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Abstract—In this paper, an algorithmic-evolutionary synthesis procedure for retrofitting heat exchanger
networks is proposed. It consists of two stages. First, after the amount of maximum energy recovery(MER)
is computed, a grass-root network featuring minimum number of units (MNU) is synthesized. In this stage,
a systematic procedure of synthesizing MNU networks is presented. It is based upon the concept of pinch,
from which networks are synthesized in a logical way by the heuristics verified by the pinch technology.
In the second stage, since an initial feasible network is synthesized based on the pre-analysis result of MER
and must-matches, an assignment problem between new and existing units is first solved to minimize total
required additional areas. After the existing units are assigned, the network can be improved by switching
some units and splitting streams. For this purpose, improvement problems are formulated and solved to
utilize the areas of existing units as much as possible. A couple of examples are used to demonstrate the
effectiveness of the proposed method.
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Fig. 1. Composite curve which contains super hot stream
and super cold stream.
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Fig. 2. An increase in AT, imposes additional require-
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Fig. 3. Vertical matchups between the composite curves
require the least heat exchange area.
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Fig. 5. Heat exchange across the pinch point.
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Fig. 7. Temperature difference and heat capacity flow ra-
tes between hot and cold stream at the pinch point.

& A olAollM F7F HA WAt sidest @
Mg 72 o8 slx) dge malsle] HH dm
#te] g49 s ok

%A AgslglRe] UAHE 2 Ay duste] ol&

5 gholFr] A7 A e we AXHL
AR AXHRG F& 25 4A(AP zone)3} A
HEc) 2o 25 odd(BP zone) &2 £ o] 7
T-Zrol A, otz el A 7H w& X9 Ukl
Ao 7p e 2xr) AX3Y E(THE s 9
g AR of7)4 WA EAL A sy
o}2- Fig 75} 7o) AP QoM 79 d4855(h.,
Cpw)ol WH2 9435 E(m,Cp.) 2o} ] 2folo} &
) =3 BP dgdlAe w2, 279 4355 (m
Cow)o] W) 84255 (hCpo) e} ] 7o} We.
= TQUEOA TV 4%, &R Edls3
713 2te 5ol (AT.m) 8, T*E 71828 9%
o] olehiZoj 7] 279 WHZS 2xAlole ATk
t} o AR o} g} AEEo] APF el A, 22 AHell A
2x30)7} Fig 7318 ATw> AT B2 1 Cpr<tig
Cpo2to} 3o BPodgolxe 2 ubld Ao|ch

o1 =2l "AHo] shtojmg AxH | L)
A RSt 4= Ae) ohjet Al &
Do w5 HgEol ol el 237 wFel WH
FE FAo 2 FAE s 7 F3 A AAEHE=
259} YRz 2xAe]ES I XA vl
Hol AAH(THEL} o & HUsfof & Aolr} o]
AT olvE dwdy $A-L AXHE HAZ AP 4
g EAlet BP JHEAZ o] Eolshe Aol gl
o]}

w3 ATH7] AFE H2HE) M Leest
Reklaitis[8]7} 93l 5e] ZF du#hr] koA 4
e ofg7 3Felof ot

5135 293 HSE 19914 108

Pinch point

je—— H2

le— H2 Ci

o,

Fig. 8. Stream splitting at AP zone.
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Fig. 9. Stream splitting at BP zone.
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Fig. 10. The relationship between cold stream splitting
and heat exchangers area.

Higt3

JHz%¥ MER dastgolxe) d4d 5 T Ansr)z}
&g 0 HAoe] 7|E dusr)e) WHHc} f§- Aw
e %L Ao F dur|E Sejee 3"%—4
5 BUIAA FoiA Fe] dusrle B4S
I E o dudyle H3E sole QL%"J«I
22 At 2 BrlElE 350 2RU 2
Farlel me), = dustrle] 471 oRA Feigl
7tell wet H5 sl xE F59t 238 o £3

