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Design,synthesisand schedulingissuesare consideredsimultaneouslyfor multipurpose
batchplants. Processingecipesarerepresentedby the State-fsk Network. The proposed
modeltakesinto accountthe trade-ofs betweercapitalcosts,revenuesandoperationaflexi-
bility. Bothlinearandnonlinearxamplesarestudiedyesultingin MILP andMINLP problems,
respectrely. Comparisonsvith anotherapproacharepresented.

Intr oduction

In multipurposebatch plants, a wide variety of productscan be producedvia different
processingecipesby sharingavailablepiecesof equipmentraw materialsandintermediates,
utilities andproductiontime resourcesln orderto ensureghatary resourcencorporatedn the
designcanbe usedasefficiently aspossible detailedconsiderationsf plantschedulingmust
betakeninto accountatthedesignstage.

All formulationsfor designand schedulingof batchprocessesanbe classifiedinto two
groupsbasednthetime representationgxamplef discreteime formulationsarefoundin
Grossmanrand Sagent(1979);Barbosa-BvoaandMacchietto(1994). Grossmanrand Sar
gent(1979)solvedthe problemof optimal designof sequentiamultiproductbatchprocesses
asamixedintegernonlineamprogrammingMINLP) problem.Barbosa-BvoaandMacchietto
(1994) presentea detailedformulationof multipurposebatchplantdesignandretrofit based
onthe State-BskNetwork (STN) descriptiorandequally-spacefixed eventtime representa-
tion proposedy Kondili etal. (1993). More recentlyXia andMacchietto(1997)presentec
formulationbasedon the variableevent time schedulingmodelof Zhangand Sagent(1996)
anduseda stochastianethodto solve theresultingnon-cowex MINLP problems.

lerapetritouandFloudag(1998a,b)roposed novel continuous-timenathematicamodel
for the generalshort-termschedulingoroblemof batch,continuousand semicontinuougro-
cessesln this paper we extendthe formulationto addresshe problemof integrateddesign,
synthesisandschedulingof multipurposebatchplants.

Problem Definition
Given:
e Productrecipes(i.e., the processingimes for eachtaskat the suitableunits, and the
amountof thematerialsrequiredfor the productionof eachproduct);
¢ Potentiallyavailableprocessing/storagequipmentndtheir rangesof capacities;

e Productiorrequirement;
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e Thetime horizonunderconsideration;

Determine:
e Thenumbertypeandsizeof equipmenitems;
e A feasibleoperationschedule:

- Theoptimalsequencef taskstakingplacein eachunit;
- Theamountof materialbeingprocesseateachtime in eachunit;
- Theprocessingime of eachtaskin eachunit;

Soasto optimizea performanceriterion,for example the minimizationof the capitalcostor
the maximizationof the overall profit.

ProcessRecipeand Plant Superstructure Representations

We usethe conceptof State-BskNetwork(STN) proposeddy Kondili etal. (1993). Fig-
ure 1 givesanillustration of the STN descriptionof a batchprecessramedKPS process.In
additionto theproductrecipe theinformationof potentiallyavailablepiecesof equipmentand
their suitability for differenttasksis usedto constructa superstructuref the plantundercon-
siderationthatincludesall possibledesigns.For example,basedn the KPS procesgecipein
Figurel andequipmentatain Table 1, we areableto establisha superstructuref the KPS
plant,asshavn in Figure2. Full connecwity of the processinginits/storageresselsietwork
isassumed.

Mathematical Formulation
To formulatethe mathematicamodel,we requirethe following notation:
Indices:
1 tasks;j units; s states;
n eventpointsrepresentinghe beginningof atask;
Sets:
I tasks;I; tasksthat canbe performedin unit (j); I, tasksthateitherproduceor consume
state(s); I, processindasks;/; storagdasks;
J units; J; unitsthatcanperformtask(i); J; storageunits;
N eventpointswithin thetime horizon; NV, thelasteventpoint;
S all involvedstates;S; stateghatcanonly be storedin storageunits;



