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A NEW ALGORITHHIC HEURISTICS FOR THE SYNTHESIS OF OPTIMAL HEAT EXCHANGER NETWORK

Y.S. cho

Chem. Process Lab. KIST, P.0. Box 131, Cheongryang, Seoul, Korea

Abstract. This paper proposes a new method for the discovery and design of an opti-
mal heat exchanger network. The method is based upon the concept of pinch, a problem
reduction technilque and Lhe heuristics developed in this work. It generates subpro-
blems in a logical way and solves the subproblems by the heuristics to synthesize an
optimal network structure. It is thought that the heuristics can preserve the mini-
mum utility consumption, the minimum number of heat exchanger units, and the minimum
number of stream splirtings needed for a glven problem. The minimum heat exchanger
area for the optimal network can then be obtained by adjusting the temperatures asso-
clate with the heat exchanger in the optimal network structure. The method is applied
to the problems appeared {in the literatures. The results show the reductions in the
number of heat exchanger units for some problems.
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INTRODUCTION

Heat exchanger network synthesis (HEHS)}, a
major problem in process synthesis, has
attracted lots of attentlon in the literature
in the past two decades. From the viewpoint of
energy recovery and conservation, the study of
HENS 1s a problem of considerable practical
importance. The problem tepresents a real-life
situation and basic Insigts gleamed by such
analyes have led to 30-502 energy savings in
any process industries (Linnhoff and Vredev-
eld, 1984).

The synthesls problem was first formlated hy
Hasso and Rudd(1969%)and many researchers (Hoh-
mann,1971;Nishida,Liu and Lapidus,1977:Lin-
nhoff and Flower, 1978;Linnhoff and Hindmarsh,
1983:5u and Motard, 1984 :Floudas, Giric and
Grossman, 1986) have since propnsed a varioty
of different design algorithms for HENS. 1In
thelr work, the major targeta to be achieved
for HENS are the minimum utility consumption,
the mintmum number of units and the minimum
arex. Among these targets, the concept of the
minimum utility was introduced first by iflohmana
(1971)and vefined by Linnhoff and Flower(1978)
by developing the concept of plach, To inco-
porate the minimum number of units with the
minimum tility, Flower and Liunhoff{(1980) pro-
posed a thermodynamic combinatorial alporithm,
Cerda nnd Westerherp(1983)Suppestod an alpo-
tithm which uses the LP transportation mode]
together with a mixed integer programming, and
Popoulias and Grossman(1983jused the LP trans-
shipment model followed by a mixed inteper lin-
ear programming. Most recently Floudas, Cirle
and Grossman(1986)added a nonlinear programming
to achieve the minimum heat exchanper area for
a plven network structure. Rowever, the extia
capital and operating costs for stream split-
tings have often heen fgnored In their stndies.
Trivedi,0Neill and Roach (108d)have pointed
nut that the additional piping and maintenence
rosts associated with stream splittings should
be included in cost equation.
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Different cost equations (Masso and Rudd,1969;
Linnhoff and Flower,1978;Trivedi, O'Neill and
Roach,1989) have been proposed for estimating
the annual cost of a glven network. Still it is
uncertain that which formula should be used for
the best estimation. 1In gualltative termes,
however, it is commonly accepted that the rela-
tive emphasis should be given to

1) the minimum utility consumption

2) the minimum number of heat exchanger units
3) the minimum number of stream splittings

4) the minimum heat exchanger area for a given
network atructure,

In this work, the first three items in the
above targets are considered first to generate
an optimal network structure. The minimum
area, the remaining target, is then achieved by
adjusting the temperatures asscciated with the
heat exchanger units by a nonlinear programming
technique.

The method begins with calculating the pinch
temperature to ldentify independent networking
zones. The actual netwotrk procedure then takes
place in one of the divided zone. The network-
ing procedure here consists of two parts. In
the first part, the streams related to the
pineh temperature are considered to satifsy the
pinch conditions. The remaining streams, which
are not associated with the pinch temperature,
are then treated to generate a complete optimal
network structure in the zone, The optimality
of the network structure is thoupht to be
obtained by formulating subproblems and apply-
ing the heuristics developed in this work to
the subproblem. The method finally penerate an
optimal network by a nonlinear programming
technique.

