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APPENDICES

Appendix A Source Code of MINLP Single Period Model

The following text is source code which is entered in GAMS for synthesizing HEN

for single period.

SETS
| hot streams [11*13/
J cold streams [J1*J4/
K index ofstage or location 7K1 *K4,KL/ //last number is no. of stages

[I[dynamic sets//
stage(k) all stages

5
stage(k) = yes;  stage('"KL") = no;

SCALARS
[ICost/l

CA  perunitcost of heatexchanger area($ per unit) /641.7/
B exponent for area cost(dimensionless)

CF  fixed cost of heat exchanger($ per unit) /8333.3/

CHU perunit cost of hot utility($ per kW) [115.2/

Ccu fixed cost of heat exchanger($ per kW) [1.3]

AF annualisation factor 10.2/
[lother/l

EMAT exchanger minimum approach temperature(C) /51

HHU heat transfer coefficient of hot utility(kW |(m2.C)) /2/
HCU heat transfer coefficient of cold utility(kW |(m2.C)) [!/

PARAMETERS
[IHot Streams//
THIN(i) inlettemperature of hot streams(C)

/ Il 406
12 160
13 362
/

THOUT(i) outlet temperature of hot streams(C)
/ 60



1240
13 60
/
[ICold Streams//
TCIN(j) inlet temperature of cold streams(C)

/ il 72
J2 62
J3 220
J4 250
/
TCOUT(j) outlet temperature ofcold streams(C)
/ JI 365
J2 210
J3 370
J4 290

/
[IHeat Capacity Flowrates//
FCPH(i) heat ca'paity flowrates fo hot streams(C)

/ [l 205.0
12 198.8
13 1364
/
FCPC(j) heat capaity flowrates fo cold streams(C)
/ J 2103
J2 1410
J3 1754
J4 3187
[1U tility /]
THUIN(j) inlet temperature of hot utility(C)
/ JU 400
J2 400
J3 400
J4 400
/
THUOQOUTTj) outlet temperature of hot utility(C)
/ JI 399
J2 399
J3 399
J4 399
/
TCUIN(i) inlet temperature of cold utility(C)
/ 15
12 15
13 15

/
TCUOUT(i) outlet temperature of cold utility(C)



%

/ 20
1220
1320

/

IIHeat transfer coefficient//
HH (i) heat capaity flowrates of hot streams(kW |(m2.C))

/ 2
2 2
13 2
/
HC(j) heatcapaity flowrates ofcold streams(kW|(m2.C))
/ J. 15
J2 15
32
J4 2
/
Iloverall heat transfer coefficient//
(1)) Overall heat transfer coefficient for match(i.j)
UHU(j) Overall heat transfer coefficient for cold stream(j) and hot utility
UCU (i) Overall heat transfer coefficient for hot stream (i) and cold utility

Ilupper bound for logical constraints//
GAMMA _HX(i,j,k) upper bound heat load for match (i.j)
GAMMA H (j) upper bound heat load for hot utility
GAMMA~CU(i) upper bound heat load for cold utility

TAU_HX(ij,k) upper bound of temperature difference for heat exchanger

TAIfHUU)) upper bound of temperature difference for left side of hot
utility exchanger

TAU_HUR()) upper bound of temperature difference for right side of hot
utility exchanger

TAU_CUL(i) upper bound of temperature difference for left side pfcold
utility exchanger

TAUXUR(i) upper bound of temperature difference for right side of cold
utility exchanger

Ilparameter for answer verification//

z1(i,],k) correct existence of match(i.j) at stage k

zhul(j) correct existence of hot utility for cold stream |

zeul(i) correct existence of cold utility for hot stream i

dtl(i,j.k) correct temperature difference(C) for match(i.j) at location k

dthul 1(j) correct temperature difference(C) for left side of hot utility ex
changer

dthur 1(j) correct temperature difference(C) for right side of hot utility ex
changer



%

dtcul I(i) correct temperature difference(C) for left side of cold utility
exchanger

dteurl(i) correct temperature difference(C) for right side of cold utility
exchanger

LMTDI(i,j,k) correctlog mean temperature difference of match(i.j) at stage k

LMTDHUI correct log mean temperature difference of hot utility
exchanger for cold stream j

LMTDCUI(I) correct log mean temperature difference of cold utility
exchanger for cold stream i

AREAHXI(i,j,k) correctareaofheat exchanger of match(i.j) at stage k

AREAHU10) correct area of hot utility exchanger ofcold stream j
AREACUI(i) correct area of cold utility exchanger of hot stream i
Costfixl correct fixed cost
Cost_areal correct area cost

