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Abst ract

Several formulations of the transshipnent nodel from Qperations Research
are proposed for the optimal synthesis of heat exchanger networks. The
| inear progranming versions are used for predicting the mninmnumutility cost,
and can handle restricted matches and nultiple utilities. The m xed-integer
programmi ng version yields nininunwutility cost networks in which the nunber
of units is mnimzed, while allowing streamsplitting and sel ection of nost
preferred mat ches. It is shown that the transshi pment nodels can al so be
i ncorporated easily within a nixed-integer programm ng approach for
synt hesi zi ng -chemi cal processing systens. Several nunerical exanples are
present ed which shéw that the proposed nodels are conputationally very
efficient.

Scope

A maj or conponent affecting the overall performance of processing
systens is the heat recovery network. The task of a heat recovery network
is to exchange the available heat of all process streams in order to reduce
the consunption of heating and cooling utiIities.- Since the cost of
utilities is usually the domnant item there is a great incentive to
desi gn heat recovery networks that integrate efficiently process streans.

There are several practical considerations involved in the synthesis of
efficient heat recovery networks. First of all, there are different utilities
that can be used for providing the necessary heating and cooling of process
streanms. For exanple fuel, steamat different |evels (high, nmediumand |ow
pressure) and hot water can be enployed as heating utilities, while cooling
wat er and refrigerants can be used as cooling utilities. Since all these
utilities have different cost per unit heat, it is very inportant to

synt hesi ze heat exchanger networks for which the utility cost is at a




mni num Anot her inportant aspect in the design of heat recovery networks
is streamsplitting which is often necessary to attain better heat
integration in the network. In some cases.this can al so be achi eved by
allowing multiple matches between certain pairs of streans, which then

lead to cyclic networks. Finally, another consideration is the specifica-
tion of forbidden matches between certain pairs of process streans: Thi s
restriction usual ly arises in practice because of the plant |ayout, safety
requirenents, or process control difficulties. Therefore, it is inportant
that a procedure for the synthesis of efficient heat recovery networks

shoul d account for all the above consi derations.

The main difficulty in the heat recovery problemis its inherent
conbi natorial nature since usually there is an enormous nunber of possible
networks. In the last fifteen years a |large nunber of methods have been
proposed for tackling this synthesis problem A review of all the previous-
research work is beyond the scope of this paper, and the reader can find an
excel lent coverage on this subject in a recent journal review by N shida
et al, [13]. The purpose of this paper is to present an approach for the
systenatic synthesis of heat recovery networks which is based on different
transshi prent nodel 3. These nodel s provide efficient procedures for
synthesis, and can be incorporated in a natural -formw thin the HELP
formulation for the synthesis of total processing systens that is given
inthe third part of this series of papers [ 15].

Concl usi ons and Si gnifi cance

The transshi pnent nodel s that have been presented in this paper
provide a systematic framework for the optinal synthesis of heat exchanger
networks. The nodels for mninumutility cost have the advantage of involving

linear programming problens of small size which 'can be solved with




little conputational effort. Al so, as has been shown thesé nodel s can be
extended readily in order to be incorporated in synthesis procedures of
processing systens that are based on m xed-integer prdgrarmi ng. The nodel
for m ni numnunber of units which involves a m xed-integer |inear

programm ng problem can be used for deriving network configurations that
involve streamsplitting and sel ection of nost preferred rraf ches. For the
|atter aspect a special wei ghti'ng schene was devel oped which allows the
designer to specify different levels of priority for the matches. The
nuneri cal exanpl es have shown the proposed approach to be very efficient

and powerful .




Introduction

As discussed in the first part of this series of papers [14], the‘
heat recovery network is one of the crucial components in a total processing
system since its task is to exchange heat among the streams of the chemical
process in order to reduce the consumption of utilities.

The heat recovery network synthesis problem that will be considered
in this baper can be stated as follows. In a processing system there is
a set H = {i|i=1,NH} of hot streams that have to be cooled, and a set
Cc= [j'j=1,NC} of cold streams that have to be heated. Each hot stream i
has mass flowrate Fi’ heat capacity (cp)i’ and has to be cooled from supply
temperature T: to target temperature Tg. Similarly, each cold stream j has
mass flowrate Fj’ heat capacity (cp)j and has to be heated from supply
temperature T; to target temperature T;' Since the total heat content of
the hot and cold streams is usually unequal, and because of thermodynamic con-
straints in the transfer of heat, auxiliary heating and cooling is assumed to be
available from a set S = {m]m:l,NS} of hot utilities (e.g. fuel, steam), and
a set W = {n'ngl,Nw} of cold utilities (e.g. cooling water, refrigeration).
The objective of the synthesis problem is then to develop a network of
countercurrent heat exchangers that satisfies the specifications at minimum
investment and operating cost (e.g. in annualized form).

Due to the large number of possible network config;rations and fo the
nonlinearities involved in the investment cost function of the heat
exchangers, the main approach that has emerged in the last few years is to
develop design objectives that will simplify and reduce the size of this
synthesis problem. Although these objectives cannot guarantee rigorous
cost minimization, they have the property of generating networks with

maximum heat recovery which often corresponds to optimal or near optimal




solutions. The nost inportant objectives can be summarized in three ngjor
results that can be used for "the design of energy efficient networks. The
first two objectives were first identified by Hohmann [10] and later by

Li nnhoff and Flower [I1], while the third one was proposed by Ureda et al.
[16].

Mnimum Utility Consunptjon This is the nost inportaﬁt'
design objective for an efficient heat exchanger network, since it
corresponds to the maxi num heat integration that can be attained in a
feasible network.for a fixed mni mum tenperature approach. Al so, since
Fhe cost of utilities is comonly the dom nant cost item this objective
allows the elimnation of many network configurations which are inefficient
and costly. The prediction of mininumutilities can be perfornmed prior to
devel opi ng the actual heét recovery network structure [I1] . This design
_objective can be furkher refined as the prediction of minimumutility cost.
This is necessary because in actual networks there is usually a variety of
hot and cold utilities enployed, and each utility is priced at different cost
(i.e. fuel, heating steamat different pressure |evels, hot water, cooling

water, refrigerants, etc).

