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Abstract - A superstructure-based MILP (Mixed Integer Linea Programing)
formulation for simultaneous flexibility targeting and synthesis of multiperiod
minimum-utility Hea-Exchanger Networks (HENS) is presented. The formulation
is olved for the spedal case where period-spedfic structura flexibilities are
explored on the basis of vertices of polyhedra regions of uncertainties at all
periods of operation. As an example, a two-period HEN problem is ®lved for
increasing structural-flexibility targets, and the resulting HEN structures that are
operable in both periods with desired flexibilities are analyzed in terms of structural
flexibili ty indexes, structural grouping, and total utility consumption levels.

Introduction

The synthesis, design, and optimization of multiperiod process plants, where operationd
charaderistics, production demands, and costs vary from period to period due to changing
market conditions, are recaving significant focus (Sahinidis et a., 1989 Paules and Floudas,
1992 Varvarezos et a., 1992 Papalexandri and Pistikopoulos, 1994 Varvarezos et a., 1994
Varvarezos et a., 1995 Dedopoulos and Shah, 1996 lyer and Grossnann, 1997 Bhatia and
Biegler, 1999 Rooney and Biegler, 1999 Van den Heever and Grossmann, 1999 Bok et a.,
2000. Although the synthesis, design, and optimization of multiperiod processes have receved
considerable dtention, the works that consider period-dependent flexibility (ability to tolerate
uncertainties at al periods of operation) of a multiperiod process are rare. In most of the
worksthat ded with the synthesis, design, and optimization of flexible processes, the “periods’
are not “red operation periods’ but discrete (criticd) points in uncertainty spaces on which
discretized form of a stochastic optimizaion problem is olved. In other words, the periods are
formed by/for the numericd algorithms © that the continuous gochastic optimization problem,
which is very difficult to solve, is smplified.

Multiperiod-optimizaion problems typicdly involve @st minimizaion or profit
maximization over al periods of operation. Generally, discrete variables represent period-
spedfic discrete dedsions sich as whether or not to invest in or to operate a
procesgequipment in a given period. Decomposition of a multiperiod-optimization problem,
for the solution of periods independently, is usualy prohibited due to linking dedsion variables
and/or congtraints that are coommon to all periods.

In thiswork, an optimization model for smultaneous period-spedfic-flexibili ty targeting and
synthesis of multiperiod HENS is presented. The model is lved for a superstructure-based



multiperiod synthesis of minimum-utility flexible HEN problem for the spedal case where the
period-spedfic flexibilities are explored on the basis of the vertices of the polyhedral regions of
uncertainties at all operation periods.

The problem considered in this work can be stated as follows. Givens are a HEN
superstructure that should operate over P periods and vertex-based flexibility indexes for all
periods. The problem involves g/nthesis of a HEN structure that will operate with minimum
utility consumption at the nominal operating conditions of P periods and that will posses pre-
defined flexibilities to sourcetemperature disturbances at al periods. The period-spedfic
expeded magnitudes of disturbances correspond to the vertices of the polyhedra regions of
disturbance space

The multiperiod synthesis of minimum-utility (maximum-energy-recovery) HEN structures
possessng desired structural flexibility indexes is acamplished through a one-stage, non-
iterative, superstructure-based simultaneous MILP formulation that achieves minimum-utili ty-
structure synthesis and flexibility targeting for al P periods smultaneously in a single MILP
solution. The formulation assumes that the multiperiod feasible region defined by the reduced
inequality constraints is convex or one-dimensional-quasi-convex in uncertain parameters
(considered to be the source-stream temperatures in this work), so that the solution can be
explored on the vertices of the multiperiod polyhedral region of uncertainty.

The basis of the formulation is the superstructure-based smultaneous-MINLP formulation
developed by Yee ad Grossnann (1990g, 199() as a solution to the standard HEN-synthesis
problem. The original MINLP formulation (a nonlinea total-cost function as objedive and a
set of linea constraints) is based on a stagewise superstructure representation that considers
potential exchanges between any pair of hot and cold streams within a stage via binary dedsion
variables. In this work, the model of Yee aad Grossmann is reformulated as MILP and the set
of linea constraints is augmented for P periods and for all vertices in these periods such that
the resulting structure satisfies expeded deviations in source-stream temperatures in every
combination of disturbance diredions (vertex diredions) at al periods of operation. Source-
stream temperatures are perturbed for ead vertex by a period-spedfic scdar; the desired
flexibili ty targets for the periods. Thus, satisfadion of the linea constraints is required for ead
vertex as well as for the nominal point at al periods. The target temperatures for al periods,
spedfied by the multiperiod HEN problem, are required to be matched exadly at ead vertex
and for ead period by variable (vertex- and period-dependent) heder/cooler loads. The
objedive function is the minimizaion of the weighted sum of the total utility consumptions at
the nominal operating points of all periods. Thus, the whole problem becomes MILP for which
the superstructure-dependent global solution (general vertex solution) is obtained with the
software package GAMS/XA. Since, in this work, the potential processand utility exchangers
are required to exist at all periods, the binary variables denoting potential stream metches are
common to al periods and thus are the linking variables between the periods.

An example HEN problem is lved for two periods for different structural-flexibility
targets, and the resulting HEN structures that are operable in both periods with desired
flexibilities are analyzed in terms of flexibility indexes, structural grouping, and utility-
consumption levels.



