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Abstract — Design,synthesisandschedulingssuesare consideredgsimultaneouslyor multipur-
posebatchplants.A previously proposedontinuous-timdormulationfor schedulings extended
to incorporataedesignandsynthesisProcessingecipesarerepresentelly the State- BskNetwork.
Thesuperstructuref all possiblegplantdesignss constructe@ccordingo the potentialavailability
of all processing/storagits. Theproposednodeltakesinto accounthetrade-ofs betweercap-
ital costs revenuesandoperationaflexibility. Computationastudiesarepresentedo illustratethe
effectivenes®f theproposedormulation.Bothlinearandnonlineamodelsareincluded resulting
in MILP andMINLP problemsyrespectrely. The MILP problemsaresolvedusinga branchand
boundmethod.Globally optimalsolutionsareobtainedor thenoncomwex MINLP problemsbased
onakey propertythatarisesdueto the specialstructureof theresultingmodels.Comparisonsvith

previousapproachearealsopresented.
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1 Intr oduction

Multipurposebatchplantshave beenemplosed extensvely for the manugctureof mary typesof
chemicalsparticularlythosewhich areproducedn smallquantitiesandfor which the production

processesr the demandpatternarelikely to change.ln theseplants,a wide variety of products
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canbe producedvia differentprocessingecipesby sharingavailable piecesof equipmentyraw
materialsand intermediatesutilities and productiontime resources.The specialinherentoper
ationalflexibility representgonsiderableomplity in the designand synthesisof suchplants.
Therehave beenseveral publicationsin the areaof designand operationof multipurposebatch
plants(e.g., Grossmanrand Sagent(1979); Suhamiand Mah (1982); Birewar and Grossmann
(1989); Papageayaki and Reklaitis (1990a,b,1993); Barbosa-Bvoa and Macchietto(1994); Xia
andMacchietto(1997)). In mary casesschedulingstrat@giesare not incorporatecor integrated
very well, which may leadto over-designor underdesign. In orderto ensurethatary resource
incorporatedn the designcanbe usedasefficiently aspossible detailedconsiderationsf plant
schedulingmustbe takeninto accountat the designstage. Therefore,it is importantto consider
designsynthesisandschedulingsimultaneously

All formulationsfor designandschedulingf batchprocessesanbeclassifiednto two groups
basednthetimerepresentationgExamplesf discretdime formulationsarefoundin Grossmann
and Sagent (1979); Suhamiand Mah (1982); Papageayaki and Reklaitis (1990a,b);Barbosa-
PbvoaandMacchietto(1994). Grossmanrand Sagent(1979)solvedthe problemof optimal de-
signof sequentiamultiproductbatchprocesseasamixed-intggernonlineaprogrammingdMINLP)
problem.Onthis basis,SuhamiandMah (1982)studiedthe optimal designof multipurposebatch
plantfocusingon a restrictedform of the problemasthe “unique unit-to-taskassignmenttase.
PapageagakiandReklaitis(1990a)criticized mary previousformulationsin omitting key aspects
of thegeneraimultipurposeplant, suchasalternatve assignmentsf differentequipmenitemsto
eachproducttaskandsharingof the units of the sameequipmentype amongmultiple tasksof
the sameor differentproducts. They proposeda formulationwhereflexible unit-to-taskalloca-
tions andnon-identicalparallelunits are considered.A decompositiorstratgy is alsoproposed
to solve the resultingMINLP problemsby Papageagaki and Reklaitis (1990b). Barbosa-Bvoa
andMacchietto(1994) presented detailedformulation of multipurposebatchplant designand
retrofit basedon the State-Bsk Network (STN) descriptionand equally-spacedixed eventtime

representatioproposedy Kondili etal. (1993).



In recentyears attempthave beenmadeto createcontinuous-timéormulations.Xia andMac-
chietto(1997)presented formulationbasednthevariableeventtime schedulingnodelof Zhang
andSagent(1996,1998). A stochastianethodis usedto solve the resultingnoncowex MINLP
problemsdirectly, insteadof introducinga large numberof auxiliary variablesand constraint4o
reducethe MINLP into aMILP.

lerapetritouand Floudas(1998a,b);lerapetritouet al. (1999) proposeda novel continuous-
time mathematicamodelfor the generakhort-termschedulingproblemof batch,continuousand
semicontinuougprocessedt featureghekey concepif eventpointsandsetsof specialsequence
constraints.Market demandscan be specifiedat the end of the time horizonor within the time
horizonwith intermediateluedates.