M ni mum Nunber of Units. Anot her inportant objective is

determining the m ni num nunber of heat exchanger units that is required in
the network. This objective attenpts to mnimze indirectly the investnent
cost of the network since the cost of each exchanger is assuned to be a
concave function of the area. As noted by Hohmann [I O], the ninfnum

nunber of units is usually one less than the total nunber of process streans

and necessary utilities.

Modification of Pinch Points. A pinch point can be regarded as a bottl eneck

that prevents further heat integration in a network. An exanple of a pinch




point is shown in Fig. 1, in which the conposite hot and cold streans of
a process are plotted in a tenperature/enthal py diagram Note that the
presence of the pinch point limts the maxinumheat integration that is
possible. Therefore, it is inportant to identify the |ocation of pinch
points prior to developing a network, in order to consider changes in the
process that can elininate or nodify these bottlenecks so as to enhance
heat integration [ 16].

The first two design objectives have been used in previous.nethods
for the synthesis of efficient heat exchanger networks. Flower and
Li nnhoff [6] proposed the thernmodynam c-conbinatorial algorithm (TC
which will generate all mnimumutility usage networks with the m ni num
nunber of heat exchanger units and with no streamsplitting. The first
"~ step of the TC algbrithnlis to divide the entire tenperature range of the
streans into tenperature intervals according to partitioning rules that
al |l ow feasible heat exchange. Next, the mninumheating and cooling
utilities are predicted using the procedure of the prdblen1table as given
in Linnhoff and Fl ower [ 11]. The last step is to generate all networks
that require mninumutilities and.have the fewest nunber of units.

A simlar strategy for the synthesis of heat recovery networks has
been proposed by Cerda et al. [3],and Cerda and Wsterberg [ 4], [ 5].
In the initial phase the mnimumutility usage problemis considered*
The tenperature range of all the streams is partitioned into tenperature
intervals, but then the problemis nodeled as a transportati on probl emwhere
all possible routes are considered in which heat ié shi pped fromthe hot
streans to the cold streanms. Since heat can only flow froma hot stream
at a higher tenperature to a cold streamat a |ower tenperature, |arge

cost coefficients are assigned to routes that are thernodynamcally




infeasible. This linear programmng transportati on nodel can be nodified
if necessary to account for restricted nmatches anong certain streans, and
is solved using the northwest corner algorithm The next phase is to
determne mninmumutility networks involving the |east nunber of units.
This is done by reformulating the transportation problemas a nfxed-
integer linear program (M LP), and then rel axing the integfality constraints
inorder to solve it as a linear program The final structuré of the
heat recovery network is derived often by hand, and streamsplitting can
be perforned if necessary.

Several exanple probl ens have been sol ved successfully using the
two synthesis methods described above. Although these methods cannot
guar ant ee m ni num cost ' of the heat exchanger networ ks, they obtain
efficient designs that are in nost cases optimal or near optinal solhtions*
Therefore, the design objectives of mnimumutilities and m ni mrum nunber
of units provide very powerful targets in the synthesis of heat recovery
net wor kse

In this paper a nunber of transshiprment nodels will be proposed for
the synthesis of heat recovery networks. The |inear programmng versions
can be used for predictiﬁg the mnimumutility cost with and without
restricted matches. The m xed-integer version can be used for devel opi ng
networks that involve a mni mumnunber of heat exchanger units with
possible splitting and nmi xi ng of streans, and where preferences. can be
assigned to the matches. The nain advantage of these nodels is that they
can be solved with very little or nodest conputational effort. Al so,
these nodel s can easily be connected with the MLP nodel proposed by
Papoul ias and G ossnmann [ 15] for the synthesis of chem cal processing'

systens. Therefore, by incorporating the transshipnent models it is




possi bl e to account for changes in the chem cal process that enhance heat
integration and can lead to inproved heat recovery networks* This

obj ective cannot be attained using the TC nethod of Fl owers and Linnhoff [ 6]
whi ch does not account for process stream changes that alter the heat
exchanger network. The transportation nodel of Cerda et al. [3] can be
incorporated in principle within an optimzation framework that alioms

for process streamchanges. However, the large size of the transportation
nodel maekes it difficult to include it in an integrated system

and the northwest corner al gorithmcannot be used any nore in this case

for obtaining the optimal sol ution.

The Transshi pnent Mbdel

One of the nodels that is widely used in the field of (perations
Research to solve network problens is the transshi pment nodel (see
Garfinkel and Nemhauser, [7]; HIlier and Lieberman, [9]). The
transshi prent nodel is a variation of the well known transportat[on
problem and deals with the optinmumallocation of resources. In particular,
the transportati on nodel seeks to determne the optinmum network for
transporting a coomodity (e.g. a product) fromsources (e.g. plants)
directly to destinations (e.g. markets). On the other hand, the
transshi pment nodel investigates the opti numnetwork for shipping the same
commodity, but fromsources to internediate nodes (e.g. warehouses) and then
to destinations.