Unit Capacity Suitability TaskTime Model CostModel
KPSLIN KPSNON KPSLIN KPSNON
Heater 20-50 Heating 1.0+0.006% 1.0+0.006%*% 100.0+0.2 100.0+0.2
Reactionl 2.0+0.0268 2.0+0.0263°
Reactorl 50-70 Reactior2 2.0+0.026% 2.0+0.026%'%* 150.0+0.5 150.0+0.5%%
Reactior3 1.0+0.0133 1.0+0.0138'%
Reactionl 2.0+0.016% 2.0+0.016%'*
Reacto? 70 Reactior2 2.0+0.016% 2.0+0.016%"" 120.0 120.0
Reaction3 1.0+0.0083 1.0+0.0083"7
Still 50-80 Separation2.0+0.0033 2.0+0.0033"%Y 150.0+0.3 150.0+0.3'*

Vesseld 10-30 I1(HotA) - - 30.0+0.% 30.0+0.%
Vesseb 10-60 [2(IntBC) - - 15.0+0.5  15.0+0.%'°
Vesseb 10-70 I3(IntAB) - - 10.0+0.5 10.0+0.k'?
Vessell 50-10014(ImpureE) - - 20.0+0.2 20.0+0.2'°

Tablel: EquipmentDatafor KPSPlant

Parametes:
rs marketrequiremenfor state(s) attheendof time horizon;
0%, pS; proportionof state(s) producedconsumedrom task(i), respectiely;
o4, Bij, v constanterm,coeficientandexponentof variabletermof processingime of task
() in unit (j), respecitrely;
H time horizon;
ps priceof state(s);
Vj"”'", Vimer minimumandmaximumsizeof unit (j), respectrely ;
&;j, Bj, 7; constanterm, coeficient andexponentof variableterm of capitalcostof unit (j),
respectrely;

Variables: . PR
e(j) binaryvariableso determingf unitj exists;

s(j) sizeof unitj;

wv(i,n) binaryvariablesto assigrthe beginningof task(i) ateventpoint(n);
yv(j,n) binaryvariableso assigrthe utilization of unit (j) ateventpoint(n);
b(i,j,n) amountof materialundertakingask(i) in unit (j) ateventpoint(n);
d(s,n) amountof state(s) beingdeliveredto themarket at eventpoint (n);
st(s,n) amountof state(s) ateventpoint(n);

t°(1, j,n) startingtime of task(i) in unit (j) ateventpoint (n);

t/(i,4,n) finishingtime of task(i) in unit (j) ateventpoint (n).

Thenthemathematicamodelinvolvesthe following constraints:
ExistenceConstraints

yo(j,n) <e(j),VjeJ, neN (1)
Unit SizeConstraints

Vimite(j) < s(j) < Vi"Te(s), Vi € J (2)



Allocation Constraints
Zwv(i,n) =yv(j,n),Vj€J, neN
iEIj

CapacityConstraints

b(i, j,n) < V" wv(i,n)
b(lajan) < S(j)’ Vi e Ia .7 € Jia neN
MaterialBalances

st(s,m) = st(s,n—1) —d(s,n) + Z,Of;Z Zb(i,j,n -1+ Zpgz Zb(iaja n),

i€l jeJ; 1€l JEJ;

Vse S, neN

StorageConstraints

st(s,n) =0, Vs € Sy, n€ N
DemandConstraints

Zd(s,n) >rs, Vs€S
neN
DurationConstraintsProcessingask

t/(i,5,n) =t°(4,5,n) + a;;wu(i,n) + Bib(i, j,n)%,Vie L, je€J;, neN
DurationConstraints Storageask

t/(i,5,n) > t°(i,5,n), n € N,
t'(i,j,n) = H,ne N,Vie I, je€J
Sequenc€onstraints:
Sametaskin the sameunit

t'(i,4,n+1)>t'(i,5,n),Viel, j€J, n€ Nyn#N
Differenttasksin the sameunit

(i, 5,n+ 1) >t/ (7', j,n) — H(1 — wo(i',n)),
Vied,ielji€l;,i#i,neN, n#N

Differenttasksin differentunits

t*(i,5,n +1) > /(' 5", n) — H(L — wo(i,n)),
Viail € Ia] € Jiajl € Ji’aj #j’an € N,?’L?é N