In this paperwe extendthe formulationto addresshe problemof integrateddesign,synthesis
andschedulingpf multipurposebatchplants.First,adefinitionof the problemunderconsideration
is stated,and the representatiomf problemdatais discussed. This is followed by a detailed
descriptionof the proposedmathematicaformulation. Computationakresultsand comparisons

with a previously proposedormulationarealsopresented.

2 Problem Definition

Theintegrateddesign synthesisandschedulingproblemfor multipurposeébatchplantsconsidered

in this papers statedasfollows:

Given

Productionrecipes(i.e., the processingimes for eachtask at the suitableunits, and the

amountof thematerialsrequiredfor the productionof eachproduct);

Potentiallyavailableprocessing/storageguipmentindtheir rangeof capacities;

Materialstoragepolicy;

Productiorrequirement;



e Thetime horizonunderconsideration;
Determine
e Thenumbertypeandsizeof equipmenitems;

e A feasibleoperationakchedule;

- Theoptimalsequencef taskstakingplacein eachunit;
- Theamountof materialbeingprocesseateachtime in eachunit;

- Theprocessindime of eachtaskin eachunit;

soasto optimizea performanceriterion,for example,to minimizethe capitalcostor to maximize

theoverall profit.

3 ProcessRecipeand Plant Superstructure Representations

Thefirst stageof solvingthedesign synthesiandschedulingoroblemis to developagenerarep-
resentatiorf theprocessecipe.In thiswork, we employ theconcepbf State- BskNetwork(STN)
proposedy Kondili etal. (1993). The STNis adirectedgraphwith two typesof distinctvenodes:
the statenodesdenotedoy a circle andthetasknodesdenotedoy a rectanglebox. Figurel gives
anillustration of the STN descriptionof a batchprecessnamedBM processjn which two final
products S5andS6,areproducedrom two raw materials S1andS2,throughfour tasks,T1-T4,
involving two intermediatematerials S3andS4.

In additionto the procesgecipe,theinformationof potentiallyavailable piecesof equipment
and their suitability for differenttasksis usedto constructa superstructuref the plant under
consideratiorthat includesall possibledesigns. For example,basedon the BM processecipe
in Figure 1 andequipmentdatain Table 1, we areableto establisha superstructuref the BM
plant,asshovn in Figure2. Decisionsontheplantstructurenvolve threeprocessinginitsandone

storagevessel Full connectvity of theprocessinginits/storageessehetwork is assumed.



4 Mathematical Formulation

To formulatethe mathematicamodelfor integrateddesign,synthesisandschedulingof multipur-

posebatchplants,we requirethe following indices,sets parametersandvariables:

Indices:
1 tasks;j units; s states;

n eventpointsrepresentinghe beginningof ataskor utilization of a unit.

I tasks;

; tasksthatcanbeperformedn unit (j);
1, tasksthateitherproduceor consumestate(s);
I, processingasks;
I, storagdasks;
J units;
J; unitsthatcanperformtask(i);
J; storageunits;
S all involvedstates;
S, stateghatcanonly bestoredin dedicatedstorageunits;
N eventpointswithin thetime horizon.

Parametes:

ohi, pS;  proportionsof state(s) producedconsumedy task(i), respectiely;

a4, Bij, v constantterm, coeficient and exponentof variableterm of processingime of

task(i) in unit (j), respectrely;
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Variables:

d(s,n)

st(s,n)
(i, j,m)

t4(i, 4, n)

constanterm,coeficientandexponentof variabletermof capitalcostof unit (j),

respectrely;

time horizon;

price of state(s);

market requirementor state(s) attheendof time horizon;

minimumandmaximumpossiblesizesof unit (j), respectiely .

binaryvariableso determingf unit (j) exists;

positive variableshatdeterminghesizeof unit (j);
binaryvariableghatassigrnthe beginningof task(i) ateventpoint(n);
binaryvariableghatassigrthe utilization of unit (j) ateventpoint(n);

positive variablesthat determinethe amountof materialundertakingask(i) in

unit (j) ateventpoint (n);

positive variablesthat determinethe amountof state(s) beingdeliveredto the

market at eventpoint(n);
positive variableshatdeterminghe amountof state(s) at eventpoint (n);
time thattask(i) startsin unit (j) ateventpoint(n);

time thattask(i) finishesin unit (j) while it startsateventpoint (n).