General Formulation

The general Mixed-Integer-Programming (MIP) formulation for a superstructure-based
simultaneous multiperiod HEN synthesis/design and flexibility targeting can be stated as
follows:

d,XT,ilTp ] (d Xp;Up,Z,Pp,0 ) pOP D
st.  hpldxp.up,z,pp.08p)=0 pOP @)

gp(d Xp,Up,Z,Pp,0p )< 0 pOP (3
05 IR (5p)= 10|65 - 5p065 )< 8, < B3 + 30005 poP )

where d is the vedor of period-independent design variables (exchanger aress), X, is the vedor
of state variables (outlet temperatures) at eat period, z is the vedor of period-independent
binary variables (denoting potential existence/absence of exchangers embedded in the
superstructure that is common to ead period), u, is the vedor of control/free variables
(heder/cooler loads) at eat period, p, is the vedor of fixed parameters (hed-transfer
coefficients) at ead period, and 6, is the vedor of uncertain parameters at ead period (in this
work, source-stream temperatures). Eq.1 is the objedive function and can be formulated as
weighted total annualized cost or total utility consumption at ead period. For a synthess
problem, the veaor d is dropped from the set of dedsion variables. Eqgs.2-3 are the vedor of
equality and inequality constraints for ead period. If the vedor of states, x,, can be diminated
using Eq.2, then EQ.3 can be written as the vedor of reduced inequalities. Eq.4 describes the
range of the uncertain parameters as deviations from period-dependent nomina values, (-)3,

where A8, and A(—); are the scded deviations from (-)S, and the non-negative scdar, 0, is the
targeted flexibility for period p. The region R(d,) describes the scaed hyperredangle which is
required to be within the feasible region defined by Eqs.2-3. For a fixed HEN topology and
design (known z and d), the flexibility index, &,, defined by Swaney and Grossmann (1985 is
the maximum of scdar &,. This problem (Egs.1-4) is difficult to solve diredly since, due to
Eq.4, it involves a max-min-max constraint that leads to a nondifferentiable global-optimization
problem (Halemane and Grossmann, 1983. The problem can be solved indiredly with a two-
stage procedure; as iterations between a multiperiod synthesis problem and a flexibili ty-analysis
step (Papalexandri and Pistikopoulos, 1993, however, this tedhnique requires the solution of
large MIPs through, for example, the Generalized Benders Decomposition (Floudas, 1995 in
ead iteration.

In this work, the multiperiod synthesis of minimum-utility HEN structures stisfying gven
flexibility target for ead period will be acomplished through one-stage, non-iterative,
superstructure-based formulation with the supposition that the feasible region defined by the
reduced inequality constraints is convex in uncertain parameters. Therefore, the optimal
solution can be explored on the basis of the vertices of the polyhedral regions of uncertainties
at ead period. For this purpose, the general multiperiod vertex-based formulation (Konukman
et a., 1999 isdescribed as follows:

min CD(dO,x”,u”,zo,p ,0”) n=01,..,2" pOP (5)
o p:Up:Z7,Pp.8p
p:Z Up



st. hB(dO,xB,zo,uB,pp,ep):O n=0,1...2" pOP (6)
gB(do,xB,zo,uB,pp,ep)sO n=01,...2" pOP (7)
0p—0p =0 n=0 pOP (8)
0, —8p ~3,0p =0 n=1,..,2"  pOP (9

GBDRo(ép):{eg‘egisavertexof R(6p),n:1,...,2\'} pOP (10

The vertex formulation, described by Eqs.5-10, is a reformulation of the more general non-
vertex formulation, described by Egs.1-4, using the gproach named as “Algorithm I” by
Halemane and Grosgnann (1983. In the cae the feasible region defined by the reduced
inequality constraints is convex in uncertain parameters, 6,, the formulations described by
Egs.1-4 and Eqs.5-10 are identicd (Halemane and Grossmann, 1983 Swaney and Grossmann,
1985. For a HEN problem where the uncertain parameters are onsidered to be the source-
stream temperatures only (constant hea-cgpadty-flowrates, fixed splits and fixed bypass
flows), the feasible region defined by the reduced inequality constraints is convex (Floudas,
1995.

Eq.5 is the objedive function that is evaluated at the nominal operating points, n=0, of all
periods. EQs.6-7 are the augmented forms of the vedor of equality and inequality constraints
(Egs.2-3) that are evaluated at the nominal operating points (n=0) as well as at ead vertex
(n=1,...2") of all periods smultaneously. The 8, values in Eqs.6-7 are governed by Eqgs.8-9.
Eq.9 constrains the vedor 8, to take only 2" vertex values, 8, (2" + directed deviations from
the nominal, 8, values), scded by the scdar, &, which is the desired flexibility at period p.
Eq.8 denotes that at n=0, &, is considered to be zeo. The set R,(d,) describes the vertices of
the scded hyperreaangle which is required to be within the feasible region defined by Eqs.6-7.

