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Abstract — The synthesisof minimume-utility Heat-ExchangeNetwork (HEN) structuressatisfying

a given flexibility-index targetis accomplishedhrougha one-stagenon-iterative,superstructure-
based-simultaneous-MIL@rmulation. The formulationassumeshat the feasibleregion definedby

the reduced inequality constraints is convex in uncertain parameters, so that the solution lies at any of
the verticesof the polyhedralregionof uncertainty With this formulation, the standarddefinition of

the HEN-synthesigproblemis extendedsuchthatit now includesa flexibility-index specificationfor

the potential HEN structure.
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INTRODUCTION

One of the extensivelystudied synthesisproblemsin chemicalengineeringis the synthesisof Heat-
ExchangemMNetworks(HENS). The works in this areahavebeenconcentrateanostly aroundthe standard
definition of the HEN-synthesisproblem, which can be stated as: “Given hot/cold streamsto be
cooled/heatedfrom specified (nominal) supply temperaturesto specified target temperatures,and
hot/cold utility specificationssynthesizea HEN suchthat the resulting HEN has minimumtotal cost.”
Most of the heuristic/algorithmicand mathematical-programmingMP) basedHEN-synthesigechniques
originating from the standarddefinition of the HEN-synthesigproblemusenominal valuesof parameters,
andthus, do not incorporateany measureof flexibility directly into the synthesisstep. The assessmertf
flexibility of theresultingHEN is doneindirectly by testingits flexibility, which is definedasthe measure
of the sizeof the region of feasibleoperationin the spaceof desiredor undesireddeviationsfrom nominal
values of the parameters.The retrofit design of HENs for improving flexibility has been studied
systematicallythrough MP techniques,however, mostly for fixed network topologies and operating
conditions (fixed parameters)The retrofit of HENs with fixed topologiesbut varying parametersare
handled mostlyleterministicallythroughdefinition of anuncertainty-rangef parametershy incorporating
the flexibility-index (or flexibility-test) of Swaneyand Grossmanr{1985)into mostly two-stageiterative
MP formulations. A review of the subjects mentioned above can be found in Papalexandriand
Pistikopoulos (1993).

Comparedo the works doneon HEN-synthesisaroundits standarddefinition and HEN-retrofitting for
fixed networktopologies the problemof incorporatingflexibility considerationgn the synthesisof HENs
hasreceivedimited attention.Floudasand Grossmani{1986,1987) havedeveloped two-stageprocedure
(as iterations betweena multiperiod synthesisproblem and a flexibility-analysis step) for synthesizing
HENSs, featuring maximum energyrecoverybut not necessarilyminimum total cost, that can toleratea
specifiedrange of uncertainsource-streantemperaturesand flowrates. Papalexandrand Pistikopoulos
(1993), for the synthesisor retrofit of HENs possessin@ specifiedflexibility index at the minimum total
annualizedcost, haveintegratedthe iterative schemeof Floudasand Grossmannnto a two-stageiterative
schemeywithout decompositiorto the multiperiodcase Bahri et al. (1997),by consideringdisturbancess
multiperiod operationspresentedan approachfor the synthesisof flexible and controllableplants,which
also involves a two-stageiterative MP, termedas “back-off calculation”. These MP-basedtechniques
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require the solution of large MINLPs, where the integer variables denote existence/absencef units
(exchangers) or streams embedded in hyper-/superstructure representation of the process (HEN).

In this work, thesynthesif minimum-utility HEN structuregpossessing desiredflexibility (satisfying
the givenflexibility-index target)is accomplishedhrougha one-stagenon-iterative superstructure-based-
simultaneous-MILFormulation. The formulationassumeshat the feasibleregion definedby the reduced
inequality constraintsis convex—or, one-dimensional-quasi-convéswaneyand Grossmann,1985)- in
uncertain parameters (here, considered as source-stream temperatures), so that the solution lies at any of the
vertices of the polyhedral region of uncertainty.

With this formulation, the standard definition of the HEN-synthesis problem is extended such that it now
includesa flexibility-index specificationfor the potential HEN structureand can be statedas follows:
“Givenhot/cold streamsto be cooled/heatedrom specified(nominal) supplytemperatureso specified
targettemperatureshot/cold utility specificationsand a desiredflexibility index (expectedisturbance
space),synthesizea HEN such that it has minimum utility consumptionunder nominal operating
conditions and remains feasible against deviationsin source-streamtemperaturesas long as the
maximum magnitude of the deviations is less than or equal to the specified flexibility index.”