Basedon this notationthe mathematicamodelinvolvesthefollowing constraints:

ExistenceConstraints

yv(j,n) <e(j), Vj€J, neN Q)



Theseconstraintexpressherequirementhata unit canbeutilized only if it exists.

Unit SizeConstraints

Vite(j) < s(j) < Vi"e(j), Vi€ J (2)

Theseconstraintdeterminethe rangeof the size of eachunit. If e(j) equalsone,thatis, a unit
exists,thenConstraint(2) correspondso the lower andupperboundson the sizeof the unit, s(j).

If e(j) equalszero,thens(j) becomegzero.

Allocation Constraints

> “wu(i,n) =yv(j,n), ¥jE€J, neN (3)
i€l
Theseconstraintexpressthatin eachunit (j) andat arny eventpoint (n) at mostoneof the tasks
that canbe performedin this unit (i.e., 2 € I;) shouldtake place. If unit (j) is utilized at event
point (n), thatis, yv(j,n) equalsl, thenoneof thewv(i,n) variablesshouldbe activated.If unit (j)

is not utilized at eventpoint (n), thenall correspondingvv(i,n) variablestake zerovalues thatis,

no assignmentsf tasksaremade.

CapacityConstraints

b(i,j,n) < V" wv(i,n), Viel, j€J;, n€N (4)

b(i,j,n) < s(j), Viel, jeJ, neN (5)

Theseconstraintexpressthe requirementhat the batch-sizeshouldbe within the maximumca-
pacity of a unit (j). If wv(i,n) equalszero,thatis, task(i) doesnot take placeat eventpoint (n),

thenthefirst constrainenforced(i,j,n) to bezero.If wv(i,n) equalone thenthesecondctonstraint



restrictsb(i,j,n) to bewithin the availablecapacityof unit (j), s(j).

MaterialBalances

st(s,n) = st(s,n—1) —d(s,n) + >l D bli,g,n = 1)+ o5 Y b0, 5;n)
i€l j€J; 1€l JEJ;

Vs€S, neN (6)

wherepS, < 0, 0% > 0 representhe proportionof state(s) consumedr producedby task (i),
respectrely. Accordingto theseconstraintehe amountof materialof state(s) at eventpoint (n)
is equalto thatat eventpoint (n-1) adjustedby any amountsgproducedor consumedetweerthe
eventpoints(n-1) and(n) andtheamountrequiredby the market at eventpoint (n) within thetime

horizon.

StorageConstraints

st(s,n)=0, Vs€S;, ne N (7)

Theseconstraintenforcethatthosestateghatcanonly be storedin dedicatedstorageunits have

to beconsumedy someprocessindaskor storaggaskimmediatelyafterthey areproduced.

DemandConstraints

Z d(s,n) >rs, VseS (8)

neEN

Theseconstraintgepresentherequiremento produceatleastasmuchasrequiredoy the market.



DurationConstraintsProcessingask

tf(i,j, n) = ts(i,j, n) + aijwv(i, n) + ﬂZ]b(Z,j, n)'”j, V’L € Ip, j € Ji, n e N (9)

In Constraintg9), the processindime takesa generallynonlinearform consistingof afixedterm

anda variableterm dependingon the batch-size.When;; equalone,theseconstraintdecome

linearasaspecialcase.

DurationConstraints Storageask

t!(i,j,n) > t°(i,4,n), Vi€, j€J;, n€N (10)

tf(lluja nlast) = H7 Vi € It7 .7 € JZ (11)

Theseconstraintsexpressthat the durationof storagetaskscantake ary positive valueaslong
asthey endat the endof the time horizon. The conceptof storagetaskis introducedto malke it

possibleto treatdedicatedstorageconstraintsand processingonstraintsn a unifiedandgeneral

way.

Sequenc€onstraints:

Sametaskin the sameunit

t8(17]7n+1)2tf(17]an)a VZGI, ]GJZa nENun#nlast (12)

Theseconstraintsstatethat task(i) startingat event point (n+1) shouldstartafter the endof the

sametaskperformedn the sameunit (j) which hasalreadystartedat eventpoint(n).