As indicaed in Eq.5, a unique, and period independent, set of binary dedsion variables, Z°,
controlling the structural modifications, applies to al 2"+ 1 operating points (2" vertex points
plus the nomina operating point). This enforces the optimal structure to be reduced from the
superstructure to be valid at all 2"+ 1 operating points and at al P periods. The state variables,
x,'] (e.g., the exchanger outlet temperatures), and the ntrol/free variables, ug (eg.,
heder/cooler and exchanger hea loads), are the vedors of period-dependent continuous
dedsion variables defined for al 2"+1 operating points and for P periods. In this way, the
optimal structure which is unique to al operating pointsg/periods and the optimal values of the
operating-point-/period-dependent state and control vedors are obtained simultaneoudly as the
solution of a single MIP problem defined by Eqs.5-10.

Formulation for the Specific HEN Superstructure

The spedfic form, and the total number of dedsion variables and constraints of the general
vertex-based “simultaneous multiperiod synthesis and flexibility targeting” formulation
described by Egs.5-10 depends on the particular superstructure representation of the process
In this work, Egs.5-10 are gplied to the HEN superstructure proposed by Yee ad
Grosgnann (199G, 199(). The spedfic formulation presented here is based on the
simultaneous-MINLP model developed by Yee ad Grossnann as a solution to the standard
HEN-synthesis problem. The original MINLP formulation of Yee ad Grossmann (a nonlinea



total-cost function as objedive and a set of linea constraints) is based on a stagewise
superstructure representation that considers potential exchanges between any pair of hot and
cold streans within a superstructure stage via binary dedsion variables,

In this work, the model of Yee ad Grossmannis reformulated as MILP, by considering the
weighted sum of the total utility consumptions at the nominal operating conditions of the
periods as the linea objedive function. The set of linea constraints is augmented for ead
vertex and for ead period such that the resulting HEN structure satisfies expeded deviations,
with magnitude 8, in source-strean temperatures in every combination of disturbance
diredions (vertex diredions) which are identified by an additional index n. In other words, the
superstructure is forced to yield a unique minimum-utility structure that is operable & the
nominal condition and at ead vertex of the feasible region the size of which is determined by
the desired flexibility index, at ead period p. The nominal operating condition of ead period
a the centeroid of the polyhedral region of uncertainty (operation under no disturbance in
source-stream temperatures) is identified by n=0. For a HEN problem with Ny hot streams and

Nc cold streams, there ae N=2M""¢ vertices (+ and — direded smultaneous disturbance
diredions) besides the nominal (no disturbance) operating point. Overall hea balances for eat
stream, heda balances at eat stage of the superstructure, assgnment of superstructure inlet
temperatures, equations for the feasibility of temperatures, hot-/cold-utility-load equations,
logicd constraints, and approach-temperature eguations forming the set of linea constraints in

the original formulation of Yee ad Grossmann are dl written for ead of the 2"*No vertices
as well as for the nominal operating point for all P periods. Source-stream temperatures are
perturbed for ead vertex by a fixed scdar, &, which is the targeted flexibility for period p.
Thus, satisfadion of the linea constraints is required for ead vertex and for the nominal
operating points of all periods. The target temperatures of ead period, spedfied by the HEN
problem, are required to be matched exadly for eat vertex by variable (vertex-/period-
dependent) heaer/cooler and exchanger hea loads. The objedive function is the minimization
of the weighted sum of the total-utility consumptions of the periods at the nomina operating
points; n=0. Thus, the whole problem bemmes a MILP for which the superstructure-
dependent global solution can be obtained. To preserve the lineaity of the constraints, the
isothermal-mixing assumption of Yee ad Grossmann (which is rigorous if the resulting HEN
does not involve stream splits but may lead to overestimation of the aea ©st in the cae of
stream splits) is retained.

The explicit MILP formulation, depending on the superstructure-based MINLP formulation
of Yee ad Grossmann, is given by EQs.(11-36) (Konukman et a., 1999. The index n is the

vertex identifier for the 2" vertices, and n=0, a non-vertex point, designates the nominal
operating condition. The index p is the period identifier. HP and CP are the index sets for the
hot and cold process $reans. ST is the index set for the superstructure stages. The two-stage
superstructure, that will be used for an example HEN problem, is siownin Fig 1

Objedivefunction:

min ZO(p dcu; n=0,p * thuj,nzo,p kOST, n=0,1,...N (12)
ti,k,n,p’ tj,k,n,p’ pUP [HP jacp
Zi,j,kaZCUi s ZhUj,

dij,k,n,p>9CU np» AUj n o,

dti,j,k,n,p,dtcui,n,p, dthUj,n,p



The objedive (Eq.11) is the minimizaion of the period p weighted sum of cold- (qcu) and
hot- (ghu) utility consumptions at the nominal conditions, n=0. The binary dedsion-variable
vedors, z, zcu, and zhu denote potential existence of the processstream metches, and
potential cold- and hot-utility hea exchanges, respedively. They are defined as period-
independent global variables, i.e. they are cmmon to the nominal operating condition, n=0, to
eadt vertex, and to all P periods; since the potential structure is unique for al vertices as well
as for the nominal operating conditions of all periods. This global definition of the structure-
determining binary dedsion variables enables the constraints to be satisfied at every vertex as
well as a the nomina points over the unique structure by the vertex-/period-dependent
continuous dedsion variables. The vedor of continuous dedsion variables are: t (temperatures
a the inlet and outlet of eat stage in the superstructure for ead vertex, for the nominal
points, and for al periods), q (processstream hed exchanges at eat stage for eat vertex, for
the nominal points, and for all periods), gqcu (procesdcold-utility hea exchanges at
superstructure boundaries for eat vertex, for the nomina points, and for al periods), ghu
(processhot-utility hea exchanges at superstructure boundaries for eat vertex, for the
nominal points, and for al periods), dt (approac temperatures for processstream netches at
stage boundaries for eat vertex, for the nominal points, and for al periods), dtcu (approach
temperatures for procesgcold-utility matches at superstructure boundaries for ead vertex, for
the nominal points, and for all periods), and dthu (approach temperatures for processhot-
utility matches at superstructure boundaries for eat vertex, for the nominal point, and for all
periods).