The follow ng anal ogy with the transshi pment nodel can be made for
the heat recovery problem Heat can 6% regarded as a coomodity that is
shi pped fromhot streans to cold streans through tenperature intervals that
account for therrmodynamic constraints in the transfer of heat. In

particular the second |aw of thernmodynam cs requifes that heat flows




only fromhigher to |ower ferrperat ures, and therefore these therm)dynanig;
constraints have to be accounted In the network nodel. This can actually
be done by partitioning the entire tenperature range into tenperature
intervals according to rules proposed by Linnhoff and Fl ower [11] |,
QGimes [8], and Cerda et al. [3]. these partitioning procedures guarantee
the feasible transfer of heat in eachl interval of the network, given the

m ni met.errperat ure approach ATni n? In this way, as shown in Fig. 2,

it can be considered that heat flows fromhot streans to the correspondi ng
tenperature interval, and then to cold streans in the sane interval with
the remai nder going to the next |ower tenperature interval. Therefore,

t he transshi pnent Hodel for the heat recovery network has the hot .stream;
and heating utilities e;s sources, the tenperature intervals as the

i ntermedi ate nodes and the cold streans and cool i ng utilities as the
destinations. The heat flow pattern for each tenperature interval shown

inFig. 3is then as foll ows:

a) Heat flows into a particular interval fromall the hot streans and
heating utilities whose tenperature range includes the tenperature
interval . :

b) Heat flows out of a particular interval to the cold streans and
cooling utilities whose tenperature range includes the tenperature
interval .

c) Heat flows out of a particular interval to the next |ower tenperature
interval. This heat is the residual (excess) heat that cannot be
utilized in the present interval, and consequently has to flowto a
| ower tenperature interval.

d) Heat flows into a particular tenperature interval fromthe previous
interval that is at higher tenperature. This heat is the residual
(excess) heat that cannot be utilized in the higher tenperature
interval .

It should be noted that this network flow pattern is a special case of the
general transshipnent nodel [7], [9], since all the flows of heat fromhot streans

to tenperature intervals,and fromtenperature intervals to cold streans are
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normally fixed. In such a case the only variables in this transshipment network
are the residual heat flows from one tenperature interval to the next lover
temperature interval, and the flowates of hot and cold utilities.

There are different mathematical fornulations of the transshipment
model that can be employed for the systematic synthesis of heat recovery
networks. As it will be shown in the next sections, these formulations
can be used for predicting the mnimumutility cost and for deriving
networks with mnimum nunber of.units.

M nimum Utility Cost Problem

One of the design objectives enployed in the synthesis of heat
exchanger networks is to determne the mnimumutility cost for a set
of hot and cold process streams. This problemwill be fornulated as a
transshi pment problem assumng that there are no restricted mat ches
among any pair of strearns.

The first step is to partition the entire temperature range of all
streams into K tenperature intervals for which any suitable partitioning
method can be used ([3],[8],[11]). The intervals are iabeled from the highest
level (k=I) down to the | owest | evel (k«K) of temperature, with each interval k
(k=l,2,...,K) having a temperature change of AT;.. The following sets are defined
in order to identify the location of all streams and utilities relative to the

temperature intervals:

Hce " {~ 1"°" streami is present in interval k}
C. - {] |cold streamj is present in interval Kl

: (1)
S * |mlhot utility nis present in interval K)

We * jn | cold utility mis present in i nterval_k} _

Let Qﬁ be the heat load of hot stream i entering tenperature_intervm

k. This heat load is givén by,

H i - _ .




-11-

wher e AT:,:; is the tenpefature change of stream i ininterval Kk.
Simlarly the heat |oad ij flowing to cold streamj fromtenperature

interval k is calcul ated as,

X3
(-?k - je ' k )

Al'l utilities are placed in the appropriate intervals depending on their
inlet and outlet tenperatures. |If #hy, is the enthal py change of hot
utility min tenperature interval k then the heat | oad (gm" entering

interval k is given by,

S S
Q= P ah, )

Simlarly, the heat |oad (i\i of cold utility in tenperature interval k is,
Q¥ = FYAh, (5)
*nk n? nk !
- . . . k
By denoting the residual heat flowing out of interval k as R, and
by performng a total heat bal ance on each interval k (see Fig. 3), the

transshi pnent nodel for minimumutility cost is given by
minimize Z « Y s F> +Y wEF"
Lt "'m m Lt nn

nS new
s.t. (P1)
S ' W - H c
R - R, -‘z FS by +) P oan o -ijk k=1,2,...K
et ey toH, 3o
Fs "OmeS,Fw>OncW
m n ==

Ro = H b 0’ Rk & o k=1,2’...K-1 B

wher e Sy W, are the unit costs for the hot and cold utilities. In the
case that these cost coefficients are set to one the above formul ation
will yield a solution for mnimumutility consunption. Such a solution will
be equivalent to a mnimmecost solution if only one type of heating and
one type of cooling utility is considered. The optimal val ues of the hot and

cold utility flowates (F° , m=1,NSand F n - |.N\W and the resi dual
' m n
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heat | oad Ik of each interval k can gasily be determned by solving the
linear programming problem (Pi). The occurrence of any pinch points takes
pl ace between the tenperature intervals with no residual heat flow, or
equi val ently at the point where the residual heat Ioadl%x is equal to zero.
Note that since the residuals Ih do not correspond to any particul ar
stream but rather to the aggregate of the hot streans, the fornu{ation

in (Pi) is equivalent to nerging the streans in conposite hot and cold
streans as in Fig. 1.

The above transshipnent nodel (Pi) is an alternative formiulation to
the reduced transportation nodel proposed by Cerda et al. [3] for
predicting mnimumutility usage in a heat recovery network w thout any
restpicted streammatches. However, it should be noted that the size of
the transshipnent nodel is considerably smaller than the reduced transporta-»
tion nmodel that has NS + Nf + [(K)(K+ )/2] variables and 2K rows. The
size of the transshi prment nDdeI.(Pi) is:

a) MNunber of variables - NS+NW+ K- 1

b) MNunber of rows « K
[ This leads to a linear programof snall size even for |arge nunber of
streans. For exanple, given 20 process streans, 3 hot utilities and 1 cold
utility the maxi numnunber of tenperature intervals is 23 according to the
partitioning procedure by Ginmes [8]. Therefore, the maxi numsize of the
transshi prent nodel is only 26 variables and 23 rows, while the nmaxi mum
size of the reduced transportation nodel of Cerda et al. [3] is 280
variabl es and 46 rows. |
MoloumUXility Cost with Restricted Matches

A practical consideration in the design of sone heat récovery net wor ks

is the specification of forbidden matches between certain pairs of process
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streams. This case typically arises because of safety and control
considerations, or because a pair of streams is located too far apart in
the plant. Since the transshipment model (Pl) does not account for
restricted matches, it is necessary to develop a new formulation.