Differenttasksin the sameunit

(i, j,m+1) >t/ (i, 5,n) — H(1 — wo(i',n))

Vied, i€l i'€l;, i#i, n€N,# s (13)

Theseconstraint@arewrittenfor tasks(i, i) thatareperformedn thesameunit (j). If bothtasksare
performedin the sameunit they shouldbe at mostconsecutie. This is expressedy Constraints
(13) becausef wov(i',n) = 1 which meansthattask(i') takesplaceat unit (j) ateventpoint (n),
thenthe seconderm of theright handsideof (13) becomeszeroforcing the startingtime of task
(i) ateventpoint (n+1)to begreaterthantheendtime of task(i") ateventpoint(n); otherwisethe

right handsideof (13) becomesiggative andthe constrainis trivially satisfied.

Differenttasksin differentunits

(i, j,m+1) >/ (i', 5',n) — H(1 — wo(i',n))

Viai,EIa jEJiajIEJi’v j?éjlv nEN:n#nlast (14)

Constraintg14) arewritten for differenttasks(i, :') thatareperformedn differentunits(j, j') but
take placeconsecutiely accordingto the productionrecipe. Note thatif task (i) takesplacein
unit (5) ateventpoint(n) (i.e.,wv (i, n) = 1), thenwe havet*(i, j,n+1) > ¢/ (i, 5',n) andhence

task(i) in unit (j) hasto startaftertheendof task(i') in unit (5").

“Zero-wait” condition

(i, j,n+1) <t ' n) — H2 —wu(i,n+1) — wo(i,n))

Vi,iIEI, jEJivaEJi’a nENan7énlaSt (15)
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Constraintg15) arewritten for differenttasks(z, i) thattake placeconsecutiely with “zero-wait”
conditiondueto storageestrictionsontheintermediatanaterial. Combinedwith Constraintg13)
and(14), theseconstraintsenforcethattask(i) in unit (j) at eventpoint (n+1) startsimmediately

aftertheendof task(i’) in unit (j’) ateventpoint(n) if bothof themareactivated.

Time HorizonConstraints

t'(G,5,n) < H, Yiel,j€ J,neN (16)

t*(i,j,n) < H, Yiel,je J,neN a7

Thetime horizonconstraintgepresentherequirementhatevery taskshouldstartandendwithin

thetime horizon(H).

Objective: Minimize

D (@e() + Bis()) = Y D psd(s,n) (18)

j s n
Theobjectiveis to minimizethecapitalcostsof units,which consistof afixedtermandagenerally
nonlinearterm dependingon the sizesof the units, minus profits due to productsales. Other
performanceriteriacanalsobeincorporated.

It shouldbe pointedout thatthe casewheredifferentunits sharethe sametaskscanbeaccom-
modatedn theabove formulationby consideringeachtaskin eachunit asa differenttaskwith the
samefeaturesWe shouldalsonotethatdueto thenonlineamrmodelsof processingime andcapital
cost,theresultingmathematicaprogrammingnodelis a noncowex MINLP problem.Therefore,

deterministioglobal optimizationmethodsareneededo determinghe globaloptimal solution.

11



5 Computational Studies

The abore mathematicaformulationis appliedto two examplestaken from Xia and Macchietto
(1997). For eachexample,both linear and nonlinearcasesare studied. MINOPT, an adwanced
modelinglanguageandalgorithmicframework proposedy SchweigeandFloudag1997)(URL:
http://titan.princeton.edu/MINOPT/)s usedto establishand solve the resultingMILP/MINLP
mathematicgbrogrammingproblems.TheMILP problemsaresolvedusingCPLEX,abranchand
boundmethod.For MINLP problems MINOPT implementsseveralalgorithmsincluding Gener
alizedBendersDecompositionGBD), Outer Approximationwith Equality Relaxation(OA/ER),
andOuter Approximationwith Equality Relaxationand AugmentedPenalty(OA/ER/AP). A de-
tailed accountof the theoreticaland algorithmic issuesfor MINLP problemscan be found in

Floudag(1995).All thecomputationg@redoneon a HP-C160workstation.
BM Plant

The procesgecipe,equipmentataandplantsuperstructurarethosewe discussedn a previous
sessiorasBM processandBM plant(seeFigurel, Table1l andFigure?2, respectrely). Further
informationon the productionrequirementindrelevant materialdataareshovn in Table2. The
time horizonunderconsiderations 12 hours.