Oveall heat balance for each stream, for each vertex for the nomina points, and for all
periods.

in out _ ; —
(Ti,n,p -Tio )F,,p = Z _ZQi,j,k,n,p +0CUi n p iOHP, n=0,1,...N, pOP (12
kST jCCP
out in - . . i =
(Tj’p —Tj’n’p)Fj,p =3 _Zq,,bk,n,p+qhuj,n,IO jOCP,n=0,1,...N, pOP (13
KOSTiOHP

The overal hed-balance onsraints (Egs.12-13) imply that the overal hed-exchange
requirement of ead stream nmust be equal to the sum of the hea exchanged with other process
streams and with the utility stream, at ead vertex, at the nominal operating point, and at all
periods.

Heat balance at each stage, for each vertex for the nominal paints, andfor all periods:

(ti k.~ tiksrnp)Fp = S Gijknp KOST, iOHP, n=0,1,...N, pOP  (14)
i‘cp

(t. k00 ~tikeznp)Fip = Y dijknp KOST, jOCP, n=0,1,...N, p0P  (15)
iOHP

The stage hed-balance nstraints (Egs.14-15) are nealed to determine the stage
temperatures, at ead vertex, at the nominal operating point, and at all periods.

Assgnment of inlet temperatures, for each vertex and for target flexbilities, &, for all
periods.

T . (Tii”p’o +Tin 5p) =titnp iOHP, n=0,1,...N, pOP  (16)
Tinp = (TJ!?FJ’O +ri.n 6p) =tjST+Lnp jOCP, n=0,1,...N, pOP (17



The inlet temperatures of the process $reams are asgned to the inlet temperatures of the
superstructure through EQgs.16-17 as dependent on the vertices of the polyhedral uncertainty
region, the size of which is defined by the scdar targeted period flexibilities, d,, that ad as
scde fadors. The set r, (nz0) is the vertex (disturbance diredion) identifier and takes the
values of N= 2"+*No) combinations of +1 and —1. For the nominal operating points of the
periods (centroids of the polyhedral regions) the values of r, are zeo for al iLHP and j[ICP,
and at this point, the superstructure inlet temperatures are assgned the nominal source-strean
temperatures corresponding to period p, T,™.

Feasibility of temperatures, for each vertex for the nomina points, andfor all periods:

tikonp 2 tikeLnp KOST, iOHP, n=0,1,...N, pOP (19

tiknp 2 tikinp KOST, jOCP, n=0,1,...N, pOP (19

Ti(,)gt <t ST+Lnp iCOHP, n=0,1,...N, pOP (20
t - _

TfS 2tj1np jO0CP, n=0,1,...N, pOP (21

Eqgs.18-19 constrain the stage temperatures to be monotonicdly deaeasing at ead vertex
and at the nominal operating points of the periods. Eqs.20-21 bound the superstructure outlet
temperatures by the fixed outlet temperatures of the process $reams of ead period, T,™. If
these last two constraints are not adive & a particular vertex, n, or at the nominal operating
point, n=0, then the strean corresponding to the inadive onstraint requires a utility
exchanger at that particular vertex, n, or at the nominal operating point, n=0.

Hot andcold uility loads, for each vertex for the nominal paints, andfor all periods:
(ti,ST+Ln,p _Ti(,)gt)Fl,p = qcui,n,p iOHP, n=0,1,... N, pUP (22)

(ngt _tj,Ln,p)Fj,p =ahuj np jOCP, n=0,1,...N, ptP (23

Constraints given by Eqs.22-23 determine the hot (ghu) and cold (qcu) utility requirements
at ead vertex and at the nominal operating points. If a particular constraint in the set given by
Egs.20-21 is adive then the @rresponding utility requirement becomes zero and the reduced
structure does not contain a utility exchanger for the particular process $ream at the particular
operating point.

Logical constraints, for each vertex, for the nomina points, andfor all periods.

Gij.knp — i jnpZi ik SO kOST, iOHP, jOCP, n=0,1,...N, pOP (24
qcui,n,p —th,pZCU, S 0 ||:|HP, n:0111"'!N1 pDP (25)
ahuj n.p = Q| n pzhu;j <0 jOCP, n=0,1,...N, p0P (26)

Logicd constraints (Egs.24-26) involving the binary variables determine the existence or
absence of process cold-utility, and hot-utility matches. The binary dedsion-variable vedors,
z, zcu, and zhu, are cmmon to the nominal operating conditions n=0 and to ead vertex of all
periods. This is becaise the unique potential structure must be operable & all vertices and at
the nominal conditions of all periods, and with this global structure, the cnstraints $ould be
satisfied at every vertex as well as at the nomina points by the vertex-/period-dependent
continuous dedsion variables. Upper bounds, Qi;np, in these logicd constraints can safely be



set to the smallest hea content of the two streams involved in the match. Heda-content
cdculation over the superstructure must be based on the source- and target-stream
temperatures at the @rresponding operating points, n=0,...)N, of the periods snce the source-
stream temperatures are perturbed for ead vertex by the scdar period-spedfic target
flexibili ties as described by EQs.16-17.