An example HEN problem is solved for different valoéshe desiredfexibility index,andtheresulting
HEN structures are analyzed in terms of flexibility, structural grouping, and utility-consumption level.

FORMULATION

The general MINLP formulation for the min CD(d,x,u,z,p,G) (1a)
problem of superstructure-basedsimultaneous dx.u,z
HEN _synthesisand erxibiI_ity targeting can _be s.t. h(d,x,u,z,p,B) =0 (1b)
describedby Eq.1,whered is the vector of design g(d,x,u,z,p,e)s 0 (lo

variableg(exchangerareas)x is the vectorof state

variables(outlet temperatures)z is the vectorof 0[O R(é) = {6| (60 - 6A9‘) <0< (60 + MB*)} (ad)
binary variables (denoting potential

existence/absenad exchangerembeddedn the superstructure), is the vector of control/freevariables
(heater/coolettoads), p is the vector of fixed parametersand 0 is the vector of uncertainparameters
(sourcetemperatures)q.(1a)is the objectivefunction and canbe formulatedin termsof total annualized
costor total utility consumptionFor a synthesigroblem,the vectord is droppedfrom the setof decision
variables.Egs.(1b-1c)are the vector of equality and inequality constraints respectively.If the vector of
statesx, canbe eliminatedusingEq.(1b),thenEqg.(1c)canbewritten asthe vectorof reducednequalities.
Eq.(1d)describeghe rangeof the uncertainparameterss deviationsfrom nominalvalues,0°, where A8~
andA@" arethe scaleddeviationsfrom 6°, andthe non-negativescalar,d, is the targetedflexibility index.
The region R(d) describegshe scaledhyperrectanglevhich is requiredto be within the feasibleregion
defined by Egs.(1b-1c). For a fixed HEN topology and deigownz andd), theflexibility indexdefined
by Swaneyand Grossmanr(1985)is the maximumof scalard. This problem(Eq.1) is very difficult to
solvedirectly since,dueto Eq.(1d),it involvesa max-min-maxconstraintthat leadsto a nondifferentiable
global-optimizatiorproblem(Halemaneand Grossmann]1983). The problemcanbe solvedindirectly with
a two-stage procedure (as iterations between a multiperiod synthesis problefreaihdity-analysisstep)
(Papalexandrand Pistikopoulos,1993), however,this techniquerequiresthe solution of large MINLPs
through the Generalized Benders Decomposition in each iteration.

In this work, the synthesiof minimum-utility HEN structuressatisfyinga givenflexibility-index target
through one-stagenon-iterative,superstructure-basddrmulation is accomplishedwith the assumption
that the feasibleregion defined by the reducedinequality constraintsis convexin uncertainparameters
(source-streantemperatures)so that the solution lies at any of the verticesof the polyhedralregion of
uncertainty.The generalvertex-solutioncan be describedy Eq.2,which is a reformulationof Eq.1 using
the approachnamedas “Algorithm 1" by Halemaneand Grossmann(1983). Eq.(2a) is the objective
function that is evaluatedat the nominal min q)(do,xo,uoizo’p,eo) n=0,1,...% (2a)
operatingpoint, n=0. Egs.(2b-2c)are the xN,z0,un
vectorof equalityandinequal_ityconstrai_nts st hn (do,x”,zo,u”,p,e) =0 n=0,1,..,% (2b)
that are evaluatedat the nominal operating
point and augmentedor eachvertex point gn (do,x”,zo,u”,p,e) <0 n=0,1,..,2 (20
(n=1,...,2". Eq.'gZd) constraintsthne vector 6-06°-56" =0 n=1 .3 (2d)
0 to takeonly 2" vertexvalues,8", scaled
by the scalar flexibility index, 5, as + 6-6°=0 n=0 (2e)
directed deviations from the nominal 8" OR,(3)= {6”|6” isavertex of R(3), n= 1,...,2N} (2f)



values0°. Eq.(2e) denotes that at n=0is considered to beero.The setR,(8) describeghe verticesof the
scaled hyperrectangle which is required to be within the feasible region defined by Egs.(2b-2c).