In the caseof BMFIX, the processingimesof processingasksand capitalcostmodelsare
providedaslinearforms. Five eventpointsareusedandthe resultingMILP probleminvolves59
binary variables,175 continuousvariablesand 332 constraints.It is solvedin 0.4 second<CPU
time andthe objective functionvalueis 195.6. The optimal plantdesignis shavn in Figure3, in
whichall thethreeprocessinginitsareselectedvhile the storagevessels not. Thecorresponding
optimaloperationakchedulas representedh Figure4.

In the caseof BMNON, the processindime andcapitalcostmodelsarebothnonlinear Four
eventpointsareneededandtheresultingMINLP probleminvolves48 binaryvariables,142 con-
tinuousvariablesand262constraintslt is solvedin 0.75second<PUtime andthecorresponding

objective functionvalueis 3557.35. The optimalplantstructureis the sameasthatin BMFIX, as

12



shawvn in Figure3. Theoperationabchedulebtaineds representeth Figure5.
KPS Plant

The procesgecipeis shovn in Figure6. Two final productsare producedrom threeraw mate-
rials throughheating,threereactionsand separationjnvolving four intermediatematerials. The
equipmentdataare givenin Table 3. Four processingunits and four storagevesselsare under
consideration.Full connecwity of the equipmentetwork is assumed.The plant superstructure
is thenconstructedasshavn in Figure7. Productionrequirement&ndrelevantmaterialdataare
givenin Table4. Thetime horizonunderconsiderations also12 hours.

In the linear caseof KPSLIN, six event pointsare usedandthe resultingMILP problemin-
volves 128 binary variables,341 continuousvariablesand 877 constraints.It is solvedin 22.49
second<CPUtime andthe objectve functionvalueis 572.898. The optimalplantdesignis shovn
in Figure8, in which all four processinginitsarechoserandonly onestoragevesseis selectedo
hold oneof the intermediatematerials.The correspondingptimal operationakchedulds repre-
sentedn Figurel0.

In thenonlinearcaseof KPSNON,five eventpointsareneededndtheresultingMINLP prob-
lem involves 108 binary variables,287 continuousvariablesand 722 constraints.It is solvedin
7.31secondsCPUtime andthe correspondingbjectie functionvalueis 490.433. Comparedo
the solutionof KPSLIN, only onereactoris includedin the optimalplantstructurein this caseas
shavn in Figure9, whichis dueto theincreasedaapitalcostof the otherreactor The operational

schedulebtaineds representeth Figurell.

Comparisonwith Other Approaches

Table5 shaws the resultsof the proposedormulationcomparedwith the resultsfoundin litera-
ture. Xia andMacchietto(1997)transformedhe formulationthey presentednto an alternatve
onewithoutgiving the necessaryetailsof thetransformatiorandbasedhe datathey providedon
thetransformedne. Thereforejn additionto thereporteddata,the correspondinglatawe obtain

accordingo their original formulationarealsopresentedhere,which in our point of view, reflect

13



the actualsizeof their resultingmathematicamodels. It is shovn thatthe formulationproposed
in this paperhasthe following advantages{i) It givesrise to a simplermixed-inteyer optimiza-
tion problemmainly in termsof a smallernumberof binaryvariables.The proposedormulation
introducesb9, 48, 128 and 108 binary variablesin BMFIX, BMNON, KPSLIN and KPSNON,
respectrely, comparedo 124 in the first exampleand 288 in the secondexamplerequiredfor
theformulationof Xia andMacchietto(1997);(ii) Theoptimalsolutionobtainedcorrespondso a
betterobjective functionvalueandconsequentlhabetterintegrateddesignandschedulingstratayy.
In BMFIX andBMNON, the proposedormulationleadsto an objectve functionvalueof 195.6
and3557.35respectiely, which arelower thanthe valueof 197.23and3576.49from the formu-
lation of Xia and Macchietto(1997). In KPSLIN and KPSNON,we also achieve bettervalues
of 572.808and490.433comparedo 585.62and495.11;(iii) The computationakffort required
is significantlyreducedwhich makesit very promisingto solve large-scalandustrialproblems.
It takesonly 0.4 secondsn BMFIX, 0.75secondsn BMNON, 22.49secondsn KPSLIN and
7.31secondsn KPSNON,respectiely, on a HP-C160workstation,while the formulationof Xia
andMacchietto(1997)required1821.19seconds2998.46seconds2407.62secondand7849.23

secondstespectrely, ona SunUItra station-1.