Approach temperatures, for each vertex for the nominal paints, andfor all periods:
dti jknp < tiknp = tknp *Mijnpl=2ijk) kOST, iOHP, jOCP,

n=0,1,...N, pUP (27)

dti,j,k+1,n,p < ti,k+Ln,p _tj,k+Ln,p + ri,j,n,p(l—zi,j,k) KOST, iOHP, jJOCP,

n=0,1,...N, pUP (28)
t : _

dtcui n,p < ti,sTeinp ~TeUp + Finpl-zcy) iOHP, n=0,1,...N, pOP (29)
t : _

dthu; np < TS o ~tianp *+ Tinpl-2zhu;) jOCP,n=0.1,..N,pP  (30)

The gproacr-temperature cnstraints (Eqs.27-30) ensure positive driving forces for the
potential processand utility exchangers at the nominal operating points of the periods and at
ead vertex. The binary variables in these mnstraints ensure that only the non-negative driving
forces exist for potential matches (binary variables are equal to one). If there is no match
(binary variables are equal to zero) in any stage of the superstructure & any operating point,
then the upper bounds on the driving forces are safely set to the largest of the possble driving
forces through proper definition of the upper-bound parameters I'i;,,, Which are caculated
based on the period-dependent inlet and outlet temperatures of the superstructure. The upper-
bound parameters must be cdculated not only at the nominal operating point but at the
corresponding operating points, n=0,... N, of the periods snce the source temperatures are
perturbed for eat vertex by period-spedfic target flexibili ties as described by Eqs.16-17.

Approach-temperature bound, for each vertex for the nominal paints, andfor all periods:

dti j k.n=0.p = ATmin kOST, iOHP, jOCP, n=0, p00P (31)
dtcui n=0,p = ATmin iOHP, n=0, pOP (32
dthuj n=0,p = ATmin jOCP, n=0, pOP (33
dti j k.nz0,p 20 kOST, iOHP, jOCP, n=1,...N, pOP (34)
dtcu n=0p 20 iOHP, n=0, pOP (39
dthuj n=gp 20 jO0CP, n=0, pP (36)

The formulation presented here is not for the design (areatargeting) but for the synthesis of
HENSs. However, the gpproach temperatures for the processand utility streams at the nominal
operating point (Eqs.31-33) are bounded by the minimum-approadch temperature, AT pmin,
considering the possble design of the synthesized structure & the nominal operating point. On
the other hand, the gproach temperatures for the processand uility streams at the vertices
(Egs.34-36) are required to be positive since the vertex operating points are not considered as
possble design points.



The maximum total number of hea-exchange units, NEUmx, Can be limited (possbly as
period dependent) by adding the following constraint.

Zi,j,k + ZZCUi + ZZhUj < NEUmax pDP (37)
iOHP JUCPKLOST iOHP jucp

Since the binary dedsion variables are global variables, this constraint (Eq.37) is valid at
every vertex as well as at the nominal operating points of al periods. Constraining the
structure to be reduced from the superstructure in this way, affeds the flexibility that should be
expeded from the reduced structure. However, this constraint generally deaeases the solution
time and also deaeases the chance of getting multiple solutions (same objedive function value
for the same desired flexibility, but with different sets of binary variables).

The stream splitting may be prevented by constraining the maximum number of matches for
eadt stream at eath stage by adding the following constraints:

> zijk =1 kOST, iOHP, pOP (38)
jOCP
ZZi,j,k <1 kOST, jOCP, pOP (39
itHP

The inclusion of these @nstraints completely eliminates the isothermal-mixing assumption
that is inherent in the formulation of Yee ad Grossnann in case of strean splits. Since the
binary dedsion variables are global variables, these mnstraints (Eq.38 and Eq.39) are valid at
every vertex as well as at the nominal operating points of al periods. Constraining the
structure to be reduced from the superstructure in this way, affeds the flexibility that should be
expeded from the reduced structure. Similarly, the presence of these @nstraints generaly
deaeases the solution time and aso deaeases the dance of getting multiple solutions (same
objedive function value for the same desired flexibility, but with different reduced structure).

