4 shows the process flow diagram of an industrial utility plant 

The steam generation unit consists of four boilers, high pressure 
feed water heaters (HPH), steam air heaters (SAH), &aerators, oil 
heaters, and fuel atomizers. HPH, SAH and fuel atomizers con- 
sume MS, and deaerators and oil heaters consume LS supplied. The 
boilers produce only very high pressure steam (VS) to be fed to a 
VS hcadei: VS is fed into STG that geneiates elecaic power and 
extracts MS, LS and SC. The numbers of operating UPs must be 
fixed to supply utilities to the process and utility plant Table 2 shows 
the numbers of installed UPs, the amounts of steam and electric 
power consumption to drive them. For example, the number of UP5s 
is six; four of them are driven by UT5s and the others are driven 
by UMAs. UT5s consume 50.26 t/h of steam and UM5s cor~sume 
1770.0 kW of electric power constantly if they are operated. The 
steam headers are fota- different ldnds according to their tempera- 
ture and pressuIe. Four boilei's can supply the entire amount of steam 
required in the processes and unity plant Electric power must be 
purchased to meet the eleclricity demand because STG cannot gen- 
erate enough electric power to be used in the process and utility 
plant. 
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Fig. 4. The process flow diagram of an industrial utility plant. 

Table 2. The driving forces of UPs and s~eam/power consumptions 
in UTs/UMs 

Process Driving Steam turbine Electric motor 

equipment force [t/h] [kW] 

UT1, UM1 4TdM 50.26 1770.0 

UT2, UM2 1T2M 2.13 90.0 

UT3, UM3 1T1M 7.59 220.0 

UT4, UM4 4TdM 8.12 560.0 

UT5, UM5 4T2M 17.29 1250.0 

UT6, UM6 4TdM 4.60 250.0 

UTT, UM7 2T2M 9.61 540.0 

UTS, UM8 2T1M 2.34 45.0 

2. The Formulation of Multipeliod Operational Planning Prob- 
lem 

The multiperiod operational planning of a utility plant is decom- 
posed into two levels. At the upper level, mink-aura steam genera- 
tion and electric power purchase are calculated by lVIINLP At  the 

lower level, minimum fuel consumption rate is calculated by NLP. 
2-1. The Upper Level Planning Problem 

In the upper level platmmg, the objective fimction consists of the 
total cost over all periods. Total cost is composed of the operating 

costs of a uni ty  plant and the switch costs for all pe~-io&. The op- 
erating cost is constituted by the steam generation cost, spray water 
cost and purchased elech-ic power cost. The opNnization txoblem 

can be defined as: 

Minimize 

Subject to 

E F  ...... + E y , . Y  ...... - E F  ........ - E Y , . Y  ........ 0 (41 
f e f i x  ~e  D U  ~e  C I ]  ~e  D U  

E F . . . , H  ...... +Ey, . ,F , . ,~  ...... E F  ........ H ....... 
f e f i x  ~e  D U  f e c u  

Z Y,,Y ....... H ......... 0 (5) 
* ~ D U  

Fsr~, ~,~,~, P~F~reM~,,+gFsr~,L~,,,+r~Esr<~o,,, +s, (6) 

y,.~., =N~., (k: all kinds of pumps) (7) 

Es~.g..,, +Ep,,..,-> Ed,,,a., + Z y,.,E ......... (8) 
f E M  

F,,,ep,,_>F,,,,,,~, (i: all steam glades) (9) 

~, t+ I --~>E-- g+I (I0a) 

z~,.~_>y.~- y~ (10b) 

z,,~+1_<2- y~- y~+l (I0c) 

z~,,.,_<y,+y,§ (10d) 
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Eqs. (4) and (5) are mass and energy balance equations m the 
utility plant The set CU represents the continuously operated ~ait. 
The set DU represents the discontinuously operated unit such as 
UTs, UMs. Therefore, integer variable y is used to represent on/off 
status of the traits that belong to DU. Eq. (6) gives the relation among 
power generation, steam consumption, and steam extraction of STG. 
Details on the coefficient used in (6) can be found elsewhere [Lee 
et al., 1998]. The utility plant considered in the present study has 
eight different kinds of UPs that are driven by UMs and UTs. The 
numbers of each kind of operated UPs have ciiteria for the nonnal 
operation of the utility plant The set P, represents the k-th kind of 
UPs and each set of P, must satisfy the caiteria N, in (7). Eqs. (8) 
and (9) represent the demand satisfactions of electric power and 
steam, respectively. Eqs. (10a)-(10d) are the relations between on/ 
off status variables mad switch variables and are well defined by 
Papalexandri et al. [1998]. 
2-2. The Lower Level Planning Problem 