The model for restricted matches is conceptually similar to (Pl), but the
difference is that only thg unrestricted hot and cold streams can be merged
since the restricted streams mugt be treated separately. This is necessary

" because the forbidden matches must be prevented from exchanging heat in the
formulation of heat balances in each interval.

In order to derive the model, assume that the set of restricted
matches is specified for only some process streams and is given by

P = {(i,j)lieH,'jeC, match between i and j is forbidden} _(6)
The streams involvéd in the set P can then be identified by the subsets

HP = {i|ieP}, cP = {j|jeP} ¢))

The remaining process and utility streams can be considered to be merged
in hot stream h, and cold stream c. If the partitioning of temperatures
is performed on all the original process and utility streams as in problem
(P1), the heat content of the merged hot and cold streams in each interval

k will then be given by

H H s (3 C W

Yy = z Qik + E Fm Ahmlt:’ Qck B 2 ij + 2 Fa Ahnk ®
ieH meS, jeC neW,
idHP jécp

Since the reduced set of streams to be analyzed is given by
B = {(1)i=h, 1 ¢HP) , C = {j]j=c, J ¢ CP 9)
each hot stream i¢H’ will be assigned an individual heat residual Rik
as shown in Fig. 4. Also, the heat exchanged between hot stream ieH” and

cold stream jeC’ in the temperature interval k will be denoted as Qijk'

It then clearly follows that for the forbidden matches Qijk =0, (i,j)epP,
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It should be noted that there is the possibility that a hot stream
t [

i?H will exchange heat with cold streamj?C ,(i,j) i P, in an interval k
where streami is actually not present. Thig can happen if hot streaml
is present at a higher tenperature interval k < k, so that the exchange
of heat takes place through the residual R™  Ther ef ore, it 'is conveni ent
to define the subsets of streanms for potential heat exchange in each

interval k, which are given by

& f | .

H - lilicH, streami is present in interval k" k}

. roi : i (10)
Gc * ij| J*C, streamj is present in interval kj

By performng individual heat balances for the reduced set of hot
and cold streans in each interval (see Fig. 4), the mininumutility cost

probl em for restricted nmatches w || b.e given by the follow ng transshi pnent

- nodel ,

w

minimize Z >>2&sn|§;+ YowE™

meS new
st.

R, , ~R +2 = '
ik 1,k-1 'Qijk ik 1-¢ H’k » k=1,2,...K

jct_lk

Y C _ f
L 19 ik ™ Qi i eCp f kasly2iuiK
itHk
H _ T  §: S
Ql'lk L Qi*l + z Fﬂl ﬂhlllk
ieH mg S, '
ieHP K k=1,2... K -
B <« Yy Bt Y, Fhang
jCC nﬂlk
jtfcp

Qi.jk =0 (i,9) ¢ P, Qijka 0 ie H{r jJe ci.s -k-lszs---x
n>=° meS F»0 n«W-

R = Ri’ K'= 0’ Ri’ka 0 k=1’_2’0-oK"1, A i < H' ’
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It should be noted that in the inplementation of this nodel the
vari abl es sz Cffp can be elimnated with the third and fourth
equality constraints in (RPl). Therefore, the variables _for this
model are FX P ee Q.ﬁ(, and Ri‘lk. Al t hough

the actual size of the transshipnent nodel is dependent on the particul ar
problemdata, it is possible to' calculate the follow ng upper bounds

on the .nunber of variables and rows:

a) Maxi mumnunber of variables = NS + NW+ (NP + D)[(NCP + 2)K - 1i
b) Maxi mum nunber of rows = (NP + 1) (NP + 1) K

where NHP is the nunber of restricted hot streans, and NCP is the nunber
of restricted cold streams* For the exanpl e of 20 process streans, 3 hot
utilities, 1 cold -uti lity and 1 restricted match, and with 23 tenperature
interval s, the maxi numsize of the restricted transshi pment nodel is 140
vari abl es and 92 rows. The nunber of actual variables however, will be

| ower since many of the variabl es Q-'-.:lk will be set to' zero either because
some mat ches are forbi dden; or otherw se because they dre thernodynamcally
infeasible. it should also be noted that the size of nodel (RPl) is nuch,
srmal ler than the transportation nmodel for restricted matches proposed by

Cerda et al . [3].

M ni mum Nunber of Heat Exchanger Units

The objective of the previous transshipnent nodels is to dét ermne
the mnimumutility cost and location of any pinch points in a heat
recovery network. However, because there are of t en many mni numutili ty
cost networks, a desirabl e obj éctive isto obt.ai n fromanong these networks
one that has the m ni mumnunber of heat exchanger -uni ts since this wll
usual 'y correspond to an optinal or near optimal solution*

At this point it is assumed that the mini mumutility cost will have

been determned with either of the transshi pnent nodels (Pl) or (RPl).
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Since the utility flovrates and their corresponding heat contents will
then be known, the utility streans can be added to the sets of process
streans so as to define the augmented sets H« {H, S} and C = {c,w} of
hot and cold streans. Also, in general the optinal solutionto (Pi) or
(RP1) will indicate the existence of one or nore pinch points in the
network, in which case the problem can be partitioned in subnetworks
as no heat will flow across each pinch point [ 8]. Mre specifically,
if NL - 1 pinch points occur, the Ktenperature intervals can be
partitioned in NL sets of intervals above and bel ow each pinch point
that define the boundary of the subnetworks. The subsets of tenperature
intervals corresponding to each subnetwork 4, will be denoted by
SN, 1 =1,2,... N

