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Design,synthesisandschedulingissuesareconsideredsimultaneouslyfor multipurpose
batchplants. Processingrecipesare representedby the State-TaskNetwork. The proposed
modeltakesinto accountthe trade-offs betweencapitalcosts,revenuesandoperationalflexi-
bility. Bothlinearandnonlinearexamplesarestudied,resultingin MILP andMINLP problems,
respectively. Comparisonswith anotherapproacharepresented.

Intr oduction
In multipurposebatchplants,a wide variety of productscan be producedvia different

processingrecipesby sharingavailablepiecesof equipment,raw materialsandintermediates,
utilities andproductiontimeresources.In orderto ensurethatany resourceincorporatedin the
designcanbeusedasefficiently aspossible,detailedconsiderationsof plantschedulingmust
betakeninto accountat thedesignstage.

All formulationsfor designandschedulingof batchprocessescanbe classifiedinto two
groupsbasedonthetimerepresentations.Examplesof discretetimeformulationsarefoundin
GrossmannandSargent(1979);Barbosa-ṔovoaandMacchietto(1994). GrossmannandSar-
gent(1979)solvedtheproblemof optimaldesignof sequentialmultiproductbatchprocesses
asamixedintegernonlinearprogramming(MINLP) problem.Barbosa-ṔovoaandMacchietto
(1994)presenteda detailedformulationof multipurposebatchplantdesignandretrofit based
on theState-TaskNetwork (STN) descriptionandequally-spacedfixedeventtime representa-
tion proposedby Kondili et al. (1993). More recentlyXia andMacchietto(1997)presenteda
formulationbasedon thevariableevent time schedulingmodelof ZhangandSargent(1996)
andusedastochasticmethodto solve theresultingnon-convex MINLP problems.

IerapetritouandFloudas(1998a,b)proposeda novel continuous-timemathematicalmodel
for the generalshort-termschedulingproblemof batch,continuousandsemicontinuouspro-
cesses.In this paper, we extendthe formulationto addresstheproblemof integrateddesign,
synthesisandschedulingof multipurposebatchplants.

ProblemDefinition
Given:� Productrecipes(i.e., the processingtimes for eachtaskat the suitableunits, and the

amountof thematerialsrequiredfor theproductionof eachproduct);� Potentiallyavailableprocessing/storageequipmentandtheir rangesof capacities;� Productionrequirement;�
Author to whomall correspondenceshouldbeaddressed
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Figure1: STNRepresentation
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Figure2: PlantSuperstructure

� Thetimehorizonunderconsideration;

Determine:� Thenumber, typeandsizeof equipmentitems;� A feasibleoperationschedule:

- Theoptimalsequenceof taskstakingplacein eachunit;

- Theamountof materialbeingprocessedateachtime in eachunit;

- Theprocessingtimeof eachtaskin eachunit;

Soasto optimizea performancecriterion,for example,theminimizationof thecapitalcostor
themaximizationof theoverallprofit.

ProcessRecipeand Plant Superstructure Representations
We usetheconceptof State-TaskNetwork(STN)proposedby Kondili et al. (1993). Fig-

ure1 givesan illustrationof the STN descriptionof a batchprecessnamedKPS process.In
additionto theproductrecipe,theinformationof potentiallyavailablepiecesof equipmentand
their suitability for differenttasksis usedto constructa superstructureof theplantundercon-
siderationthatincludesall possibledesigns.For example,basedon theKPSprocessrecipein
Figure1 andequipmentdatain Table1, we areableto establisha superstructureof theKPS
plant,asshown in Figure2. Full connectivity of theprocessingunits/storagevesselsnetwork
is assumed.

Mathematical Formulation
To formulatethemathematicalmodel,we requirethefollowing notation:

Indices:�
tasks;� units; � states;� eventpointsrepresentingthebeginningof a task;

Sets:�
tasks;

� � tasksthat canbeperformedin unit (j);

�
	 tasksthateitherproduceor consume

state(s);

�

 processingtasks;

�
� storagetasks;�

units;
��


unitsthatcanperformtask(i);
� � storageunits;�

eventpointswithin thetimehorizon;
���

thelasteventpoint;�
all involvedstates;

� � statesthatcanonly bestoredin storageunits;



Unit Capacity Suitability TaskTimeModel CostModel
KPSLIN KPSNON KPSLIN KPSNON

Heater 20-50 Heating 1.0+0.0067� 1.0+0.0067����� ��� 100.0+0.2� 100.0+0.2�
Reaction1 2.0+0.0267� 2.0+0.0267����� ���

Reactor1 50-70 Reaction2 2.0+0.0267� 2.0+0.0267����� ��� 150.0+0.5� 150.0+0.5����� �
Reaction3 1.0+0.0133� 1.0+0.0133����� ���
Reaction1 2.0+0.0167� 2.0+0.0167���������

Reactor2 70 Reaction2 2.0+0.0167� 2.0+0.0167��������� 120.0 120.0
Reaction3 1.0+0.0083� 1.0+0.0083� �������

Still 50-80 Separation2.0+0.0033� 2.0+0.0033����� ��� 150.0+0.3� 150.0+0.3����� �
Vessel4 10-30 I1(Hot A) – – 30.0+0.1� 30.0+0.1�
Vessel5 10-60 I2(IntBC) – – 15.0+0.1� 15.0+0.1����� �
Vessel6 10-70 I3(IntAB) – – 10.0+0.1� 10.0+0.1����� �
Vessel7 50-100I4(ImpureE) – – 20.0+0.2� 20.0+0.2����� �

Table1: EquipmentDatafor KPSPlant

Parameters: 	 market requirementfor state(s)at theendof timehorizon;! 
 	 
#" !%$	 
 proportionof state(s)produced,consumedfrom task(i), respectively;& 
 � "(' 
 � "�) 
 � constantterm,coefficient andexponentof variabletermof processingtime of task
(i) in unit (j), respectively;

H timehorizon;* 	 priceof state(s);+-, 
/.� " +0,2143� minimumandmaximumsizeof unit (j), respectively ;5& � " 5' � " 5) � constantterm,coefficient andexponentof variabletermof capitalcostof unit (j),
respectively;

Variables:
e(j) binaryvariablesto determineif unit j exists;
s(j) sizeof unit j;

wv(i,n) binaryvariablesto assignthebeginningof task(i) ateventpoint (n);
yv(j,n) binaryvariablesto assigntheutilizationof unit (j) ateventpoint (n);
b(i,j,n) amountof materialundertakingtask(i) in unit (j) ateventpoint (n);687 � " �:9 amountof state(s)beingdeliveredto themarketateventpoint (n);
st(s,n) amountof state(s)ateventpoint (n);; 	 7 � " � " �:9 startingtimeof task(i) in unit (j) ateventpoint (n);;=< 7 � " � " �:9 finishingtimeof task(i) in unit (j) ateventpoint (n).

Thenthemathematicalmodelinvolvesthefollowing constraints:
ExistenceConstraints

>@? 7 � " �:9BADC 7 � 9 "FE �HG � " � G � (1)

Unit SizeConstraints + , 
/.� C 7 � 9BA � 7 � 9IA + ,J1=3� C 7 � 9 "FE �HG �
(2)



AllocationConstraints K

ML�NPORQ ? 7 � " �S9UTV>@? 7 � " �:9 ":E �WG � " � G � (3)

CapacityConstraints

� 7 � " � " �S9IA + ,2143� Q ? 7 � " �S9 (4)

� 7 � " � " �:9XA � 7 � 9 ":E � G
� " �HG ��
 " � G � (5)

MaterialBalances

� ; 7 � " �S9UT � ; 7 � " �ZY\[]92Y 6^7 � " �:9:_
K

ML`Nba ! 
 	 


K
� Ldcfe �

7 � " � " �gY\[d9S_
K

ML�Nba ! $ 	 


K
� L]c=e �

7 � " � " �S9 " (6)

E �hG � " � G �
StorageConstraints

� ; 7 � " �:9UTji "2E ��G � � " � G � (7)

DemandConstraints K
.kLdl 6^7 � " �S9Bm\ 	 "nE ��G �

(8)

DurationConstraints:Processingtask

; < 7 � " � " �:9oT ; 	 7 � " � " �S9:_p& 
 � Q ? 7 � " �:9S_ ' 
 � � 7 � " � " �S9�q e O "=E � G
�

 " �WG ��
 " � G � (9)

DurationConstraints:Storagetask

; < 7 � " � " �S9Xm ; 	 7 � " � " �:9 " � G � " (10); < 7 � " � " �:9oTjr " � G ��� "=E � G
�
� " �HG ��


(11)

SequenceConstraints:

Sametaskin thesameunit; 	 7 � " � " �s_t[]9Im ; < 7 � " � " �S9 "=E � G
� " �WG ��
 " � G � " �vuT �

(12)

Differenttasksin thesameunit; 	 7 � " � " �s_t[d9Xm ; <@7 �xw " � " �:92Yvr 7 [XY Q ? 7 ��w " �S9�9 " (13)E �HG � " � G
� � " � w G

� � " � uT � w " � G � " �puT �
Differenttasksin differentunits; 	 7 � " � " �s_t[]9Bm ; < 7 � w " � w " �:92Yyr 7 [zY Q ? 7 � w " �:9�9 " (14)E � " � w G