A detaild descriptions for finding the pinch
temperature and for adjusting the temperatures
In the optimal network structure are omitted in
this paper. 1t is suggested for interested
readers to refer Linnhoff and Flower(1978)for
the pinch temperature calulation, and Floudas,
Civic and Grossman(1986)for the nonlinear opti-
mization.



FEASIBILITY OF A MATCH AND
AND TYPES OF MATCHES

The principal target of HENS is to meet the
minimum utility consumption. In other words,
coolers cannot be used in the zone above (he
pinch and no heaters are allowed in the zone
below the pinch to satisfy the minimom utility
consumption. To achieve this, the netwotking
procedure in this work bLegins at the pinch and
continues toward the end of the zone. Tt is
noted that the procedure can be {dentically
applied to the different zone. And it is
assumed that the zone for networking dealt in
the following discussion s the zone above the
pinch (the zone having higher temperatures than
the pinch temperature) unless there is a spe-
cific mentioning.

To design a heat exchanger network for a given
problem, it is necessary to find a match
repeatedly among the hot streams having heating
availability and the cold streams having cool-
ing availabilty until all the hot streams lose
their heating availability. Now, let's define
a feasible match as a match that can preserve
the minimum utility consumption. Then, there
must be two requirements for a match to he
feasible. These are the location of the mini-
mum temperature approach at the pinch and the
cooling availability left after a match. The
second requirement in practical term is that no
covler should be necessary to extinguish the
heating avallability after the match. Thus to
he a feasible match the following two condl-
tions must be satisfied at the pinch.

1) The heat capacity flow of the cold stream to
be matched must be larger than (or at least the
same as) 'that of the hot stream to be matched.
2) The pinch temperature must be fdentical to
the lowest temperature of the streams having
heating or cooling availabilities after a
match.

Since the first condition in the above is
removed In the zone besides the pinch, it is
convenlent to have two types of matches based
upon the location where a match ocenrs. 1In
this work, a match at the pinch is called an
essential match and a match in the zone besldes
the pinch is called a residual match.

SUBPROBLEMS AND HEURISTICS

It is desirable to search all the possible net-
works for a given HENS problem to obtain the
best solution. As pointed out hy Ponton and
Donaldson(1974), however, it seems impossible
to find all the possible networks for a problem
of a resonable size from the viewpoint of time
consumption aud complexity that arises firom
considering the stream splitting and merging.
Thus it Is necessary to logically reduce the
size of a problem without losing the optimality
In the final network structure, so as that all
the possible networks for the reduced subpro-
blem can be found. A detalled procedute to
generate the subproblems and the heuristics to
find an optimal match are given in the follow-
Ing discussion.

For Essential Match

To meet the reguirement of the minimum utiltity
consumpt ion, no coolers should he allowed in
the zone above the pinch. And two conditjons
already mentioned in the previous section
should be satisfied at the pinch to be a feas-
ible match. Between these conditions, the
first condition can generate candidates for
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feasible matches among a hot stream and cold
streams. The second condition then be tested
for the feasibility of the matches.

Judging from the implicatlion of the first con-
dition, 1t i3 natural to consider the ho
stream with the largest heat capacity tlow
among hot streams first. Thus it is necessary
to rearrvange the streams as in the following
ovder.

Cepn > Cewz +or Chpne ++ Cipne s > Copna )
PR LT (2)

Hows > Hopo oo Hopo o0 Hepmn

where, C.p. 1s the kth largest cold stream heat
capacity flow and H_,,. denotes the kth largest
hot stream heat capacity flow. NC and Nl are
the number of cold streams and hot streams
respectively.

Now tu satisfy the first condition for the
feasibility of matches, it is required to
examine 1if

Corw > Hepi for k = 1,2, ... NH (3)

If Eq. (3) is violated for the jth largest heat
capacity flow, the situation can be represented
as

Covie > Hope fOr k = 1,2, ... j-1
Cory < Hepy for j < NIl 4)

For the sake of simplicity, let the situation
in Eq. (3) be case 1 and the situation in Ey.
(4) be case 2. Then It can be said that tlie
stream splitting may not be needed for case 1.
For case 2, however, the stiream splitting
should be required at least once to remove the
difficulty. 1In any case, it is thought that
the original problem can be reduced without
affecting the optimality in the final netwoirk
structure. .