In order to satisfy the mninumutility cost solution only t he
streans Wi thin each subnetwork | should be allowed to exchange heat
as otherw se heat woul d be transferred across the pinch points, and hence,
the utility usage increased* It is therefore convenient to denote as
H, CH and C,_ CC the hot and cold streans present in subnetwork I.
Following a simlar treatnent as in the problemof restricted natches
(RP1), the heat residuals of the hot streans ieHJ,v wi |l be represented
by Rﬂr’ keSNd, I = 1,N,, while the heat exchanged between the streans

in the subnetwork will be represented by ij’ PeHxk® A*G k> k*SNX» where

H(ﬁuz* {ilisH , streami is present in interval I?égé ki K, k* SN..‘}_

(11)
Cik»ij|jeC, streamj is present in interval k « SNV

The 0-1 binary variable y..s can then be introduced to denote t he
| IXr _
exi stence of a match between streans ie§g, and jeJj, in subnetwork X

It is assumed here that each one of these potential matches is associated
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to a potential heat exchanger unit* Since the total heat exchanged
between the given pair of streams is given by the sumof their heat

exchange taken over the intervals of the subnetwork, the binary variables

can be related to the variables Q.,,, through the inequalities
ljK
keSN, | ) .
H c '
where U € min Q. » Q (13)
134 {kZSNL ik stnL jk}

corresponds to the upper bound on the heat that can be exchanged* Note
~that when the bi nary variabl e yi.J,” in (12) takes a zero-value no heat
can be exchanged, but when it is set to a value of one any amount of heat
that does not exceed U .. can be exchanged. The problemof m nim zing
the nunber of units in the heat exchanger network can then be formul ated

as the follow ng m xed-integer transshipnent problem
NL
mnimze Z = z X

e
134
£31 UH, jec, 134

s.t. | X (P2)
H .
Rik "Rk ¥ F Qg ™ U e Hy L o SN
j@c"k : & g 2
| y ' | = 1,2,...NL
Qijk"4 3+ g |
icHth i -
Y Uik U TS0 LeB, i»C, =12, .0
keSN, |
R, 20 e HJ

k«SI\&

U0 tell x=12. .8
.‘lcc‘lk

vy = 01 '.i<<'u£, jec, £=12. N
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hbte-that in the objective function (P2), each binary variable yijl’
is miltiplied by the weight eiju that canaccesynt for the cost or preference
of the match between the steans. Since cost coefficients are difficult
to derive because of the nonlinearities that are involved in the
tenperatures, it is nﬁre practical to think of these weights ei.£ as
coefficients that reflect preferences of the matches. |If there are no
particul ar preferences all the weights can be set to one, in which case
problem (P2) will provide a solution w th mninmum nunber of units.
However, since very often there will exist nmore than one such sol ution
the objective of selecting preferred matches becomes inportant. This
is particularly true when for the various pairs of matches there are
significant differences in heat transfer coefficients, materials of
construction, or when pairs of streans are located in different sections
of the plant. In such cases, weights can be derived so that the optinal
solution in (P2) exhibits always the m ni num possibl e nunber of heat
exchangers, but if there is a choice, the preferred streamnatches are
selected. The derivation and formulas for these weights are given in the
Appendi x for the cases when levels of priority are assigned either to
i ndi vi dual nmatches or to groups of matches. It should al so be noted that
f or bi dden mat ches can be handl ed readily in (P2) by setting the variabl es
yroo= °> (*S0)*FF 4=1,2,...N.. (Qearly these forbidden natches woul d have

to be .the sanme as the ones..specified in the nodel (RPI).

The M LP given by (P2) can be solved either in its full form or
otherwi se it can be deconposed into the NL snaller subproblens for each
subnetwork, and in each case standard branch and bound enunerati on codes
can be used. Cerda and Wsterberg [4] devel oped al so a M LP based on the
transportation nmodel for deriving networks with mni mum nunber of units,

but they propose to use several LP relaxations to avoid solving the
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original m xed-integer problem

The Transshi prent Model for |nt eg'rét ed Systens

Anot her inportant objective in the synthesis of heat recovery networks
is to consider feasible changes in the structure or paraneters of the |
chemcal plant that can inprove heat integration[16]. As.it wés descri bed
in the introduction section, these inprovenents correspond to the nodifica-
tion or elimnation of pinch points in the heat recovery network in order
to further reduce the utility cost* However, these inprovenents are only
feasi bl e whenever it is possible to alter certain process streamflow ates
and/ or tenperatures. Therefore, the above requirenent necessitates-that
the heat recovery network nodel should be included within a mathenati cal
framework for the synthesis of a chemical processing system such as the
M LP -approach proposed by Papoul i as aﬁd Qossmann [ 14], [15]. In order to
acconplish this task, it is proposed to incorporate the heat recovery
network in the chem cal processing systemwith the mininumutility cost
nodels (Pi) or (RPl), since this will ensure that the optimal design of the
integrated systemis energy efficient. The actual derivation of the
network structure can then be perforned separately using the M LP nodel (P2)
after optinmzing the integrated system |

The transshipment nodels for mnimumutility cost can be extended
easily so that they can be incorporated within a MLP synthesis nodel for
arbitrary chemcal processing systems. All that is required is.to treat
the flowate conpositions of the process streans as variables that wll
account for the interactions between the chemcal processing plant and the
heat recovery network. Also, if it desired to investigate several di screte
inlet and outlet tenperatures for sone of the process.streans ina MLP

fornulation [ 14], individual streans can be defined for each t enperat ure
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condition. |If the set of conponent s for each streami is denoted by

D.1 = {d}, by performng the tenperature partitioning on all the streans,
it follows from (PI) that the mninumutility cost transshi pmen.t nodel
for unrestricted nmatches will be given by