257 44 4 ek

3-24-1. Y52 £7)(Cold Stream Splitting)
Fig. 104 vield vle} zlo] W7} 7 dwmsrle) 3%
Bgogy Hrlo ofg fAe] oJ 2|7} Hols] gle A=
B5e 558 7o 9A 7|E dughr) e Wyn
e dastri(Nez %47} gvdsle] 9z 21 d&
ole 7|& dwmgr|e] HAMc) 7 PHo) E Jwiy
(PR FAD7F &d=|o] glofo} e}

T Az#7= YR 270 23 APy QAN
WYy 448 2 32E vy dugy] Pe Wi
=27t o ol H(T,dA4 T.2) dxsr] N
W7 weeert o FolAci(T,olA TiE). o] 9
7t dmge 8T7H Rl HEo) M)

dwzrle e g A ()22 XY Arh
Al (13)oll A U2t Q7 dA & ¢ dwshdde AT, 3
ATyol 9 AA =}

Q
A= ATt ©®
In(AT/AT;)

o714 dzst7) Pe] 7S 2 ddo] MRS F2(A)
A A Fo Lx(B)E vlHHA AT,=T*—T,o|
7o} AT, =T*—T.24 o ARZZ(T,>TelB2)
I WAL Ztase] Aok &9 dw#r] Noj Aes
AxA (Al AT,=T,—T.old 7o) AT,=T,—
T2 t] 2o}A B2 (T,>T,°|BR) I 9AL Z7}5 o]
Ach

5
o]
?—
9
e

HWAHAK KONGHAK Vol. 29, No. S, October, 1991



582 AN -

Hot stream, (H1)

(A) The structure before
stream splitting

(B) The structure after
stream splitting

Fig. 11. The relationship between hot stream splitting and
heat exchangers area.
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Table 1. Stream data for example 1

Stream T (K) Tu(K) mCp(Kw/K) & /Kwyr
H1 500 350 10

H2 450 350 12

H3 400 320 8

C1 300 480 9

C2 340 420 10

C3 340 400 8

S1 540 540 80
cw 300 320 20

U=0.8 Kw/mK

Table 2. Cost factor for example 1

B =1714 Cost per square meter of heat transfer
area

Cp?’= 10 Relative cost for moving one excanger

Cp®= 400 Relative cost of repiping one stream

Cp*= 800 Relative cost of repiping

Cp®=3460 Fixed charge cost of a new exchanger

Cp®=4260 Fixed charge cost of a new exchanger and
repiping two streams

B Aol g A543 #lstr) $lal Cirics} Flou-
das[3,417} A MILPAHTH S B3 Solslgdd &
Ao g3t HE, vlwlgdch

4-1, X1
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W AMEsle AFEAY FA 24 ofx] 198933}
199003 Fxlelloll A Cirics}t Floudas?t v & Z
H}2 =23 FAojck WA Ciric?} Floudas”} 1989
Jd ‘Computers & Chem. Engng.’ [3]¢] &g Zz}e}
¥l & F o}A] 1990\ ‘Ind. Eng. Chem. Res.”[4]e)
WEY ZAze} vlwslech

Aol F13 FALS 3N 2F<) 370 FFE
TR sl fdeEe sld Wate] 47t 1714
olt}, 5o #Ag AFEH} v G AF AEEL Ta-
ble 13} 20 Folx] glor 7|& o WL Fig 120)
et olel A ouiA] 35 dnses F53E7)
9] o] 7]& A&} Fig 12014 B 770 A
H7|EE o]Fojx 9Jx dufr)Ee] dAHEL oL
Table 3| vtehr} glch. o] o wd=e 360 Kwel A2€0]
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Fig. 12, Existing heat exchanger network for example
1.