Subproblem formulation for case 1. It is
easily seen in this case that there is ar least
one culd stream for each hot stream at the
ploch for the feasible matches. Since the main
objective here is to make the target tempera-
tures of the hot streams become higher than the
pinch temperature through the feasible matches,
it is necessary to select the streams associ-
ated with the pinch temperature. The selected
streams ave then rearranged as In Eq. (1) and
Eq. (2) to give a HENS problem for the essen-
tial matches. TIn this reorganized BENS prob-
lem, it can be easily thought that the Les
strategy of networking is to consider the hot
streams one by one., And the choice of the hot
stream to be considered fivst should be the hot
stream with li,,,,. Because all the cold stieams
having thelr heat vapacity flows latger than
(or the same as) i.,., are the candidates for
the feasible matches to this hot stream. Choos-
ing an other hot stream, for example the hot
stream with H,. ., for k»>1, it Is diftficult (o
select the canidates among the vold streams tor
the feasible matches due to constderations on
the hot streams hvalng their heat capacity
flows larger than ll.,,.. For this reason the
subproblem to the reorganized HENS problem sim-
rly becomes as follows ;

SPL ¢ H(H.a), G(Copy)y C(Copads «-v G(Crpn)
Copne > N,y (5)

where, H(H,..,,) denotes the hot stream with [
and C(C....)denotes the cold stream with Coter

It is noted here that H(H,.,.,) and a cold stream
among the candidates in Eq. (5) can be elemi-
nated from the reorvganized HENS problem after



finding the optimal feasible mateh as a rolun-
tion to SPI. Then the 1educed problem can
apnfn he rearranged as in Fa. (1) and £q. (2)
to pive a new HENS problem.  7This proceas can
be vepeated unitl no hot st reams teft 1o he
considered.

Neuristics for case 1. The solution 1o SPM)
should he optimal Feasible. Thus it is tmpor-
tant to test the optimality and the fensihitity
of possible matches. Here, the optimntity can
he eatabl fshed by Mindinp the confipuration
vwhich ylelds the minimum number of units and
the minimom number of stream splitvtings for the
extinction of the heating availabitity in SP1.
The feasibility is then obtained by examining,
i the configuration aatisfics the second
feasibility condition described tn the previous
sectjon.  Flg. 1 shows the possible confipgura-
tions to remove the heating avallability in SPL
using one hent exchanper and n henter. To dis-
tinguish the configuratlons for thia canne from
confipurations for other cages, the identifier,
WE1-1 i used.

Hept

-¢.4.(;>.__

pinch
(a) (b) (c)

Fig.1. Three possible confiquations for NEI-1

The detarhy of the heuristles. in Fig. 1 is
denoted by (a), (h) and (). Tn configuration
HFEl-1-(n), there are no stream splittings. Thus
this configuration must be soupht flrst for the
optimality. The confipgurations HEL-1-(h) and
HEL1-1-{r) cAn occur If conflguratfon HEl-1-(a)
violates the feasibllity condition. Retween
there two configruations, configaral fon
RE1-1-(1) shkould be prefered since the cooling
rvallability of the aplitted cold stream in
UEL-1-(h) ds greater than that in NEL-1-(r).

However, if there are ne such confipurations as
In E1-1-(a) for SP1, the confipgurations shown
in Fig. 2 shonld e soupht. As easily can he
seenr in Flp. 2, these confipurations need more
than one heat exchanger to extingnish the heat-
fng avaliability. Uence the hierachy of Heur-
Istics HE)L-2 is Yower than that ot Heupistics
HEY-1.

G W

-0—

() (h)

Fi9.2. Two possible confiquration for BF{-7

Yopy

Sinee confipurat fons shown In Flg.)l and Fip.2
Actually represent all the poasible configuva-
tlona for SPY, the anlution ta SP1 can simply
be obtained by [foinding the matelh whose con-
flguration i=s in the highest lhiierechy.
Subproblem and heuristics for case 2. The main
tavget dn solving this case §a tn remove the
difficulty of Cony 2 Ho iy, and to make the rase
hecome case 1. There are basjeally two teme-
dine ta oyrreoms this Affienivy. One ie sep-
erating A cold stieam 10 genepate twa new cold
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streams. The other 1s neperating a hot stream
to split the heating availabjlity. Howsver, the
former technique must he considered first since
the latter technique will penerate aone more hot
stream which require at least one extra heat
exchanger for the extinction of heating avall-
ability. Thus to continue the discussion on
formulation of subproblems for case 2, it is
necessary to distingui{sh the techniques to be
wsed. Let the technique of a cold stream
splitting be case 2-1 and the technique of a
hot stream splitting be case 2-2.