1 1 1 * N
minimize Z s F + z “nFn

., mm
msS new
s.t.
F- C H *T + * 1 % +
| 1 Fid<Cp>idk*Tk* | *i*W * »k P3)
isl-lk deDi tllc:Sk
- 2 z Fjd (cp)jdk b'l‘k - z Fn Ahnk -R.k 0 k 1,2,...K
jeCk tthi nﬂik
FS = 9 mes EnW",?OneW -

m » n

) Ro = RK = 0, Rk 0 k = 1,2,,..K-1

The above formulation is a linear programmng nodel and can be
included in a MLP nodel for the chemcal processing plant by adding the
obj ective function and the -constraint set of (P3). Also, it is possible to
add an annual i zed investnment cost for all heat exchangers by considering
this cost to be proportio‘nal to the total heat transferred in the network.
A nunerical exanple for the synthesis of a chem cal processing plant and
its associated heat recovery network is presented by Papoulias and G ossnmann [15],,

Qearly, the nodel for restricted matches can be derived simlarly as (P3).

The Synthesis Procedure

The transshi pnent nodel s devel oped previously in the paper can be used

in the follow ng procedure for the 'synt hesis of heat exchanger networks:

Step 1. Develop Tenperature Intervals

In the first step the entire térrperature range of ‘all the streans is .
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partitioned into temperature intervals. The partitioning methods

proposed by Linnhoff and Flower [11], Grimes [8] and Cerda [3] can

be used for this purpose. However, the first procedure yields approximately
twice as many intervals for the same problem when compared with the other
two methods., Therefore, the partitioning procedure first proposed by Grimes
and then modified by Cerda is the most efficient to use, since the
resulting model has fewer tempefature intervals which in turn reduces the
size of the transshipment models. In particular, the following rules are
applied in the method by Grimes [8]:

Rule 1. Decrease the supply temperature of each hot stream/utility by the

specified minimum temperature approach ATmin'

Rule 2, Place the dec;eased supply temperatures of all hot streams/utilities
as well as the original supply temperatures of all cold streams/utilities in a
list. These temperatures that define the partition for cold streams, ﬁre
arranged in order of decreasing values. The temperatures of the hot streams/
utilities in the 1list will then be given by increasing the temperatures of the
cold streams/utilities by ATmin' Note that the highest temperature (first
entry in the list) should. correspond to a hot utility, and the lowest
temperature (last entry in the list) should correspond to a cold utility

to ensure that heating at the highest level and cooling at the lowest level

are always available,

Rule 3. The temperature intervals k are numbered in increasing order,

k =1,2,...K, starting from the highest pair of temperatures on this list.

The number of partitioned temperature intervals K with the above

procedure will then be given by, K< NH + NC + W + NS =~ 1.
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Step 2. Prediction of M ni mumUWility Cost

Inthis step the mninmumutility cost for a given probl emis determ ned
usi ng either the transshi pment nodel (Pi), or otherw se when there are
restricted matches the nodel (RP1). These two transshipment nodel s are
essentially network flow problens that can be solved efficiently with
speci al purpose algorithnms (Bradley et al. [1]) or with standard Iinear
programm ng codes. The optinmal solution of the transshi pment nodels (Pi)
and (RP1l) does not give the actual *network design (i.e. actual matches
anong streans), but rather has enbedded all networks that exhibit m ni mum
utility cost. Therefore this step of the synthesis strategy reduces
significantly the nunber of heat recovery networks from further consideration

wi thout excluding any energy efficient designs.

Step 3. Inproving Heat Integration in the Network

This step is associated with the elimnation or nodification of
bottl enecks (pinch points) in the heat recovery network, in order to further
reduce the utility cost. This inprovenent can be only done if it is possible
to alter certain streamflowates and/or tenperatures. Consequently, the
i npl enentation of this step is optional since in nmany cases it is not allowed
to alter -any problemdata* |In the case that certain streamflowates and
tenperatures are allowed to vary, the mninmumutility cost probl emcan be
formul ated as the transshi pment nodel (P3). However this transshi pment
nodel shoul d be connected and sol ved sinmultaneously with the M LP nodel of
the chenical processing systemthat accounts for all variations in process
streamflowates and tenperatures as discussed in Papoulias and G ossnmann [ 15],
Step 4. Selecting Networks having M ni mum Nunber of Units

After predicting the minimumutility cost the transshipnent nodel (P2)

is enployed to determne the m ni numnunber of units and the actual natches
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that should take place in the network. As noted before, weights can al so
be used to assign preferences to the matches. Problem (P2) involves the
solution of a MLP which can be solved with standard branch and bound
codes [ 7], [9], and with the option of deconposing the probleminto

subnet wor ks.

It is inportant to point out that the M LP transshi pnment problen1(P2)‘
does not provide directly the heat exchanger network configuration. However,
the optimal sol ution of (PQ) contains all the necessary infornation to
derive the network by hand. Specifically, the solutionw Il indicate the
pair of streans involved in each match, the correspondi ng anmount of heat
that is exchanged, and the tenperature intervals over which the exchange of
heat takes place. The derivation.of the network configurationwl| often be
a sinple task since no work is required for nefging manual | y heat exchanger
units. Furthernore, since in the derivation of the nodel (P2) no
assunption was nade to forbid streamsplitting or cyclic networks, by know ng
for instance the tenperature intervals over which the actual matches take
pl ace one can determne easily whether streamsplitting is required. dearly,
there will be instances in which one or nore different networks can be
derived since the optinal solution of (P2) will not necessarily define a
single configuration and/ or parameters for the network. In this case a
detail ed anal ysis of the different networks could be pefforned to select the
final solution.