Local versusGlobal Solution

It isinterestingo notethatin thenonlineamoncowex casesBMNON andKPSNON thesolutions
obtainedthroughMINOPT (SchweigerandFloudas(1997)),which is alocal MINLP solver, are
alsothe global optimal solutions. This is proven by solving the lower-boundingproblem,which
givesexactly the samesolution, thatis, the sameobjective function value,plant structuredesign
andoperationakchedule.The nonlinearitycomesfrom the variabletermsin the processingime
model and capital cost model (seeConstraints(9) andthe objectve function (18)). Whenthe
exponentialkconstant®f theseterms thatis, v;; andy;, aregreaterthanone,thesenonlinearterms
of continuousvariablesare corvex. We cantransformthe original noncorwex MINLP problem

to a lowerboundingcorvex problemby splitting the nonlinearequality constraint(9) into two
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inequalityconstraintandthenrelaxingthe concae onewith underestimatingechniquegFloudas

(2000);Adjiman etal. (1998a,b)}o alinearconstraintasfollows:

tf(Z,j, 7'L) S ts(iaja 7'L) + aijwv(iu n) + ﬂij(‘/}maw)%j_lb(i; j? n)

Viel, jeJ;, neN (29)

It is foundthatonly the corvex inequalityconstraintis active at the optimal solutionpoint of the
resultinglower-boundingcorvex problem. In otherwords,the equalityconstraintin the original
problemcanbe changedo the correspondingonvex inequality constraintwithout changingthe
optimalsolution,whichtransformghemathematicainodelfrom anoncomwex problemto acornvex
oneandguaranteeautomaticallythe globaloptimality of the solutionobtained.Suchfastconver-
genceto theglobaloptimalsolutionin only oneiterationis obsenedinfrequentlyandit represents
anexcellentelemenbf theproposedpproachThis specialpropertyis relatedto thespecialforms

of the objectve functionandthe constraintsandthe boundsof therelevantvariables.

6 Conclusions

In this paper a continuous-timeformulation is proposedfor integrateddesign, synthesisand
schedulingof multipurposebatchplantsonthe basisof a previously presenteghort-timeschedul-
ing model. Two computationabtudiesare presentedo demonstraté¢he effectivenessf the pro-

posediormulation. The computationatesultsarecomparedvith thosein literatureandshaow that
the proposedormulationresultsin smallersize MILP/MINLP mathematicainodelsprimarily in

termsof binary variablesandbetterobjectve valuescanbe accomplishedvith significantlyless
computationakfforts. An interestingpropertyconcerningthe global optimality of the solutions

obtainedn noncorwvex nonlinearcasess alsodiscussed.

15



Acknowledgments

The authorsgratefully acknavledge supportfrom the National ScienceFoundation,the Mobil

TechnologyCompary, andElf-AtochemCompayy.

References

Adjiman C., Androulakisl., and FloudasC., 1998b, A global optimizationmethod,a bb, for
generaltwice-differentiableconstrainedNLPs - II. implementatiorand computationatesults.

Comp.Chem.Engng 22, 1159-1179.

Adjiman C., Dallwig S., FloudasC., andNeumaierA., 1998a,A global optimizationmethod,a
bb, for generaltwice-differentiableconstrainedNLPs - I. theoreticaladvances Comp.Chem.

Engng 22,1137-1158.

Barbosa-BvoaA. andMacchiettoS., 1994, Detaileddesignof multipurposebatchplants.Comp.
ChemEngng 18, 1013-1042.

Birewar D. andGrossmanm., 1989,Incorporatingschedulingn the optimaldesignof multiprod-

uctbatchplants.Comp.ChemEngng 13, 114-161.
FloudasC., 1995,Nonlinearand Mixed-Integer Optimization Oxford University Press.

FloudasC., 2000,DeterministicGlobal Optimization: Theory Methodsand Applications Kluwer

AcademicPublishers.

Grossmann. and SagentR., 1979, Optimal designof multipurposechemicalplants.Ind. Eng

ChemProcesPDes.Dev. 18, 343—-348.

lerapetritouM.G. andFloudasC.A., 1998a Effective continuous-timdormulationfor short-term

schedulingl. multipurposebatchprocessednd. Eng ChemRes.37, 4341-4359.