For case 2-1, the splitted cold stream should
be able to make two hot streams, including the
hot stream with H..,, have their target temper-
ature higher than the pinch temperature through
the heat exchange. Thus the subproblems in
this case can be formulated as follows.

SpP2Z
SSPI ¢ H(M..,), H{H,wy)y C(C. 00,
where C.ous > Hepa + Hopy
SsP2 1 if C.,. H.pv. then
H(H,.,2), H{H. ), C(Cipr)y -
otherwise
H(H..;), H(H..,), C(C..5),
where C, ..o > Hopsn + Hepy
SsP1 : if C.,.. > H....1. then
H(H,. .00, H(H, .y}, C(Clpie_a)y C(C )
for k~2,3, ... ki
where C, ., > H. ., + H. .,
for i=3,4, ... ,j-1 (6)

cy C(C )

«r ClCipns)

.y C(CLie2)

The subsubproblems formulated above represent
the subproblem for case 2-1. It is seen that
the all the feasible matches can be sought from
the subproblem without losing the optimality in
the final network structure. The solutions of
the subproblem in thils case actually guarantee
the feasibility. And the optimality for the
hest solution can bhe ohtained by consldering
all the possible configurations for the case.
Fig. 3 shows the hierachy of the heuristics
obtained by examing all the possible configura-
tions for the solutions to the subproblem.

-l -l

n.. .
Crj

l I

1 | . |

| | 1

-
() M (c)
I'ig.3. Three possible configuration for HEZ2-1

In Fig. 3,configurations HE2-1-(a) and
HE2-1-(b) are prefered to configuration
HE2-1-(c) since less heat exchangers are needed
for the extinction of the heating availability
nf the hot stream with U.,,. For the reason
ment ioned in the previous section it is thought
in this case that configuration HE2-1-(a) is
superior to configuration HE2-1-(b). Tt is
mentioned here that the match bhetween the hot
stream with M., and the unmatched splitted
cold stream in Fig. 3 is not considered at this
stage since the reorganized problem, after
deleting the streams which are shown in Fig. 3
as a matched pair, can have a hetter solution.

1f there are no feasihle salution to the sub-
problem ohtained by splitting a cold stream a
hot. stream splitting (case 2-2) is considerved
next. 1In this case a ot stream having its

heat capacity flow latper than H, ,,, must he



splitted to glve feasible matehes with
ClCrmims 1)y CChpge»).  The subprohfem Lar this
case can he represented as follows.
SPY ¢ H(H.ny)y H(Hoyia)y «oo B L)
Cllaenmiate ClCrrmnis)
where H.\.y 2 Corpnes ! Cornmas (7)

Fig.# showa three possible configurations for
the case.  Since the solutions te SP3 cannot
prtantee the feasihillty, the confipurations in
Fipg. & are constructed by consideriong both the
feasibility and the nptrimality. The hierachy
of heuristica HE?-2 are also represented by
(a), (h) and (c)

g
rrPNH]

(a) {b) (c)

Tig.4. Three possible configuration of NE?-2

Fotr Residual Mateh

After performing easential matches, there are
stream which ave not associated with the pinch
temperature left to he conafdered {n the zone.
As seen in the previous section, the heat
rapacity flows of streams were fmportant to
satisfy the first feasibility condition for the
essential mateh.  However in the residual
match, the temperatures associated with streams
are important as a part of the second feasibjl-
{ty condition mentioned In the earlier section.
In other wards, to have possibly a feasible
match the source temperture of the cold stream
to be matched muet he Iowey than (At least the
same As) the tarpet remperature of the hot
stream to he matched.  Thus it {5 necessary to
rearrvange the streams in ascending ovder of
temperatures as in Fq. (8) aml Eq. (%), and to
examine {f Eq. (107) is satisfied.