The basisof this work is the superstructure- Objective function:
based simultaneous-MINLP  formulation min D> OCUnot > dhujo (3)
developedby Yee and Grossmann(1990) as a tik.n: tjkn: Z,jkn=0 iOHP jtce

solutionto the standardHEN-synthesigoroblem CZC“i,n=?;u_Zh“j,h=_0'
(seeZamoraand Grossmanr{1998)for arecent o . A ik

development). The original Overall heat balance for each stream and for each vertex
MIN!_P formulation . (a (Tini,n —TOUti,n)Fi =y Z O jin +0CU; iOHP, n=0,1,...,N (4)
nonlineartotal-costfunction as k(ST jiC
objective and a set of linear in. _ ; _

_ ! Tout. - —Tin. - \E = ... +ghu. OcpP, n=0,1,....N (5
constraints) is based on a (T30 =T"in )R kDZSTiD%Pq"J""” i ®)
stagewise superstructure

representatiorthat considerspotential Heat balance at each stage and for each vertex

exchangedetweenany pair of hot and (ti,k,n |k+1n) Z ijxn KOST, OHP, n=0,1,....N (6)
cold streamswithin a stagevia binary

decision variables. In this work, th_e (tj,k,n jk+ln) Z qukn kOST, jOCP, n=0,1,...,.N (7)
model of Yee and Grossmann is

reformulatedas MILP and the set of

linear constraintsis augmentedsuch that the resulting vertex, n, for the specifiei
structure satisfies expected deviations in source-stream ..~ _ _. o _
temperatures in every combination of disturbance Tin =T 471,70 10HP, n=0.1,....N (8)
directions (vertex directions), identified by an additional Tinj, = Tin.o; +1;,0 JOCP, n=0,1,...,N(9)
indexn. The nominal operatingondition(operationunder

zerodisturbancen source-streartemperaturesls identifiedby n=0.  Assignment of superstructure inle
Fora HEN problemwith Ny hot streamsand N cold streamsthere  temperatures for each vertex, r

are N=2MNNo) vertices(+ and - directedsimultaneoudisturbance Tin; =115 n=0,1,...,N (10)
directions) besidesthe nominal operating point (zero-disturbance Tin. =t n=01,..N (11)
direction). Overall heatbalancesfor eachstream,heatbalancesat bn = ljsr+n

each stage of the superstructure,assignment of Feasibility of temperatures for each vertex,
superstructureinlet temperaturesgquationsfor the tikn2tian KOST,OHP, n=0,1,..,.N (12)
feasibility of temperatures, hot/cold-utility load _
equations,logical constraints,approach- temperaturetj kn 2t KUST, JJCP, n=0,1,...,N (13)
equationsforming the set of linear constraintsin the ou; | <t - iOHP, n=0,1,...,N (14)
original formulation of Yee and Grossmannare ! A )
written for eachof the 2"+ verticesas well asthe JOCP, n=0,1,....,N (15)
nominal point. Source-streantemperaturesire Hot and cold utility loads for each vertex, r
erturbedfor eachvertex by a scalard; the _ Tout. _ . _
gesiredflexibility index. Thus, satisfactionof ( istean T I’n)':i =dcn  10HP, n=0,1,... N (16)
thelinear constraintss requiredfor eachvertex (Tout; - J1n)|: qhu jOCP, n=0,1,...,N (17)
as well as the nominal point. The target
temperatures specified by the HEN problem are requirbd noatchedexactlyfor eachvertexdirectionby
variable  (vertex-direction-dependent) Logical constraints for each vertex, n
heater/cooler loads. The objective Ui jkn=QZ i n=o<0 KOST, OHP, [OCP, n=0,1,...,N (18)
functionis the minimizationof thetotal "~ """ _
utility consumption at the nominal dCY , ~Q2ZC4 ;-o<0 iDHP, n=0,1,...,N (19)
operatingpoint; n=0. Thus, the whole qh ,—Qzhu, <0 jO0CP, n=0,1,...,N (20)
problembecomesMILP for which the s s
superstructure-dependent global
solution can be obtained using the
software packageGAMS. To preservethe linearity _ :
of the constraintsthe isothermal-mixingassumption i j k=0 = AT, iUHP, JOCP, n=0 (22)
of Yee and Grossmann(which is rigorous if the dt; |y neo 20 iOHP, jOCP, n=1,...,N (23)
resulting HEN does not involve stream sptits may bl
leadto overestimatiorof theareacostin the caseof streamsplits)is retained.The original nonlineartotal-
cost function of Yee and Grossmann is not used in this work.