16



lerapetritouM.G. andFloudasC.A., 1998b,Effective continuous-timdormulationfor short-term

scheduling2. continuousandsemi-continuouprocessesnd. Eng ChemRes .37, 4360-4374.

lerapetritouM.G., Heré T.S.,andFloudasC.A., 1999, Effective continuous-timdormulationfor

short-termscheduling 3. multipleintermediateluedatesind. Eng ChemRes.38, 3446-3461.

Kondili E., PantelidesC., andSagentR., 1993,A generakllgorithmfor short-termschedulingof
batchoperations |. MILP formulation.Comp.Chem.Engng 17, 211-227.

Papageagaki S. and Reklaitis G., 1990a, Optimal design of multipurpose batch pro-
cesses.1l.probleformulation.Ind. Eng Chem.Res.29, 2054—-2062.

Papageagaki S. and Reklaitis G., 1990b, Optimal designof multipurposebatchprocesses.za
decompositiorsolutionstratey. Ind. Eng Chem.Res .29, 2062-2073.

PapageagakiS. andReklaitisG., 1993,Retrofittinga generamultipurposebatchchemicalplants.
Ind. Eng ChemRes.32, 345-362.

SchweigelC. andFloudasC., 1997,MINOPT : A Softwae Package for Mixed—Intger Nonlinear
Optimization,User’s Guide ComputerAided Systems_._aboratory Dept. of ChemicalEngi-

neering PrincetonUniversity, NJ.

Suhami. andMahR.,1982,0ptimaldesignof multipurposéatchplants.ind. Eng ChemProcess
Des.Dev. 21, 94-100.

Xia Q. andMacchiettoS., 1997,Designandsynthesif batchplants- MINLP solutionbasedn
astochastianethod.Comp.Chem Engng 21, S697-S702.

ZhangX. and SagentR., 1996, The optimal operationof mixed productionfacilities - general

formulationandsomesolutionapproachesor the solution.Comp.Chem Engng 20, 897-904.

ZhangX. andSagentR., 1998, The optimal operationof mixed productionfacilities- extensions

andimprovementsComp.Chem.Engng 20, 1287-1295.

17



List of Figures

Figure1l State-BskNetwork Representatiofor BM Process
Figure 2 PlantSuperstructuréor BM Plant

Figure 3 OptimalPlantStructurefor BMFIX andBMNON
Figure4 GanttChartfor BMFIX

Figure5 GanttChartfor BMNON

Figure 6 State-hskNetwork Representatiofor KPS Process
Figure7 PlantSuperstructuréor KPSPlant

Figure 8 OptimalPlantStructurefor KPSLIN

Figure9 OptimalPlantStructurefor KPSNON

Figure 10 GanttChartfor KPSLIN (the valuein parenthesisor eachunit denotedts sizeif in-

stalled)

Figure 11 GanttChartfor KPSNON (the value in parenthesigor eachunit denotesits size if

installed)



List of Tables

Table1l EquipmentDatafor BM Plant

Table2 MaterialDatafor BM Plant

Table 3 EquipmentDatafor KPSPlant

Table4 MaterialDatafor KPS Plant

Table5 Resultsand Comparisongt: reportedbasedon transformedormulation; o: recounted

basedn original formulation;*: SunUltra station-1; **: HP-C160workstation)



o
|
! o)
< - © 7))
|_
\ o
—
©
o
™
|_
©
© <
o
™
w
= =
—i —i
— N
— —
=
—i

i

Figurel: State-BskNetwork Representatiofor BM Process
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Figure3: OptimalPlantStructurefor BMFIX andBMNON
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Figure6: State-skNetwork Representatiofor KPSProcess
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Figure7: PlantSuperstructuréor KPSPlant
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Figure8: Optimal PlantStructurefor KPSLIN
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Figure9: Optimal PlantStructurefor KPSNON
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Unit Capacity| Suitability TaskTime Model CostModel
BMFIX BMNON BMFIX BMNON
Units1a,1b| 50-150 T1,T2 2.0 2.0 + 0.0056"% | 20+ 0.5s | 20.0 + 0.5s
Unit 2 50-200 T3 4.0 4.0 +0.016** | 30 +1.0s | 30+ 1.0s%°
T4 2.0 2.0 + 0.005b'2
Vessek 10-100 S4 - - 1.0+0.1s | 1.0+ 0.1s™