Cost utilityl correct utility cost
TAC! correct total annualized cost
TOT_AREA total area of heat exchangers including utility exchangers

TOTAHU total hot utility
TOTCU total cold utility

[/Overall heat transfer coefficient calculations//

()= HHHH@H+HUHC()));
UHU(j) = I/(IIHC(j)+I/HHU);
UCU(i) = U(UHH()+UHCU);
VARIABLES
th(ik) temperature(C) of hot streams i at location k
te(j k) temperature(C) of cold-streamsj at location k

q(ij,k) heat load(kW) of match(i.j) at stage k

ghu(j) heat load(kW) ofhot utility for cold stream |
geu(i) heat load(kW) of cold utility for hot stream 1
2(i,j k) existence of match(i.j) at stage k

zhu(j) existence of hot utility for cold stream j
zeu(i) existence ofcold utility for hot stream i

dt(i,j,k) temperature difference(C) for match(i.j) at location k

dthul(j) temperature difference(C) for left side of hot utility exchanger
dthur(j) temperature difference(C) for right side of hot utility exchanger
dtcul(i) temperature difference(C) for left side of cold utility exchanger



dteur(i) temperature difference(C) for right side of cold utility exchanger

LMTD(ij,k) log mean temperature difference of match(i.j) at stage k

LMTDHU(j) log mean temperature difference of hot utility exchanger for
cold stream j

LMTDCU(i) log mean temperature difference of cold utility exchanger for
cold stream |

AREA(i,] k) area of heat exchanger of match(i.j) at stage k
AREAHUCi)  areaof hot utility exchanger of cold stream j
AREACU (i) area of cold utility exchanger of hot stream |

Cost_fix fixed cost
Costarea area cost
Costutility  utility cost

TAC total annualized cost

POSITIVE VARIABLES q(i,jk) ghu(j), geu(i),
dt(i,j k), dthul(d), dthur(j), dtcul(i), dtcur(i),
LMTD(ijk),LMTDHU(j),LMTDCU (i),
AREA(ij k), AREAHU(j),AREACU (i)

BINARY VARIABLES  z(ij.k), zhu(j), zcu(i)

[Ivariable bounding//

thoup(ik) = THIN():
thlo(ik) = THOUT(i);
te.up(j.k) = TCOUTC]);
te.lo(j.k) = TCIN();

g.up(ij,k)$stage(k) = max(min( FCPH(i)*(th.up(i,k)-
max(thdo(i,k+1)%cdo(j,k+)+EMAT)) 5 FCPC(j)*(min(th.up(ik)-
EMAT tcup(jk))-tedo(jk+1)) ) , 0)8( (th.up(ik)-tc.lo(jk) >>=EMAT) and
(thup(i,k+1)-tc.lo(j.k+1) >= EMAT)) +0$( (th.up(ik)-tcdo(j,k) < EMAT) or
(th.up(i,k+l)-tcdo(j k+l) <EMAT)) ;

ghu.up0) =max( FCPC(j)*(min(THUIN(j)-EMAT,TCOUT(j))-
tcdoG 'KI") , 0)§((THUINOQ)-TCOUTG)>= EMAT)and (THUQUT(j)-
tcloG,K1')>= EMAT)) +08( (THUING)-TCOUTG) < EMAT) or (THUOUTG)-
tcrloG,KT) <EMAT)) ;

o7



geu.up(i) = max( FCPH(i)*(th.up(i,’KL")-
max(THOUT(i),TCUIN(i))+EMAT)) , 0)$( (th.up(i,’KL")-TCUQUT (i) >= EMAT)
and (THOUT(i)-TCUIN(i)>= EMAT)) +0$( (th.up(i,/KL)-TCUOUT(i) < EMAT)
(THOUT(i)-TCUIN(i) < EMAT)) ;

zup(ijk)$stage(k) = 08(q.up(ijk)=0) + I8(q.up(ijk) ne0);
zhu.up(i) = 08(qhu.up(j) =0) + I$(qhu.up(j) ne 0);
zeu.up(i) = 08(qcu.up(i) =0) + I$(qcu.up(i) ne 0);

dt.up(ij,k) = max(EMAT,(th.up(i,k)-tc.lo(j.k)));
dt.lo(ij,k) = EMAT;

dthul.upCi) = max(EMAT,THUIN(j)-TCOUT(j));
dthul.loO) = EMAT;

dthur.upQ) = max(EMAT THUOUT(j)-tc.Jo(j,’K 1)));
dthur.lo(j) = EMAT;

dtcul.up(i) = max(EMAT thup(i,)KL")-TCUOQETT(i));
dtculllo(i) =EMAT;

dtcur.up(i) = max(EMAT, THOUT(i)-TCUIN(i));
dtecur.lo(i) = EMAT;