Nuneri cal Exanpl es

The application of the transshipnent nodels presented in this paper’
is denonstrated on four different exanple problens. The first probl emhas
two cold and two hot process streans, and is referred in the literature as

the 4SP1 problem [2], [8]. The data for the 4SP1 probl emare shown in
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Table 1. The nininun1tenpérature approach required at all points of the
network is specified as 10°C. In the absence of any restricted-natches,
the mnimumutility consunption for problem4SP1 is determned using the
t ransshi pment nodel (Pi), which is shown in Fig. 5 and consists of five
tenperature intervals. The optinal solution was obtained using the
LINDO[12] conputer code on a DEG 20 conputer in |ess than 2 seconds*

The mninumheating required is 128 KWand the minimumcooling is 250 KW
The pinch point for this probl emoccurs between the first and second
tenperature interval (249°C - 239°C). Next, the MLP nodel (P2) is used
in order to obtain the m ni mumnunber of heat exchanger units for problem
4SP1. This MLP transshi pment nodel has 7 binary variables, 21 continuous
variables, 30 rows, and the optingl sol ution was obtained with the LI NDO
conpuier programin less than 6 seconds on a DEG 20 conputer. |InFig. 6
the heat recovery network having the least nunber of units (5 units) is
shown. The mininumutility usage and nunber of units is identical to the

solution reported by Cerda [ 2] .

The second numerical exanple is again problem4SPl, but in this case
the match between cold stream1 and hot stream2 is forbidden. The m ni num
utility consunption for this problemis determned using the restricted
transshi pmment nodel (RP1) which was solved using LINDO in | ess than 2 seconds
(DEG-20). The ni ni numheating required is 260 KWand the m ni mum cool i ng
is 382 KW which are identical to the values reported by Cerda [ 2] . The
final network for the restricted 4SP1 probl emhaving the |east nunber of
units (5 units) is showninFig. 7, and was obtained in | ess than 5 seconds. °
The next exanple is the 7SP4 probl em which has 6 hot streans and
1 cold stream The nininumutility cost problemwas solved first and the

optimal heating and cooling utility requirements found are included wth
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thepmmemdmain1hmeé. The m ni mum t enper at ure approach required at
all points in the network is specified to be 20°F, and there is-a pi nch
point at 430°F - 410°F. The MLP nodel for problem 7SP4 has 14 binary
vari abl es, 54 continudus vari abl es and 58 constraints. The optina
solution was obtained in 10 seconds with the LINDO code, and is shown in
Fig. 8. This design represents a minimumutility cost network with the

| east nunber of heat exchangers (10 units). Note that splitting of the
cold streamis required above and bel ow the pinch point, and there are
two cyclic matches in the network (Cl-H2, Cl1-H4). Therefore,‘it is clear
that the MLP nodel (P2) has enbedded in it all mninmumcost utility
networks with or without streamsplitting and with cyclic matches.

The last probl emsol ved was the 10SP1 problem[ 2], which has 5 hot
and 5 cold process streans as shown in Table 3. This particular problem
requires cooling water as the only utility, since there is excess heat
at all points of the heat recovery network and no pinch point occurs.

In order to obtain the network structure requiring the m ni mum nunber of
units the MLP nodel for 10SPl is solved. This MLP nmodel has 30 binary
vari abl es, 172 continuous variables and 119 constrai nts and was sol ved

in less than 30 seconds using LINDO on a DEC 20 conputer. The optinal
solution corresponds to an unsplit network with 10 heat exchanger units

as shown inFig. 9. It is interesting to note that the MLP transportation
formul ati on of Cerda and Westerberg [4] for the 1C8P1 problem has the sane
nunber of binary variables and rows but requires 357 continuous variabl es.

Finally, to illustrate the application of weights for preferred
mat ches in problem 10SP1, it was assumed that four different |evels of priority

were assigned to the 30 possible nmatches shown in Table 4. As can be
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seen the highest level of priority p«l , was assigned to the matches
with cooling water because of the advantage of controlling directly the
target tenperatures of the hot streans. For the remaining matches it was
assuned that the 10 pfocess streans were located in three different
sections of the plant. Therefore, the level of priority p=2 corresponds
to matches that take place within each of the three sections in the plant,-
the level p=3 corresponds to the matches that take pl ace between the

adj acent sections, and the |lowest |evel p=4 takes place between the two
sections that are furthest apart. By using the weights shown in Table 4,
(with®=6 as discussed in the Appendi x), the network that was obtained is
shown in Fig. 10. Note that this network has 10 heat exchanger units and
involves 3 matches with p=l, 5 matches with p=2, and one match for both
p=3 and p=4 priority. Therefore, with respect to the configuration in
Fig. 9, there are 3 nore matches at the level p=2 and only one at the
level p=3, thus resulting ina systemthat requires less integration
anmong the three sections in the plant. The conputer time requirenents
for this probl emwere considerably higher ( 9 min.) due to the existence
of a large nunber of networks with m ni numnunber of units. It should

be noted-that when the weights were set to one for sinply obtaining a
network wi th m ni mumnunber of units, the conputer tinme was nuch smaller
because the LINDO conputer code would determne as the 6ptina| sol ution

the first network in the enuneration with 10 units.
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Appendix

Weighting scheme for preferred matches

In the formulation of the transshipment model (P2) for minimizing
the number of units, the weights eijz were included in the objective
function to denote the preference or priority level of matching hot
stream i and cold stream j in subnetwork 4. As shown in this Appendix,
these weights can be selected so as to obtain networks with minimum
number of units but containing stream matches with highest priority.
This procedure is useful in the case when several or many networks exist
with minimm number of units.