Table 3. Area of existing exchangers for example 1

Exchanger Area(m?) Original match
1 45.06 H2-C1
2 12.50 H1-C2
3 33.09 H3-C1
4 23.50 H1-C3
5 5.75 S1-C1
6 539 H1-CW
7 1149 H2-CW

= H]4-8 $8800/yrE £ 4 qlgden, of o u
EA] Hlst Cl& 9usA|A Fojoprt it of7)4
ol &4 A dusly) AFs) 6old=E 7o) dwust
717} B 83¥d 2 o]+ H1-C19) must-match7} &
AR Adwgte] 57| wFolrt). 19 du#rlE o
Axged, 2702 <8 HI-Cl dmgzte] das
k8 360 Kw( & H29| 313)) 9} 700 Kw( &g C29)
23 Alolell A HAHo] & 4= QA Hrt dHsly 27
dwa-g 9jg 7709 dxastrle] e Table 5ol
Fo14 ek o]gA NAR dxwgde] Fig 14¢ v}
eht i o] of FF AMAv] S §76447) Hr) o]
AAdu) 82 oA H1-C2(& 7)o H2-C3 dmshel] &d)
¢} H1-C3(&7)e} H1-C1 D sl &) &L u}
o] o2 Q3 tiA $72442 Fo Er}. T
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Table 4. Result of retrofit network data for example 1 by Ciric and Floudas

Match Heat load Exchanger  Assignment category Existing area Estimated area Retrofitted area
HiC1 512 3 3 33.09 38.82 28.16
H1C2 800 1 125 83.08 34.72
H1C3 188 4 1 23.5 235 31.74
H2C1 908 1 1 45.06 97.96 47.65
H2 C3 292 7 3 11.49 30.52 21.85
H3C1 200 5 2 5.75 25.0 5.75
H3CW 440 6 3 5.39 15.84 12.84

Table 5. Comparison between the results of Ciric & Flou-
das’s and this study
The result
of Ciric &
Floudas
Additional area 50.9 m? 25.92 m*
The number of 7 7
heat exchangers

The result of
this study

The annual utility $8,800/yr  $8,800/yr
cost for heat exchange
The cost for retrofitting the $ 3,0621 $ 7,243.66
heat exchanger networks
H1 H2 H3

413333K 320K

Fig. 13. The result of optimal retrofit heat exchanger net-
work for example 1 by this study.
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Fig. 14. The result of heat exchanger network for example
1 by Ciric and Floudas in 1989.
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Fig. 15. The result of heat exchanger network for example
1 by Ciric and Floudas in 1990.

Table 6. Stream data for example 2
U=0.8 Kw/(m’K)

Stream Ty K Tur, K mCp(Kw/K)  $/(Kwyr)
H1 443 333 30
H2 423 303 15
Ci 293 408 20
Cc2 353 413 40
S 450 450 80
Cw 293 313 20
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Fig. 16. Existing heat exchanger network for example 2

Table 7. Areas of existing exchangers for example 2

Heat exchanger Original match Area(m?)
1 H2-C2 46.74
2 H2-C1 68.72
3 H1-C1 38.31
4 H1-CW 40.23
5 S1-C2 35.00
Table 8. Cost factor for example 2
(Unit: $)
Cost of area for an existing exchanger 1300 X;,*6
Cost of area for a new exchanger 1300 A;°®
Cost of a new exchanger 3000
Cost of moving an existing exchanger 300

o8 ool ™ FAlojrd(4], = F Cirics} Floudas
(1990) ol 23l t}r] Fo]x FAe|ct.

71 dagdue F R F UFE o|FoRH
283 Yeg fdeER ARgsta ok olE9
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2334745 Ux 08(Kw/m’k) 2 UdAsich 71& 4

THe Fig. 16614 B5 509 dmgto g o gl
o o)E9 dwd WA ul Lo A5 AEE= Table
73} 8ol el it 71 & 2L 150 Kwel A5 21,900
Kwe] Wz42 Alg-ste] 3 feelgn)geo] $ 158,000
/yearo] Ec} HAHZEExH= 10Ko)w dwstr] o
F3L A7 YFYelrh
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Fig. 17. The initial grassroot network for example 2 by
this study.
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Fig. 18. The optimal retrofit heat exchanger network for
example 2 by this study.
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Table 9. The retrofit cost and matches for example 2 by this study

Existing HEN Optimal HEN Add. areas Cost
match area(m?) match Q(Kw) area(m?) (m?» ($)