Significance

The superstructure-based, smultaneous-MILP formulation presented in this work synthesizes
only the structure for a minimum-utility multiperiod HEN possessng a desired vertex-/period-
based structural flexbility, &,. If the design (determination of procesdutility exchanger arezs)
of the synthesized multiperiod HEN is done, e.g. based on the temperatures corresponding to
the nominal operating condition of any of the Qeriods, there is no guarantee that this design
will show the same structural flexibility index, J,, at all operating conditions corresponding to
vertices of that period. Actually, if the synthesized structure does not have utility exchangers
and the target temperatures are wnsidered to be hard targets, then the design flexbility index

6B,p, may be zeo. On the other hand, if the retrofit design (placement of bypass $reams,
possbly with non-zero nominal flows, and re-determination of procesgutility exchanger arees)
of the HEN is performed, then the retrofit-design flexbility index 6];D,p, may be & most as

large & the structura flexibility index (if the upper bound for bypassfradions is considered as
unity). The ordering of the structural, design, and retrofit-design flexibility indexes can be
summarized as:
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3b.p < OrD,p <5 pOP (40)

Therefore, the significance of the smultaneous flexibility targeting and synthesis of

minimum-utility multiperiod HEN structures is that the flexibility index, J,, of the reduced
structure provides an upper bound for the flexibility that should be expeded at most from the
design or retrofit design of the structure for period p. Moreover, the value of the objedive
function, the minimum of total utility consumption, provides a lower bound for the utility
consumption level that should be expeded at most from the design or retrofit design of the
structure aming at the structural flexibility & for period p (since the flexibility lost due to
design may be gained at the expense of increasing the utili ty consumption).

The hea loads for the procesdutility matches corresponding to the nominal operating points
of the periods and to all vertices are the cntinuous deasion variables and their optimal values
are obtained smultaneoudly as the solution of the MILP formulation. This information on
vertex-/period-dependent variations in the hea loads for the matches may reved possble
locations of bypass $reans in an ensuing (retrofit) design stage. It may be advantageous to
consider bypasses for those matches the hea-load variations of which vary the most from
vertex/period to vertex/period. In this way, the bypasses may be placal at the most sensitive
locationsin the structure.

Example and Discussion

In this dion, the basic feaures of the proposed non-iterative, superstructure-based,
simultaneous-MILP formulation for the simultaneous flexibility targeting and synthesis of
multiperiod minimum-utility HEN structures are illustrated with an example HEN problem
with two periods.

Table 1 gves the suppy and target temperatures for the processand utility streams, and the
hea-cgpadty-flowrates of the process $reams, for the two periods. Since there ae two hot
and two cold streams (Ny=2, Nc=2) in ead period, the minimum number of superstructure
stages, N, is fixed at max{Nu,Nc}=2 (Yee ad Grossmann, 1990, 199(). Fig. 1 shows the
two-stage superstructure of Yee ad Grossmann. With two hot and two cold streams, for eah

period, the total number of vertices is N=2M*""c)=16. The values of the identifier r, (Eqs.16-
17) for the nominal operating points and for all the verticesare listed in Table 2.

Table 1. Data for the Two-Period HEN Problem.

Periodp=1 Period p =2
Stream F(W/K) T"(K) T°(K) |Stream F(W/K) T"(K) T*(K)
HOT-1 10 650 370 |HOT-1 10 580 360
HOT-2 20 590 370 |HOT-2 15 480 320
COLD-1 15 410 650 |COLD-1 13 320 460
COLD-2 13 350 500 |COLD-2 20 420 520
Hot Utili ty 680 680 | Hot Utility 680 680
Cold Utility 300 320 | Cold Utility 300 320

The total number of matches was constrained, for both periods, to be lessthan or equal to 6
via the adition of the inequality constraint given by EQ.37 with NEUmw=6. The MILP
formulation (Egs.11-39) was lved with GAMS/XA (Brooke ¢ al., 1992 for the fixed values
of the desired flexibility target, d, (+ direded deviations in source-stream temperatures),



11

ranging from =0K to 6=15K for period p=1 (150K is the maximum value of &, that can be
tolerated for the period spedficaions), from 6=0K to d=10K for period p=2 (10K is the
maximum value of &, that can be tolerated for the period spedficaions), and from d=0K to
=100 as multiperiod P=2 problem (10K is the maximum value of d, that can be tolerated
for the multiperiod spedfications). In this work, the same desired flexibili ty target, &, was used
for both periods in the multiperiod case; meaning that the synthesized multiperiod HEN
structure was required to have an identicd structural flexibility at both periods of operation.
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Figure 1. The two-stage superstructure of Y ee ad Grossmann.

Table 2. Values of the Identifier
r, a the Nomina and Vertex
Operating Points.

By scanning the possbhle MILP solutions in the feasible
flexibility ranges, sets of structure-determining binary
variables were obtained. Out of these MILP solutions, sets
of binary variables corresponding to unique structures were
labelled, in the order ot increasing maximum flexibili ties
(i.e., flexibility indexes, &,). When the formulation is lved
for the first period aone (p=1), the structures are P1A,
P1B1-B4, P1C1, P1C2, P1D1, P1D2, and the grid dagrams
of the structures are shown in Fig. 2 along with their
structural flexibility indexes (&).When the formulation is
solved for the second period alone (p=2), the structures are
P2A1, P2A2, P2A3, P2A4, P2A5, P2A6, P2B, and the grid
diagrams of the structures are shown in Fig. 3 aong with
their structural flexibility indexes (&' ).When the formulation
is ©lved for both periods smultaneously as multiperiod
problem (P=2), there ae only two structures, P2A6 and
P2B (identicd to the last two structures in Fig. 3 when the
seoond period, p=2, is lved alone). It should be noticed
that P1B4 and P2A6 are identicd structures, however their
flexibili ty indexes are & =90K and & =80K, respedively.