Assignment of inlet temperatures for ea

Tou n—tjln

Zi,j,k,n:O’ZCUi,n:O’Zhuj,nzo =01 n=0 (21)

Approach temperature settings for each vertex,



The explicit MILP formulation, Calculation of approach temperatures for each vertex,

basedon the MINLP f(_)rm_ulation dti,j,k,nS tien=tin* F(l— Zi,j,k,n:O) kOST, iOHP, JICP,
of Yee andGrossmannis givenby
Egs.(3-27),wherethe index n is n=0,1,...,N(24)

Ege v;rt_extir?entifie_r. _Thte_ objefc;ir\]/e At; koS Likarn = ke F(l— Zi,j,k,n:O) kOST, iOHP, JOCP,
g.3) is the minimization of the

cold (geu) and hot (ghu) utility n=0,1,...,N(25)
(energy) consumption at the dtcy, < ti,ST+1,n_TOUtCUrn+ F(l— ZCUi,n=o) iOHP, n=0,1,...,N26)
nominal condition, n=0. The .

binary decision-variablevectors,z, dthu; n < TMHun =ty 0+ F(l— Zhui,n=0) JOCP, n=0.1.....N27)
zcu, andzhu, thatdenoteexistence

of streammatches,cold- and hot-utility heatexchangesrespectively,are defined only for the nominal
operatingconditionsn=0 (commonfor eachvertex), sincethe potentialstructureis basedon the nominal
condition and, with this single structure,the constraintsshould be satisfied at every vertex by the
control/free variables (heater/cooler loads). The vector of stateshetemperatureat the inlet andoutlet
of each stage in the superstructure for each vertex direction.

EXAMPLE AND RESULTS

The exampleHEN problemwith two hot and two cold streamsand the two-stagesuperstructures
shownin Fig.1. With two hot and two cold sourcestreamsthereare 16 vertices,and togetherwith the
nominal operationpoint, the original constraintsof Yee and Grossmannare repeatedfor 17 different
source-streantemperaturess indicatedby Eqgs.(8-9),where,r, is assignedo all 16 combinationsof -1
and +1, except the nominal condition at whigls assigned to zero.

680 K ! stage k=1 | stage k=2 |
| | g
_E|3_50 K | . :15 kW/K
OUT., 1 ' | c1,3n | COLD-1 CU-1
| — ,tClvz nf — 410 K, TINz 300 K
HU-1/ HOT-1 !tHl,l.n th12.n ! R th1.3.n !
680 K TIN,,101kW/K TN | ¢ | TOUT.,
I H1-C2 [ H1-C2 | ‘
[ [ [
680 K | I |
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Figure 1. Stream data and the two-stage superstructure of Yee and Grossmann (1990).

Whenthe MILP formulationis solvedfor the fixed valuesof the desiredflexibility index,d (+ directed
deviationsin source-streartemperaturesyangingfrom d=0K to 6=150K (150K is the maximumvalue of
0 thatcanbe toleratedfor the problemspecifications)ig.2 canbe constructedTherearefour plateausof
total utility requirementievels at the nominal operatingpoint, n=0. Eachplateaucorrespondso one or
more (but finite number)of differentHEN structuressynthesizedy solving the MILP for the givenvalue
of 8. The HEN with structureA consume2550kW total utility at the nominaloperatingpoint andat the
sametime toleratesan uncertainty +36.9K (0K<0<36.9K) in source-streamemperaturegi.e., with
structureA, the largesthyperrectanglghat can be inscribedwithin the feasible region has vertices at
1+36.9K asmeasuredrom the nominalpoint at the center).The secondplateaucorrespondingo 3750 kW
total utility consumptioncontains structuresB3, B2, B4, B1, B5=B7, and B6, which can tolerate
uncertainties of 0K<d<70.6K, O0K<d<74.2K, O0K<d<84.2K, O0K<d<90.0K, O0K<d<90.0K, and
0K<d<90.0K, respectively StructuresB5 andB7 areactuallyidentical flowsheetshoweverthey appearin
either the stagek=1 or stagek=2 of the superstructures reflectionsof eachother. The third plateau
correspondingo 4250kW total utility consumptioncontainsstructuresC1, and C2=C3=C4,which can