Tablel: EquipmentDatafor BM Plant




State| StorageCapacity| Price Requirement
BMFIX | BMNON

S1 Unlimited 0 0 0
S2 Unlimited 0 0 0
S3 0 0 0 0
S4 Vesseld 0 0 0
S5 Unlimited 0.04 | 80.0 40.0
S6 Unlimited 0.015| 80.0 40.0

Table2: Material Datafor BM Plant




Unit Capacity| Suitability TaskTime Model CostModel
KPSLIN KPSNON KPSLIN KPSNON
Heater 20-50 Heating 1.0 + 0.0067b | 1.0 + 0.00676%%° | 100.0 + 0.2s | 100.0 + 0.2s
Reactionl | 2.0 + 0.0267b | 2.0 + 0.0267b*%
Reactorl | 50-70 Reactior?2 | 2.0+ 0.0267b | 2.0 + 0.02676*% | 150.0 + 0.5s | 150.0 + 0.5s%
Reactior3 | 1.0 +0.0133b | 1.0 + 0.01336*%
Reactionl | 2.0 + 0.0167b | 2.0 + 0.0167b*°
Reactor2 70 Reactior2 | 2.0+ 0.0167b | 2.0 + 0.0167b*° 120.0 120.0
Reactior3 | 1.0 + 0.0083b | 1.0 + 0.0083b10
Still 50-80 Separation | 2.0 + 0.0033b | 2.0 + 0.00336*°° | 150.0 + 0.3s | 150.0 + 0.3s'
Vessel 10-30 I1(HotA) - - 30.0+0.1s 30.0 4+ 0.1s
Vesseb | 10-60 | 12(IntBC) - - 15.0+0.1s | 15.0 4 0.1s%5
Vesseb 10-70 I3(IntAB) — - 10.04+0.1s | 10.0 4+ 0.1s*2
Vessel7 | 50-100 | 14(ImpureE) - - 20.0+0.2s | 20.0 +0.2s'°

Table3: EquipmentDatafor KPS Plant




State | StorageCapacity| Price Requirement
KPSLIN | KPSNON

FeedA Unlimited -0.001 0 0
FeedB Unlimited -0.002 0 0
FeedC Unlimited -0.0015 0 0
Hot A Vesseld 0 0 0
IntBC Vesseb 0 0 0
IntAB Vesseb 0 0 0
ImpureE Vessel7 0 0 0

Productl Unlimited 0.02 40.0 20.0

Product2 Unlimited 0.03 60.0 30.0

Table4: MaterialDatafor KPS Plant




Cost Integer | Continuous CPU
Case Formulation ($10%) | Variables| Variable | Constraints (sec)
Xia and 197.23 40° 22¢ 55¢ 1821.19*
BMFIX | Macchietto(1997 124° 107° 220°
This Work 195.6 59 175 332 0.4**
Xia and 3576.49 40° 22! 55 2998.46*
BMNON | Macchietto(1997 124° 107° 220°
This Work 3557.35 48 142 262 0.75**
Xia and 585.62 62° 34¢ 122! 2407.62*
KPSLIN | Macchietto(1997 288° 201° 425°
This Work 572.898 128 341 877 22.49*
Xia and 495.11 62¢ 34¢ 122¢ 7849.23*
KPSNON | Macchietto(1997 288° 201° 425°
This Work 490.433| 108 287 722 7.31%

Table5: Resultsand Comparisongt: reportedbasedon transformedormulation;o: recounted
baseddn original formulation;*: SunUltra station-1; **: HP-C160workstation)



Abstract

Design, synthesisand schedulingissuesare consideredsimultaneouslyfor multipurposebatch
plants. A previously proposedcontinuous-timdormulationfor schedulings extendedto incor
poratedesignandsynthesis.Processingecipesarerepresentethy the State-BskNetwork. The
superstructuref all possibleplantdesigngs constructeagccordingo the potentialavailability of
all processing/storagaits. Theproposednodeltakesinto accounthetrade-ofs betweercapital
costs revenuesandoperationaflexibility . Computationastudiesarepresentedo illustratethe ef-
fectivenesf the proposedormulation. Both linearandnonlinearmodelsareincluded,resulting
in MILP andMINLP problemsyrespectrely. The MILP problemsaresolvedusinga branchand
boundmethod.Globally optimalsolutionsareobtainedor thenoncowex MINLP problemsased
on a key propertythatarisesdueto the specialstructureof the involved problems.Comparisons

with anotherapproaclarealsopresented.