� " �WG ��
 " � w G ��
/{ " � uT � w " � G � " �vuT �
Theseconstraintsarewritten for different tasks(

� " � w
) performedin differentunits (� " � w ) but

takeplaceconsecutively accordingto theproductionrecipe.
“Zero-wait” condition; 	 7 � " � " �s_t[d9XA ; < 7 � w " � w " �:92Yvr 7#| Y Q ? 7 � " �}_D[]92Y Q ? 7 � w " �:9f9 (15)E � " � w G

� " �HG ��
 " � w G ��
/{ " � G � " �puT �



Combinedwith Constraints(13) and(14), theseconstraintsenforcethattask(i) at eventpoint
(n+1)startsimmediatelyaftertheendof task(i’) ateventpoint(n) if bothof themareactivated.
TimeHorizonConstraints; <@7 � " � " �S9IADr "nE � G

� " �HG ��
 " � G � (16); 	 7 � " � " �S9IADr "nE � G
� " �HG ��
 " � G � (17)

Objective: Minimize K
�
7 5& � C 7 � 9:_ 5' � � 7 � 9R~q O 92Y

K
	
K
. * 	 6^7 � " �:9 (18)

Theobjectiveis to minimizethecapitalcostsof unitsminusprofitsdueto productsales.Other
performancecriteriaalsocanbeincorporatedeasily.

We shouldnotethat dueto the nonlinearmodelsof processingtime andcapitalcost,the
resultingmathematicalprogrammingmodel is a nonconvex MINLP problem,which needs
deterministicglobaloptimizationmethodsto determinetheglobaloptimalsolution.

Computational Study
Theabovemathematicalformulationis appliedto anexampletakenfrom Xia andMacchi-

etto(1997).Theprocessrecipe,equipmentdataandplantsuperstructurearethosewevisitedin
a previoussession(seeFigure1, Table1 andFigure2, respectively). Theproductionrequire-
mentsfor Product1 andProduct2 are40 and60 respectively in the linear caseof KPSLIN,
while 20 and30 respectively in the nonlinearcaseof KPSNON.Thepricesof FeedA, Feed
B, FeedC, Product1 andProduct2 are0.001,0.002,0.0015,0.02and0.03,respectively. The
time horizonunderconsiderationis 12 hours.MINOPT, anadvancedmodelinglanguageand
algorithmicframework proposedby SchweigerandFloudas(1997), is usedto establishand
solve theresultingMILP/MINLP mathematicalprogrammingproblems.TheMILP problems
aresolvedusingCPLEX,abranchandboundmethod.

Table 2 shows the resultsof the proposedformulationcomparedwith the resultsfound
in literature. Xia andMacchietto(1997)transformedthe formulationthey presentedinto an
alternative onewithout giving the necessarydetailsof the transformation.In additionto the
reporteddataof the transformedformulation,the correspondingdatawe obtainaccordingto
theiroriginalonearealsopresentedhere.It is shownthattheformulationproposedin thispaper
hasthefollowing advantages:(i) It givesriseto asimplermixed-integeroptimizationproblem
mainly in termsof a smallernumberof binary variables. (ii) The optimal solutionobtained
correspondsto a betterobjective function valueandconsequentlya betterintegrateddesign
and schedulingstrategy. (iii) The computationalefforts requiredare significantly reduced,
whichmakesit verypromisingto solve large-scaleindustrialproblems.

Conclusions
In this paper, a continuous-timeformulation is proposedfor the design,synthesisand

schedulingof multipurposebatchplants. A computationalstudyis presentedto demonstrate
the effectivenessof the proposedformulation. The computationalresultsarecomparedwith
thosein literatureandshow thattheproposedformulationresultsin smallersizeMILP/MINLP
mathematicalmodelsprimarily in termsof binaryvariablesandbetterobjectivevaluescanbe
accomplishedwith significantlylesscomputationalefforts.
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Cost Integer Continuous CPU
Case Formulation ($ [di�� ) Variables Variable Constraints (sec)

Xia and 585.62 � | � ����� [ |�| � | � i%��� � | �
KPSLIN Macchietto(1997)

|������ | i�[ � � |����
ThisWork 572.898 128 341 877

|�| � �%� ���
Xia and 495.11 � | � ����� [ |�| � � � �%� � | � �

KPSNON Macchietto(1997)
|������ | i�[ � � |����

ThisWork 490.433 108 287 722 �@� � [ ���
Table2: ResultsandComparisons(t: reportedbasedon transformedformulation;o:

recountedbasedonoriginal formulation;*: SunUltra station-1; **: HP-C160workstation)
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