In the lower level plmrmg, we have allocated the boiler load ac- 
cording to efficiencies to minimize the total cost The total cost is 
composed of the fuel cost and boiler lransition cost The total amounts 
of generated VS in four boilers are deten-nined from the solution of 
the upper level problem. The mulfiperiod planning problem can be 
fonnulated as: 

Minimize 

~e T leBIr  

Subject to 

F,. z~.,=F,; ...... +F,. v.~ ~ ~ (12) 

1 F~,c~D.~H,.c~D,, +E,~'s,~H,,~s,~ ..... F,,B~,~H,,Bp~,,~ (13) 
F,r LHV, 11,,, 

Tl,.~=a,.,l~, ~s ...... +b,.,F,. ~ ..... +% (14) 

2 F,, w,~.,~-> F~s,~ .... (15) 
i ~ B I r  

The subscript i represents the i-th boiler. Eq. (12) is the mass hal- 

ance around the boiler, and (13) can be obtained from energy bal- 
ance comidemag thermal efficiency of the boiler. The boiler effi- 
ciency of the i-th boiler can be expressed as (14). We have obtained 
the coefficients for the boiler efficiency equation from the regres- 
sion based on ope1"ational data [Lee et al., 1998]. Total VS demand 
obtained from the upper level problem must be supplied from the 
boilers, as represented m (15). 
3. The Rule Base for Plan Repairing 

There exist many types of prediction errors affecting optimal op- 
eration of t~ility plants. Sources of prediction errors can be classi- 
fied into energy demand and eqLdpment performance. The predic- 
tion errors of energy demand can be further split into timing and 
quantity The thning error of energy demand refers to the shift in 
required amount frc~n a period to another. The quantity error of en- 
ergy demand refers to inaccurate predictioi1 The prediction errors 
of equipment performance result from the deterioration or scaling 
ofprecess equil~nent. Timing errors can be recovered by movmg, 
swapping and deleting the plarr Planning errors concerned with pre- 
diction qumNty and equipment peffonnanoe require complex repair- 
mg strategies considering the efficiency indices of UPs. 

Figs. 5(a) and 5(b) show the Me-based hierarchies for selecting 
repairing strategy. Fig. 5(a) is the hiemrdly to determine simple re- 
pairing strategy such as deleting, moving and swapping A delet- 
itg 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 cotffiguvations and operat/tg 
conclitions) is employed when energy requirements are delayed in 
a shnple manner. A swapping plan can be employed when the en- 
eigy denlands are exchanged. These methods are easily applicable 
if the production plans are cancelled, delayed mad exd~anged. If 
prediction errors raentioned above do not happen, complex repa/lr- 
mg strategies are triggered. 

Fig. 5(b) shows the Me-based hierarchies to hnplement com- 
plex repairing. The complex repahing of multiperiod operational 
plan is always accomplished from LS header to VS header. It is com- 
posed of the handling ofUT, UM, STG, LD and boilers. The heu- 
ristics for the repah-ing at each header can be summarized as fol- 
lows: 

Swal)ping i 
!i~Y.iY!!Li 

iuence o f  ~'~ 
~ ~xchangedj 

Fig. 5. (a) Rule-based hierarchy to select simple repairing strategy. (b) Rule-based hierarchy to select complex repairing strategy. 

! 

k~:,ndidom; irt llS headt:~" 
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LS header: 
1 st. Mode changes of UP2-UP8 
2nd. LS extraction of STG 

3rd. LD from MS header to LS header 
4th. LD from VS header to LS header 

M S  header: 
1st. Mode change of UP1 

2rid. MS extraction of STG 
3rd. LD from HS header to MS header 
4th. LD fi'om VS header to MS header 
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Table 3. The demand prediction of steam and electric power 

Period 1 2 3 4 5 6 7 

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

HS [t/h] -112.0 -138.0 -125.0 -139.0 -122.0 -134.0 -119.0 
MS [t/h] 204.0 166.0 214.0 179.0 220.0 169.0 210.0 

LS [t/h] 88.0 40.0 96.0 36.0 95.0 41.0 89.0 

E [MW] 30.0 34.0 31.0 38.0 36.0 32.0 34.0 

Table 4. The optimal  plan of  UPs 

1 2 3 4 5 6 7 

I-ISheader: UP1 3T1M 2T2M 3T1M 2T2M 3TIM 2T2M 3T1M 

1st. LD fi'om VS header to HS header UP2 2M 2M 2M 2M 2M 2M 2M 
2nd. Mode changes of UP1-UP7 UP3 1M 1M 1M 1M 1M 1M 1M 

UP4 4M 4M 1T3M 4M 2T2M 4M 4M 
g S h e a d e r :  UP5 3T1M 2T2M 3T1M 2T2M 3T1M 2T2M 3T1M 
1 st. Boiler load allocation UP6 4M 4M 4M 4M 4M 4M 4M 
2nd. The change of  driving forces of UP1-UP8 UP7 2M 2M 2M 2M 2M 2M 2M 