»

n If.izl,n If.i:2,n If.j =1n If.j =2n
0 0 0 0 0
1 + + + +
2 + + + -
3 + + - +
4 + + - -
5 + - + +
6 + - + -
7 + - - +
8 + - - -
9 - + + +
0 - + + -
11 - + - +
12 - + - -
3 - -  + 4+
14 - - + -
15 - - - +
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Figure 2. The grid diagrams of HEN structures P1A through P1D2 obtained for the first period
only (the dashed matches are totally bypassed at the nominal operating conditions).
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Figure 3. The grid diagrams of HEN structures P2A1 through P2B obtained for the second
period only (P2A6 and P2B are dso the structures obtained for the multiperiod problem)
(the dashed matches are totally bypassed at the nominal operating conditions).

Fig. 4 shows the total-utili ty-consumption levels corresponding to the nominal operating
points (3 qcuin=0 + >ghyn=0) Of the structures versus the flexibili ty ranges when the problem is
solved for period p=1 only, for period p=2 only, and for both periods smultaneously as
multiperiod problem, P=2. Fig. 4 reveds four plateaus of total-utili ty-requirement levels at the
nominal operating point, n=0 for period p=1, two plateaus of total-utili ty-requirement levels at
the nominal operating point, n=0 for period p=2, and two plateaus of total-utili ty-requirement
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+36.95K as measured from  Figyre 4. Total-utility consumptions at the nominal operating

the nominal point a the conditions versus the flexibility ranges of synthesized structures.
center. The second plateay,

corresponding to 3750 RV minimum total-utility consumption, contains 4 structures, labelled
as P1B1-B4. The sourcestream-temperature uncertainties that can be tolerated by these
structures are & follows: 056(;7131)570.63, 056(;7132)574.24, and 056(p153,p154)590. The third
plateau, corresponding to 4250 RV minimum total-utility consumption, contains gructures
P1C1 and P1C2, which can tolerate source-stream-temperature uncertainties of 0<6<91.51 and
0<0<120, respedively. The fourth plateau, corresponding to 8850 RNV minimum total-utili ty
consumption, contains gructures P1D1 and P1D2, both of which can tolerate source-stream-
temperature uncertainties of 0<6<150.

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Flexibility, & (K)

The HENs with structures P2A1, P2A2, and P2A3 consume 1780 RNV minimum total utili ty
at the nominal operating point, n=0, and at the same time tolerate an uncertainty of 20K in
their source-stream temperatures. The HEN with structure P2A4 consumes again 1780 RV
minimum total utility at the nominal operating point, n=0, but it can tolerate an uncertainty of
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+33.57K in its urce-strean temperatures. The HEN with structure P2A5 also consumes
1780 RV minimum total utility at the nominal operating point, n=0, however it can tolerate an
uncertainty of +45.42K in its Surce-strean temperatures.

The HEN with structure P2A6 can tolerate an uncertainty of +80K in its urce-stream
temperatures. P2A6 consumes 3750 RV minimum total utility at the nominal operating point,
n=0, when it is operating at the first period, p=1, but it consumes 1780 RN minimum total
utility when it is operating at the seand period, p=2. Finaly, the HEN with structure P2B can
tolerate an uncertainty of £10K in its Surce-strean temperatures. P2B consumes 8150 RV
minimum total utility at the nominal operating point, n=0, when it is operating at the first
period, p=1, but it consumes 4780 RV minimum total utility when it is operating at the second
period, p=2.

Fig. 4 reveds the trade-off between structura flexibility and minimum total-utility
consumption at the nominal operating condition(s). If there is only one favorable structure in a
desired flexibility range, then the final design should be done based on that structure. For
instance, if a flexibility of 60K is enough for a multiperiod operation, then structure P2A6 is
the only choice onsidering its lower total-utili ty-consumption level. On the other hand, if there
are multiple structures with identicd total-utility-consumption levels in a desired flexibility
range, then the final dedsion can be made dter computing the total (retrofit) design cost (area
and uili ty costs) for the structures embedded in that flexibility range.

Additional Comments

It should be mentioned that it is inherent in the multiperiod MILP formulation that if an
exchanger (match) is present in the reduced structure, then it is present in all periods of
operation. In other words, the same units are used in al periods. This may cause
overestimation of the total minimum utility consumption in either of the periods. This limitation
will be relaxed in further works.

It should also be mentioned that the minimum number of superstructure stages, Ns, should
be fixed at max{Nu,Nc}+1, not at max{Nu,Nc} as suggested by Yee aad Grossnann (199(),
in order to capture other possble structures that may show lower total utility consumptions.

The pinch (minimum utility) solution (Linnhoff and Flower, 1978, 1978&) of the first
period, p=1, with two superstructure stages and with NEUm=6 (EQ.37) is identicd to
structure P1A (2550 RV total utility consumption). However, the pinch solution of the second
period, p=2, can be obtained only with three superstructure stages and with NEUm=7. Als0,
the pinch solution of the multiperiod problem, P=2, can be obtained only with three
superstructure stages and with NEU«=9. Therefore, the results presented in this work should
be considered as a demonstration of the multiperiod MILP formulation. The true minimum-
utility results are not shown in this work due to space limitations, since with three
superstructure stages and with NEU=9 too many structures are obtained.