tolerate uncertainties  of

OK<d<91.5K, OK<d<120K, =< 100007 A ~ B1,B5=B7,BE C2=C3.D1,D2 .
OKs3<120K, and 0K<8<120K, ¢ 9000 =< Y =Ca ———
respectively. Similarly, -2 8000+ —

structuresC2, C3, and C4 are g' 70004 '« B2 . Cl

actually identical flowsheets. 2 goo0 4 . B3 Do

The fourth plateau S 4501 DY

correspondindo 8850kW total O 505 |

utility consumption contains 2

structuresD1 and D2, both of % 30001

which can tolerateuncertaintes = 20001

of +150K (OK<3<150K). Thus, & 1000

Fig.2 reveals the trade-off 0 . . . . . .
between flexibility and total 0 15 30 45 60 75 90 105 120 135 150
utility consumptionclearly, and

the final decisioncan be made 5, K

after computingthe total (area  Figyre 2. Total utility consumption at the nominal operating conditic

plus utility) cost for the versus the flexibility index for structures A through D2.
structures embedded in the

desired flexibility range, if there are multiple structures.

As an example Fig.3 showsthe HEN structureB1 obtainedfrom the superstructur@s a resultof the
solution of the MILP formulation with the desiredflexibility of 3=90K (the structureB1 toleratesa
flexibility range0K<d<90K). For this structure,the heating,cooling, and total utility requirementsare
1050 kw, 2700 kW, and 3750 kW, respectively.

stage k=1 ' =
: stage k=2 :15 KW/K
! | COLD-L ¢4
| 410K TIN1n /300 K
| |
} —>
680 K TIN,L0/kwW/K @‘ | | TOUT.,
650K | L) , | 320k 370K
| | |
| l '
500 K : ) : 113 kW/K
TOUT2n | ouen | ‘ -COLD2 cu-2
< | F } 350 K ITINZ » 300 K
| I '
HOT-2 | J | 1
TIN20lKW/K : | oY Ten
590K | ! _\H2c2 a0k 370K
| |

|
Figure 3. Structure B1 reduced from the superstructurg=faoK.

CONCLUSIONS

The synthesisof minimume-utility HEN structuressatisfyinga givenflexibility targetwasaccomplished
through one-stage, non-iterative, superstructure-based-simultaneous-MILP formulatithe astsumption
of convexfeasibleregion.The source-streantemperaturesvere consideredo be the uncertainparameters.
With this formulation, that achievedsimultaneousninimum-utility-structuresynthesisandflexibility-index
targeting,the standarddefinition of the HEN-synthesigproblemwas extendedsuchthat it now includesa
flexibility-index specificationfor the HEN structurepotentially presentin the superstructureAn example
application of the formulation revealed the trade-off between flexibility and total utility consurfgotiie
reduced structures embedded in the desired flexibility range.
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NOTATION

CP cold process stream

d vectorof design variables

dtjxn temperature approach for match i and j in stage k at vertex n
dtcu, temperature approach for match i and cold utility at vertex n
dthy, temperature approach for match j and hot utility at vertex n

F heat-capacity-flowrate

g vector of inequality constraints

h vector of equality constraints

HP hot process stream

n vertex-direction identifier (subscript or superscript)
N total number of vertices

p vector of fixed parameters

Gjkn heat exchangedetween stream i and j in stage k at vertex n
gcu, heat exchanged between stream i and cold utility at vertex n
ghy, heat exchanged between stream j and hot utility at vertex n
M N combinations of1 and +1

ST stage

tikn temperature of stream i at hot end of stage k at vertex n
tixn temperature of stream j at hot end of stage k at vertex n

T temperature
u vector of free/control variables
z vector of binary variables

Zijk binary variable for existence of unit for matand j in stage k
zcy  binary variable for existence of unit for match i and cold utility in stage k
zhy  binary variable for existence of unit for match j and hot utility in stage k

Greek Letters

flexibility index (scalar)

objective function

upper bound for temperature difference
vector of uncertain parameters

upper bound for heat exchange

D@1 g o

Subscripts Superscripts

[ hot process stream in inlet

j cold process stream 0 value at nominal operating condition
k index for superstructure stage out outlet
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