UP8 1M 1M 1M 1M 1M 1M 1M 
If prediction error concemed with LS exists, the operatioml plan 

must be repaired because the current plan may be infeasible or a 
more optimal plata may exist under the cun-ent conditions. To repak 
the operational plan of the LS header, the efficiency indices and 
ellicient driving forces fiom UP2 to UP8 are calculated and the czxl- 
figurational modes of UPs are changed. Generally, the handling of 
UPs does not satisfy the temperature and pressure conditions of a 
header because the anaounts of steatn consumpficxa of UTs are fete& 
Therefore, LS extraction of STG, LD3 and LD6 must be ac~usted 
in order to meet the tempea-ature and pressure conditions of the head- 
er. If prediction en-ors do not exist or roles succeed in repairing of 
LS header, the repairing of MS header is implemented. 

The complex repairing of the MS header has the same sb~cture 
as that of the LS header: If prediction ~ror exists, HS header re- 
pairing is implemented; otherwise, the rule-based system searches 
the repairing strategies of the HS header. To repair the operational 
plan of the MS header; the efficiency index and efficient driving 
force of UP1 are calculated and the mode of UP1 is changed ac- 
cording to the calculation. MS extraction of STG, LD2 and LD5 
must be adjusted to meet the temperature and pressure condl?,ions 
of the MS header because the steat-n comunaption of UT1 is con- 
stant_ 

If prediction error concemed with HS exists, the feasibilities of 
LD1 a id  LD4 are examinect If  they are feasible, flow rates of LD1 
and LD4 are changed and VS repairing is implemented Otherwise, 
the configurational modes t~om UP1 to UP7 are changed for LD1 
and LD4 to be feasible. After the repairing of the UPs, the repair- 
mg of the LS header- must be implemented all over again because 
the mode changes of UPs make steam supply to MS and LS head- 
ers change. 

The repairing rule base of the VS header is usually implemented 
by the load allocation of boilers mad mode changes of UPs. The load 
allocation is implemented by NLR The problem formulation is the 
sin-he as the lower-level planning formulation except 6me horizon. 
In the repairing stage, time horizon is reduced from the present time. 
In an exlreme case, total requirement of VS can be larger than the 
maxamum opera6_ng limit of boilers. In this case, repairing must be 

hnplemented all over again from LS header to reduce total require- 
rne,lt of VS and increase electric power consumption, which can 
be accomplished by changing the driving forces of UPs as UMs. 

R E S U L T S  A N D  D I S C U S S I O N  

The results of the proposed method are conqmmd with the results 
of conventional multiperiod planning. Table 3 shows the denland 
predictions of steam and electric power for a plalming horizon of 
seven periods. The signs of HS tie, hands are negative, which means 
that HS supply from process plm~s is latger than HS demand. The 
mulfil~ic*-t operational plan is calculated by the decomposition meth- 

od Table 4 shows the optimal plan of UPs by the upper-level mtfl- 
tiperiod pl~-m~g considering switch cost Fig. 6 shows the results 
of the optimal boiler load profiles by the lower-level mulfipefiod 
planning considering the transition cost of boilms. Based on the re- 
sults of the multiperiod operational plata, a taJlity plant is operated 
under the varying energy demands. 
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Fig. 6. The results of  boiler load allocations. 
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Fig. 7. The prediclions and measured values of steam demands to 
represent t iming errors. 
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Fig. 9. The predictions and measured values of steam demands to 
represent quantity errors. 

Fig. 7 ~hows the predictions and file measurements of  steam de- 
maids, which haw timing exrotx Dotted graphs represent file nleas- 
ured steam demands and solid graphs represent fixe predicted stean 
demands along file prediction horizon. The prediction error o f  elec- 
tric power demand does not exist. The measured values of steam 
demands in the fourth period m'e delayed until the fifltl period. In 
the initiation of the f'tfliL period, the operating conditions and con- 
figurations must be replaced with file plan of the ftflh period. How- 
eva; replacing file opa~ional conditions and configut~ions with 
the plan of the ftiih period causes infeasible or suboptimal. These 
problems can be solved by moving file plan of the fomlh period to 
the fifth period. Fig. 8 compares the results of file proposed meth- 
od with file conventional nlethod. Tile plan of  the fourth period is 
delayed by the mle-lmsed repairing system. Howvver, the conven- 
tional method has only aperiodical replanning system, and autility 
plant is operated with fixe plan of the fifth period that is calcalated 
from the multiperiod opei'atianal planning. Fig. 8 shows that file 
operational costs by file proposed method me less than the costs by 
the conventional medmd. TiLe operadanal costs is reduced by 1.0- 
9.0%. 