Determination of Structure Boundaries

The determination of the structure boundaries (the determination of the flexibili ty indexes, Bp
of the synthesized structures), for instance, in the construction of Fig. 4, may be difficult if the
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MILP formulation is lved conseautively for increasing values of the desired flexibility, &,.
This difficulty is due to the possble presence of multiple structures with identicd minimum
total-utili ty-consumption Ieyels at a given value of the desired flexibility. The determination of
the structure boundaries, &, can be formulated as the flexbilit y-index problem, i.e., finding the
maximum value of the flexibility, &=8,, that a given structure (fixed binary variables) can
tolerate. For fixed hed-cgpaaty-flowrates, the flexibility-index problem is a LP problem that
involves linea equality constraints corresponding to the energy balances for the
procesgprocess and procesdutility matches, and linea inequality constraints to guarantee
positive driving forces for the temperatures.

Alternatively, instead of formulating the flexibility-index problem for ead structure
encountered in the solution range of the MILP formulation, the eguations of the MILP
formulation can be used dredly after removing the binary variables from the set of dedsion
variables and by introducing them as constant parameters. This approad is advantageous as it
reguires only minor modifications in the formulation (and in the GAMS coding) of the MILP
problem. The objedive function of the flexibility-index LP problem for a fixed structure is
given by Eqg.41, and the required equality and inequality constraints are & given before by
Eqgs.(12-39).

max z Op kOST, n=0,1,...N (41)

ti k,npr tik,np: pUP
4i,j,k,n,p:AdCY np: qhuj,n,pa
dtiljlklnlp,dtcuilnlp, dthUJlnlp

For a structure obtained from the solution of the MILP formulation (Egs.11-39), the
solution, d,, of the flexibili ty-index LP problem, Eqgs.(41, 12-39) gives the flexibili ty index, and
thus, the exad region of validity of that structure.

Conclusions

The synthesis of multiperiod minimum-utility HEN structures stisfying gven period-
spedfic flexibility targets was accomplished through one-stage, non-iterative, superstructure-
based-simultaneous-MILP formulation. The formulation presumed that the feasible region
defined by the reduced inequality constraints was convex in uncertain parameters, and thus the
optima solution was explored on the basis of the vertices of the polyhedra region of
uncertainty. The superstructure-based formulation was used also to compute the vertex-based
flexibility indexes the synthesized structures. The solution of the superstructure-based
flexibility-index formulation determined the structural validity regions over which the
structures were operable with the crresponding minimum utili ty-consumption levels.

The significance of the “simultaneous flexibility targeting and multiperiod synthess’
formulation for minimum-utility multiperiod HEN structures is that the flexibility of the
synthesized structure provides an upper bound for the flexibility that should be expeded from
the design or retrofit design of the structure. The value of the objedive function provides a
lower bound for the total-utili ty-consumption level that should be expeded from the design or
retrofit design having a flexibility equal to the structural flexibility targeted in the multiperiod
synthesis.
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The basic feaures of the "smultaneous flexibility targeting and multiperiod synthesis'
formulation were demonstrated using a well-known HEN superstructure of Yee ad
Grosgnann. An example two-period HEN problem was lved successvely over a range of
flexibility targets by considering the source-stream temperatures as the uncertain parameters.
The trade-off between the flexibilities and the total-utili ty-consumption levels for the reduced
multiperiod structures accoommodated in the desired flexibili ty range were reveded.
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Nomenclature

CP = index set of cold process $ream

d = vedor of design variables

dtijkn = temperature goproac for matchi and j in stage k at vertex n
dtcu; = temperature goproac for match i and cold uility at vertex n
dthu = temperature gpproad for match j and hot utility at vertex n
F = hed-cagpaaty-flowrate

g = vedor of inequality constraints

h = vedor of equality congtraints

HP = index set of hot process $rean

n = vertex-diredion identifier (subscript or superscript)

N = total number of vertices

Nc = number of cold streams

Ny = number of hot streams

Ns = number of superstructure stages

NEUmx = maximum number of hea-exchange units allowed

p = vedor of fixed parameters

P = number of periods

Qijikn = hed exchanged between stream i and j in stage k at vertex n
gcui n = hed exchanged between stream i and cold utility at vertex n
ghu » = hed exchanged between stream j and hot utility at vertex n
ro = operating-point identifier at the nominal operating condition
I = operating-point identifiers for vertices as N combinations of -1 and +1
R = region describing the scded hyperredangle

ST = index set of superstructure stages

tikn = temperature of stream i at hot end of stagek at vertex n

tj kn = temperature of stream j a hot end of stagek at vertex n

T = temperature

AT min = minimum approad temperature

u = vedor of fredcontrol variables

X = vedor of state variables

z = vedor of binary variables

Zijk = binary variable for existence of unit for matchi and j in stage k
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zau, = binary variable for existence of unit for match i and cold uility in stage k
zhy; = binary variable for existence of unit for match j and hot utility in stage k
GreekLetters

a = period weighting parameter used in the objedive function

0 = flexibility (scdar)

') = flexibili ty index (scalar)

3p = design flexibili ty index

drp = retrofit-design flexibility index

) = objedive function

r = upper bound for temperature difference

0 = vedor of uncertain parameters

AO7, AB" = scded deviations from 6°

Q = upper bound for hea exchange

Sulscripts Superscripts

CU = cold uility in  =inlet

HU = hot utility 0  =vaue & nominal operating condition
[ = hot process $ream out =outlet

] = cold process $ream

Kk = index for superstructure stage

p = period identifier
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