- - H1-C2 2400 164.71 164.71 30796.
H2-C1 68.72 H2-C1 900 68.72 0. 300.
S-C2 35.00 S-C1 200 4.82 0. 300.
H2-C2 46.74 H1-C1 900 51.92 5.18 3787.7
H1-C1 38.31 H2-C1 300 15.09 0. 300.
H1-CW 40.23 H2-CW 600 31.77 0. 300.
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Table 10. The retrofit cost and matches for example 2
by Ciric & Floudas

Assigned Exising Retrofitted Cost

exchanger area(m?) area(m?) ($)

Match Q(Kw)

H1-C2 2400 new 0. 16471 30796,
H2-C1 900 2 68.72 68.71 300.
SC1 200 5 35.00 540 300
H1-C1 900 1 46.74 5192 4089.
H2-C1 300 3 3831 375 300.
H2-CW 600 4 4023 30.11 300.
353K cw
C2 * 203K
10 |
353K >

423 K 313K
H2 —< )—-—(—» —»
363K 303K
t >___.
398K 5

y
450K 450 K €1

408K

Fig. 19. The result of heat exchanger network for example
2 by Ciric and Floudas.
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NOMENCLATURE

A : surface area [m?]

C : total cooling requirement of heat exchanger
network [Kw]

C1 : heat capacity flow rate of cold stream before
stream splitting [Kw/K]

Cn : heat capacity flow rate of cold stream for heat
exchanger P when cold stream splitting [Kw
/K]

Ci : heat capacity flow rate of cold stream for heat
exchanger N when cold stream splitting [Kw
/K]

Cimin  : minimum heat capacity flow rate of cold
stream for heat exchanger P when cold stream
splitting [Kw/K]

Cizmn :minimum heat capacity flow rate of cold
stream for heat exchanger P when cold stream
splitting [Kw/K]

H : total heating requirement of heat exchanger
network [Kw]

HC,: :heat content of hot stream i [Kw]

HC; :heat content of cold stream j [Kw]

H1 : heat capacity flow rate of hot stream before
stream splitting [Kw/K]

Hu : heat capacity flow rate of hot stream for heat
exchanger P when hot stream splitting [Kw/K]]

Hi, : heat capacity flow rate of hot stream for heat
exchanger N when hot stream splitting [Kw
/K]

HWAHAK KONGHAK Vol. 29, No. 5, October, 1991



588

Hllmm

HlZmin

mCp
mcacpca

1 Cpes

mCpy

1 Cpis ©

m,Cp;u-

N+

. minimum heat capacity flow rate of hot

stream for heat exchanger P when hot stream
splitting [Kw/K]

: minimum heat capacity flow rate of hot

stream for heat exchanger N when hot stream
splitting [Kw/K]

: heat capacity flow rate [Kw/K]
: heat capacity flow rate of cold stream at AP

zone [Kw/K]

: heat capacity flow rate of cold stream at BP

zone [Kw/K]

: heat capacity flow rate of cold stream j [Kw/K]
m;.,,Cp,,,, .

heat capacity flow rate of hot stream at AP
zone [Kw/K]
heat capacity flow rate of hot stream at BP
zone [Kw/K]

: heat capacity flow rate of hot stream i [Kw/K]
: heat exchanger whose heat exchanging area

is smaller than that of existing heat ex-
changer

: heat exchanger N whose heat exchanging area

is increased after stream splitting

: heat exchanger whose heat exchanging area

is larger than that of existing heat ex-
changer

: heat exchanger P whose heat exchanging area

is decreased after stream splitting

: rate of heat transfer [Kw/K]
: total amount of heat transfer at kth heat ex-

changer [Kw/K]

: cold stream inlet temperature [K]
: hot stream inlet temperature [K]

: cold stream outlet temperature [K]
: hot stream outlet temperature [K]
: cold stream target temperature [K]
: hot stream target temperature [K]

siatgst H293 H5& 19914 103

T* : pinch point temperature [KJ
U : overall heat transfer coefficient [Kw/m*K]
AT, :log mean temperature difference [K]
AT, :minimum temperature difference [K]
AT, :temperature difference at low temperature
side [K]
AT, :temperature difference at high temperature
side [K]
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