Fig. 9 shows file predictions and measta~nla~s of steam deman&% 
which have quantity arotx Quantity etrom of energy demands are 
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Fig. 8. The comparison of the proposed method with the conven- 
| ional method in l lming  errors. 

Table 5. The rcslflts of plan repairing and ef l idcncy indices 

UP1 UP4 UP5 

Driving Efficiency Driving Effidency Driving Eflidency 
forces index forces index forces index 

5 3TIM -1.06• -1 2T2M 6.65>,'10 -s 2T2M 9.56• -s 
6 Feasible plan 
7 3T1M Infeasible Not calculated 2T2M 1.27• -3 

more genet~d to occur and difficult to recova'than the timing errors 
of energy demands. Dotted graphs represent file measured steam 
demands and solid graphs represent the predicted steam demands. 
Tile prediction aror  of electric power danand does not exist. Fig. 9 
shows file discrepancies between meas~'enmnts and predictions 
firm file ftl~ period to file seventh period. Tile plan fi9m the fifltl 
paiod to the sevalth period must be modified for optimal opera- 
tion. Table 5 shows the resuks of  complex repah'ing fi'om the fifth 
paiod to the seventh period. In fixe fifth period, the configuration 
of UP5 is updated from 3T1M to 2T2M, and the configurmion of 
UP4 is not revised because file efficiency index of  UP5 is larger 
than the value of UP4. The efficiency indices of the remaining UPs 
are not calculated because all of them are diiven by Urns, and LS 
demand is tvduced ~hen compaivd with prediction. UP1 is not used 
to repak file plan because the efficiency index of UP1 has a nega- 
tive sign. In fixe sixth period, my repah'ing operation is not imple- 
mented because the plan is feasible althongh dL,~q~ancies exist be- 
tween the predictions and measurements. In file seventh paiod, the 
efficieno.r index of UP4 is not calculated because all of  the UP4s 
are driven by UMs md LS cL~ is reduced when conlpvaed with 
the prediction. Tile con.tqgut~ion of UP5 is updatedfi~om 3T1M to 
2T2M because fixe efficiency index of UP5 has a positive x~ue. 
Tile change of driving force of UP1 in the seventh period is infeasi- 
ble operation; therefore, the configta~ion of UP1 in the seventh 
period is not revised. 

Fig. 10 compares file results of the proposed method with those 
of the conventional method. From the first pa-iod to file fomth per- 
iod, fixe operational costs are identical because prediction erroxs do 
not exist and file plan repairing is not requit~ed. In the f~dL period 
and fixe seventh period, file proposed method is more econonlical 
thin the conventional method because prediction arors exist md 
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Fig. 10. The comparison of the proposed melhod wilh the conven- 
tional method in quantity errors. 

y : binary variable 
z : switch variable 

the plan is up&ted by the repairing scheme. However, the opera- 
tional costs of the proposed method and the conventional method 
have little difference in the sixth period. In the si,-Cth period, the plan 
is not repaired because the operational plan is feasible although pre- 
diction errors exist. The operational cost saving is about 0.6-2.0% 
compared with the conventional method when qtkqntity prediction 
errors exis[ 

CONCLUSIONS 

The integration methodology of complete replm~mlg and plan 
repairing is proposed to handle the prediction errors for energy de- 
mands during multipe~iod operational pluming in utility plants. Per- 
iodical complete repla~umlg and mle-lmsed repairing is very impor- 
tant because the future cannot be predicted entirely and exactly�9 The 
proposed method is more profitable than the conventional method 
when timing and quantity prediction errors exisl_ The operational 
cost was reduced by 1.0-9.0% under the timing errors in energy pre- 
diction and 0�9149 under the qumltity errors energy prediction 
compared with the conventional method. 
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NOMENCLATURE 

Blr 
C 
CU 
DU 
E 
F 
f 
LHV 
M 
N 
P~ 
T 

: the set of boilers 
: c o s t  [ w o n ]  

: the set of continuously operated units 
: the set of  discontinuously operated units 
�9 eleclric power [MW] 
: flow rate [t/h] 
: objective function 
: low heating value [kcal/kg] 
: the set of  electric motors 
: the number of operating pump 
: the set of k-th kind of pumps 
: the set of prediction horizons 

Greek Letter 

r 1 :efficiency 

Subscripts 
BFW : boiler feed water 
CBD : conmmons blowdown 
con :consurnption 
dind :demand 
E :electricity 
ext : extraction 
gen : generation 
HS : high pressure steam 
m : input flow 
LS : low pressure steam 
MS : medium pressure steam 
out : output flow 
pur :purchase 
spp :supply 
STG : steam turbine generator 
SW : spray water 
swt : switch 
t : time period 
VS : very high pressure steam 
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