[ s

n

PRt (8)
O N R | T | I (9)

EYES

Covie = Heyy and €0 > N, when € = H
for ¥ - 1,2,... hH (10)

vhere, G, is the kth lowest culd stream
sonrce temperature while H, | denotes the kth

layest hot stream target temperature.

The situatjon where Fq. (10) is violated can
aleo he wedtten in a mathmatical foim as fol-
lLows

Covn = Heow and N, when G = H
Cavy > Heyy or Cooy = Uy when € 0 = H,
for k = $,2 ... -1, j < NIl (1)

For efmplicity let the situation in Feq. (10) be
eaae 1 oand the sitoatfon in FEq. (11) he case 2,
and consfder the subprohlems and the hearistics
for each case.

ob lon for case 1. In this
ecase, {t {s natur tn ?;:lmi;'?hzihﬂntlnﬂ
availability of the hot astreams from the lowest
hnt styeam tarpet temperature. Thus {t §s nec-
rseary to confine onr attention to the hot
stream having ,,,. The hest match then can he
found by consldering all the possible confipn-
rattns that can occur among this hot stream and
all the vold strams for the extinction of the
heating availahil{ity of this hot etyeam. The

tullnwing subproblem for the case js foimulated
based upon the above observation.

SP3 1 H(H,.5), C(Curva)s C(Curr). -+ ClCarne)
(12)

Heuristics for case 1. Fig. 5 shows the pos-
sible confiiﬁ?ations to completely eleminate
the heating availability of the hot stream with
#,,, by using two or less heat exchangers and a
heater without splittinpg streams.

Py 27,
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pinch
rig.5. Three possible configurations in HR1-1

The trick employeed in this case Is also to
make just one unavoidable match (the match
depicted by a solid line). The remaining hot
stream for the configurations of HR1-1-(b) and
HR1-1-(c) is treated as a new hot stream to
form a new problem. 1t is worth mentioning
here that the possibllity of merging the
splitted cold stream to form a new cold stream
and then participated in the subproblem as
shown in Fig. 6 should be considered.

{a) (b)

Fig.6. Stream merging methods

In Flg. 6, it s noted that the stream merging
can be considered only if the availability of
the merged stream (the solid line without
circle in Fig. 6) is larger than that of the
original splitted stream (the broken line in
Fip. 6). Case (a) in Fip. 6 indicates a total
merpge while case (b) In Fig. 6 shows a partial
merge.

Hore possible configurations of using two heat
exchangers for the case can be found in Fig. 7
and Fig. 8. It should le easy to deduce the
hierachy from the configurations. Thus a
detalled explanation is omitted here.

:\ \_11 _: N,
/N
A |
g
[ 1
!
! t
]
1
Y
b CU s

Fig.7. Two possible confiqurations in HRI-2
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(a) (b)

Fig.8. Two possible configurations in HR1-3

subproblem formulation for case2. This case is
similar to case 2 in essentjal match Erom the
stand point of the necessity to generare a new
cold stream, which can remove the difficulty of
Cayy > Hpyvy. The subproblems in this regard
can be furmulated as follows.

SP4
SSPL : H(H_, )}, H(H o4}y C(Cuinds C(Cuiady «vn
C(Ciuwa?
where Cuywn € Hyvy and Cope > Hogn
for Chews = Hees
S8P2 1 if C,.z < Hopy 0 Copn > Hops
for C,..=H, .
B{H,ez) HH o y)y G(Cueady C(Cheald,
€ (Cuiia)
otherwise
H(Hee2)y Bl 4)y C(CL,2), C(C, i a)
where Coowa < Howoy and Coppn > Hops
for C.nz=Mi.2
SSpi ¢ 4f Copme < Hewwen OF Copie > Hojues
for Copw = Yerwon,s then
HiHe, o), HE )y ©{C0 ko) CLCL0)
for k=2,3, ... ki
where Cucws € Mo ©F Copuee > Heps
for Cavws™ Bens

for L = 3,4, j-1 a3

Heurlstics for case 2. Fig. 9 shows the pos-
sible conflga;atlons For the solution tu sub-
problem SP4. As can be seen tu Fig. 9. the
hierachy s determined by considering the sww-
ber of cold stream splittings and the avail-
ability of the unmatched splitred cold stveam.
Finally for the case of regulring more than two
heat exchangers to extinguish heating avall-
ability of the hot stream, 2 simitac heuristes
can be developed as discussed in this section.