Firstly, assume that the designer specifies a different priority
level p to each triplet (i,j,2), % e Hy, j e Cy, 2 =1,2,...NL, where
p=1,2,...N, and N is the cardinality of the triplets. The value
p=1 will denote the highest priority level, whereas the value p=N
corresponds to the lowest priority. Therefore, p is a one-to-one
mapping from each triplet (i,j,£), and therefore one can define the

weights Yp in decreasing level of priority as

_ Yp = Yp(i,j,L) eijg p = 1,2,...N (A1)

In order to obtain the weights Yp given specified priorities p, for
each individual triplet, the following functional form is assumed

yp =@ ¢ p/N p = 1,2,...N (A2)

The parameter ¢ in (A2) must be chosen so that it can be guaranteed that
the weighted objective function in (P2) will lead to networks containing
matches with highest priority, but with the smallest number that is possible.
This can actually be achieved by requiring that the sum of the q + 1 weights

of highest priority be larger than the sum of the q weights of lowest.




priority for any q< N, that is

g+l N
£EY>£Y{ o 1*qg<N ‘ (A3)
p«l p=N-qg+l N * 2 :
_ q '
Since £ P - (q (q+D/2 (M)
p~l - '

by substituting (A2) and (A4) in (A3), the inequality can be vvrit‘ten as

(gH)a + (g+)(g+2)/2N > N+ (NH)/2 - (Nga - (Nq) (NgH)/2N

_ (A5)
which in turn can be sinplified to yield,
a > [g(Ng-lI) - 1]/N (A6)
Since_the right hand side of (A6) is maximzed at q - (N1)/2, the
inequality in (A6) will hold for all g, q- 1,2,...N1if
a > [(N-1)%- 4/4N (A7)

Therefore, a choice of a satisfying (A7) will guarantee that the weights as
given by (A2) will produce networks with m ni mumnunber of units but with

the nost preferabl e mat ches. IIt shoul d be noted that if Nis too |arge

t he proposed choice of a may be higher than needed since it is sufficient that
(AB) holds for a valid upper bound qU on the nunber of matches. Since the
right hand side increases nonotonically inq, for g€ (N1)/2, the choice

of qUis justified if it lies belowthis value. Also, since the right hand

side in (A7) is snaller than N/ 4, a practical choice for large Nis given by
a > mn CQYN-g>1)/N N4} (A8)

In the case that priority levels are assigned to groups of matches and
not to individual nmatches the procedure nust be nodified sonewhat. For this

case, assune that the Nmatches are partitioned i n NG groups, where each




group Gp- Ai,j,")|p - (i,j,*)}, has cardinality ap. and priority |evel
pe12...NG If an upper bound qUi_s given, it is convenient to define

the indices r and t as foll ows:

T

a) r is the largest integer such that 2‘ C‘(;I' £q +1
P«l
NS v

b) t is the smallest integer such that Y&I R<L q
p«t

Assuning that the weights yp are given as
YP-G+F¥|\E p-1,2,...l\5 <A9)

and by followng a simlar reasoning in inposing the inequality in (A3),
the paraneter a that must be chosen to guarantee m ni mumnunber of units

with nost preferred matches is given by

NS NS
a> (UN | | p%+(Q"- L it - 1)
pt p=t

. (AL0)
U
- g - + o +
Lpo- @+l oD
p=l p=l
Finally, to test the validity of the upper bound qU, it is necessary to
check whether the right hand side in (ALO) decreases when eval uated at

q'(I -1 If the test fails, the upper bound qu nust be reduced*




Table 1. Data fdr Pr obl em ASP1

Streans Fc, (KW°Q ™ (°c) ™ (°0 Q080
a (Cold) 7.62 60 160 +762

CH (Hot) 8.79 160 93 - 589
C2 (Cold) 6. 08 116 260 +876
H2 (Hot) 10. 55 249 138 -1171
S (Stean) _ | ‘ 270 270

CW (ool i ng wat er) 38 82




Tabl e 2. Data for Probl em 7SP4

Streans Fcp(Btu7'°F) 1S (°F) (°F) Q (Btu)
a (Col d) 47.0 60 710 +30, 550
CH (Hot) 15.0 675 150 -7,875
H2 (Hot) 11.0 590 450 -1, 540
H3 (Hot) 4.5 540 115 -1,912
H4 (Hot) 60. 0 430 345 -5, 100
H5 (Hot) 12.0 400 100 -3, 600
H6 (Hot) 125.0 300 230 -8, 750
OW (Wt er) 11.03 80 140 6, 618
F  (Fuel) 8, 390. 0 800 801 -8, 390




Tabl e 3.

Data for Probl em 10SP1

Streans Fc, (KW°Q)  (°c) Tt (°c) Q (KW)
a (ool d) 7.62 60 160 +762
@ (ool d) 6.08 116 222 +644
c3 (ol d) 8. 44 38 221 +1545
c4 (ol d) 17.28 82 177 +1642
s (ol d) 13.90 93 205 +1557
H6 (Hot) 8. 79 160 93 - 589
H7 (Hot) 10. 55 249 138 -1170
H8 (Hot) . 14.77 227 66 - 2378
H (Hot) 12. 56 271 149 -1532
HLO (Hot) 17.73 199 66 - -2358
W (Vater) 42.66 38 82 1877




Table 4. Preferred Matches for Probl em 10SP1

d Q a A 63 o4

H6

4 3 2
H7
H8 _ 3 2 3
HO

2 3 4
H10

Level of priority Vi ght's

P-1 6.25

p - 2 6.5

P- 3 6. 75

p -4 !




Fi gure
Fi gure
Fi gure
Fi gure
Fi gure
Fi gure
Fi gure
Fi gure

Fi gure

Fi gure

Maxi mum heat integration for conposite hot and cold streans.
Anal ogy of hea'; recovery network with transshi pment nodel
Heat flow pattern in each tenperature interval of (Pl)

Heat flow pattern in each tenperature interval of (RPl)
Result of nmodel (PI) for probl ém4SP1

ot i mal héat recovery network for problem4SPl-

Optinal heat recovery network for restricted pr.obl em 4SP1
Optimal heat recovery network for problem 7SP4

oti mal heat recovery network for problem105P1 with no preferred
mat ches

oti mal heat recovery network for problem 10SP1 with preferred
mat ches
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