3)

(4)
(5)

(6)

(7)

(8)

9)

(10)
(11)

(12)

(13)

(14)

Theseconstraintsare written for differenttasks(i, i) performedin differentunits (4, j') but

take placeconsecutiely accordingo the productionrecipe.
“Zero-wait” condition

t5(i,j,n+1) <t/ 5", n) — H2 —wv(i,n + 1) — wo(,n))
Vi,i' eI, je€ J,j € Jy,ne N, n#N

(15)



Combinedwith Constraintg13) and(14), theseconstrainteenforcethattask(i) ateventpoint
(n+1)startammediatelyaftertheendof task(i’) ateventpoint(n)if bothof themareactivated.
Time HorizonConstraints
tiG,j,n) < H, VYiel,jeJ,neN (16)
ts(,, n)<H, Viel,jeJ,neN a7)

Objective: Minimize

Z( e(4) + B;s(j Zzps s,n) (18)

Theobjectveisto m|n|m|zethecap|talcostsof unlts mlnusprofltsdueto productsales.Other
performanceriteriaalsocanbeincorporatecasily

We shouldnotethat dueto the nonlinearmodelsof processingime and capital cost,the
resulting mathematicaprogrammingmodelis a noncowex MINLP problem,which needs
deterministioglobal optimizationmethodgo determinghe globaloptimalsolution.

Computational Study

Theabore mathematicalormulationis appliedto anexampletakenfrom Xia andMacchi-
etto(1997). Theprocessecipe,equipmentiataandplantsuperstructurarethosewe visitedin
aprevioussessior(seeFigurel, Tablel andFigure2, respectrely). The productionrequire-
mentsfor Productl andProduct2 are40 and60 respectrely in the linear caseof KPSLIN,
while 20 and 30 respecitrely in the nonlinearcaseof KPSNON.The pricesof FeedA, Feed
B, FeedC, Productl andProduct2 are0.001,0.002,0.0015,0.02and0.03,respectiely. The
time horizonunderconsiderations 12 hours. MINOPT, anadwancedmodelinglanguageand
algorithmicframevork proposedy Schweigerand Floudas(1997),is usedto establishand
solve theresultingMILP/MINLP mathematicaprogrammingoroblems.The MILP problems
aresolvedusingCPLEX, a branchandboundmethod.

Table 2 shaws the resultsof the proposedormulation comparedwith the resultsfound
in literature. Xia and Macchietto(1997)transformedhe formulationthey presentednto an
alternatve onewithout giving the necessaryletailsof the transformation.In additionto the
reporteddataof the transformedormulation,the correspondinglatawe obtainaccordingto
theiroriginalonearealsopresentethere.lt is shavn thattheformulationproposedn thispaper
hasthefollowing advantages(i) It givesriseto a simplermixed-intgyeroptimizationproblem
mainly in termsof a smallernumberof binary variables. (i) The optimal solutionobtained
correspondso a betterobjective function value and consequentlya betterintegrateddesign
and schedulingstrategy. (iii) The computationalefforts requiredare significantly reduced,
which makesit very promisingto solve large-scalendustrialproblems.

Conclusions

In this paper a continuous-timegformulation is proposedfor the design, synthesisand
schedulingof multipurposebatchplants. A computationabktudyis presentedo demonstrate
the effectivenesf the proposedormulation. The computationalesultsare comparedwith
thosein literatureandshow thatthe proposedormulationresultsn smallersizeMILP/MINLP
mathematicainodelsprimarily in termsof binaryvariablesandbetterobjectve valuescanbe
accomplisheavith significantlylesscomputationaéfforts.
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Cost Integer Continuous CPU

Case Formulation ($10%) Variables Variable Constraints (sec)
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*

Table2: ResultsandComparisongt: reportedoasedn transformedormulation;o:
recountedasedon original formulation;*: SunUltra station-1; **: HP-C160workstation)
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