H ———
ttj
» [ —
i
i
e D) —
-
(a) (b}
—— et
|
{ i
; : !
- /, A
- AY
. AN
Sy

(<) ()

Fig.9. Four possible confiqurations for W2
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EXAMPLE

The second example in Floudas, Civic and Gross-
man(l986) was selected to demonstrate the supe -
riority of the networking prodecure developed
in thils work. The original data for the
example are glven in table 1. To adjust the
minimum approach temperature of 10 K, data are
provided by subtracting 10K from the tempera-
tureg of the hot streams in table 1.

Table )} FEroblemw Dara toy Example
Stream FC,., KW/K Ty K Tout, K
1 111.844 492.63 337.41
H2 367.577 337.41 310.00
3 29.7141 365,48 300.00
C1 9.236 320.00 670.00
cz 112.994 368.72 450.00
c3 107.698 320.00 402.76

The result of the pinch analysis (hy Tl method)
shows a pinch temperaturve of 492.65 K. Thus
the original problem can be depleted as shown
1 Fig. 10. Since there 1s no hot streams in
the zone above the pinch, a heater must be
installed to make cold stream C) to reach lts
target temperature. In the zone below the
pinch In Fig. 10, bot stream 11 and cold stuream
C1 have to be considered tor an essential
match. Although hot stream Bl can extingnish
the caoling avatlability of cold stieawm Cit. The
match without splitting Ul {s infeasible since
the new pinch temperature wil) differ from the
lowest hot stream temperatuve after the match.
Thus hot stream Hl must be splitted (hy
HE1-1-(b)) to give the contiguratlon shown in
Fig. 11L.

1492 65
l e 337,010
337 01 g 310
395 48 . e dUD
67 2 el fm— B M)
M50 g so8, /2
HO2 7 bagg e — 120
pinch
Fig . txample probicm fua praphical toow
,,,,,,,,,,,,, -
— e
P
e

-+
Fig.ll. Egsential mateh by HET-1-{1)

In Fig.ll, since theve are ho cold stream
related to the pinch the residual match can
pegin. Cold stream C2 and the vemainiog
splitted hot stream are selected fivst because
of their low temperatures. For the same reason
stated fur the esseuntial match, the cold stream
has to be splitted again (by HRZ-(bY)y. The
result of this match is shown in Fig. 12.



de

Filg.12.

First restdoal mateh by 1IR2 -(h)

Although there is only one cold stream left to
e rconsidered in Fig. 12, it is difficult to
find a best match. However applylng the heur-
Istics In turn, 1t can be found that the hest
confipuration in this case must he the match as
shown in Fig. 13.

- —‘ E/ ;yf.

Fip.13. Second residual mateh by R1-1-(b)

The remaining matches have been alrveady thought
when the match shown in Fig. 13 was found. The
rtesulting optimal network structure now can he
tested to give the minimum heat exchanpey avea,
Fip. 14 shows the optimal netwonrk for the
example prohlem.

N2, 65

S - | § I

) _ g 375270
AT
}, @_no
KGN L [ .@a.mo

‘ .w-_@, .

Final network for the evample

Fip.lh.

In Fig. 14 the network is constructed by using
five heat exchangers, two coolers and a heater.
The veduction §n the wahey of heat exchanper
mite fe tun compared wlth the peanlt obtained
hy Floudas, Ch i and Grossman (1086), wheve
anrven heat exchangers, fwn coolers and a heater
wae uaed,

COHCLUSINN

Although the networling procedure developrd
here is relatively simple in nature, it can
generate an aptimal heat exchanger network even
for camplex prohlems such as the problem shown
in the previous section. The method can also
be eaally programmed to automatr heat exchanper
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network synthes{s. The method was applied to
typical HENS prohlems appeared in the litera-
ture. The results show reductions in the
number of heat exchanger units, reductions in
numbher of stream splittings or reductions in
total heat exchanger area for some problems
compared to the results obtained by earlier
researchers.

The method can cover the HENS problems with
phase changes as well as the HENS problems
with large dimensjionality. It is believed that
the method can be modified to solve the HENS
problems with forbidden matches for some
streams.
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