LMTD.up(ijk)$stage(k) =
(dtup(ijk)*dtup(i,jk+0)*(dtup(i,j,k)+dtup(i,j,k+1)/2)**(1/3);

LMTD.lo(i,j,k)$stage(k) =
(dt.lo(i,j,k)*dt.lo(i,j,k+1)*(dt.lo(

LMTDHU.upO)
(dthur.up(j)*dthuLup(j)*(dthur.up(i)+dthuEup(j))/2)**(l/3);

LMTDHU.I0O) .
(dthur.lo(j)*dthuLlo(j)*(dthur.lo(i)+dthuElo(j))/2)**(1/3);

LMTDCU.up(i)
(dtculup(i)*dtcur.up(i)*(dtcuEup(i)+dtcur.up(i))/i2)**(1/3);

LMTDCU.lo(i)
(dtcuklo(i)*dtcur.do(i)*(dtcuklo(i)+dtcur.lo(i))/2)**(1/3);

Ljk)+dtdo(ij.k+1))2)**(1/3);

JK)YILMTD do(i.j,k)IU(i,));
hu.up()))JLMTDHETflo(i)/ETHU(j);
i)/ (i

AREAHU.up(j) q
geu.up()/LMTDCET.lo(i)/UCU (i);

AREA .up(i,jk)$stage(k) = q.up(i,
AREACEI.up(i) =

[IAssign bounding to pamaters in logical constraint//
GAMMA _HX(i,jk) = q.up(i,jk);
GAMMA~EIU(j) = ghu.upCi);

GAMMA CEI(i) = qcu.up(i);

TAU_EIX(ijk)
talThulo)
taulhurg)

TAUICUL(i
TAUICUR(i

-thdo(i,k)+tc.up(j,k)+dt.lo(i,jk);
-THUIN(j)+TCOUT(j)+dthuElo(j);
-THUOUT(j)+tc.up(j, KT)+dthur loj);
-th.lo(i,’"KL")+TCUOQUT(i)+dtcul.lo(i),
-THOUT(i)+TCUIN(i)+dtcur.lo(i);
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[ILast stage forcing bound//
q.fx(ij,’KL")
z.fx(i,j,'"KL")
LMTD fx(ij,'KL") =0;

AREA fx(i,j,'"KL") =0;

0
0;
)

EQUATIONS
OVERALL H({i) overall energy balance of hot stream i
OVERALL C(j) overall energy balance ofcold stream |

EBAL Hg,k; energy balance of hot stream i1in stage k

EBAL~C(] k energy balance of cold stream j in stage k

TIN H(i) assignment inlet temperature of hot stream i

TIN~C(j) assignment inlet temperature ofcold stream j

MONOT H(ik monotonie in temperature of hot stream i at location k
MONOTIC(j,k monotonie in temperature of cold stream j at location k
MONOTIJIU(j) monotonie in outlet temperature of cold stream j
MONOT~CU(i) monotonie in outlet temperature of hot stream i

EBAL_HU(j) energy balance of hot utility of cold stream j
EBAL CU(i) energy balance ofcold utility of hot stream i

LOGIC HX(1,j,K) Tlogical constraint to define z of match(i.j) at stage k
LOGlC_!U ; logical constraint to define zhu of cold stream j at stage k

LOGIclciJl logical constraint to define zeu of hot stream i at stage k
DTFEAS_HXL(i,j,k) temperature feasibility ofheat exchanger of match(i.j)
at location k

DTFEAS HXR(i,j,k) temperature feasibility of heat exchanger of match(i.j)
at location k+1

DTFEAS HULY(j) temperature feasibility of hot utility of outlet cold
stream j

DTFEAS_HUR(j) temperature feasibility of hot utility of inlet cold stream j

DTFEASCUL(i) temperature feasibility ofcold utility of inlet hot stream 1

DTFEAS CUR(i) temperature feasibility ofcold utility of outlet hot stream i

LOGMTD(ijk) log mean temperature of match(i.j) at stage k
LOGMTDHUO) log mean temperature of hot utility exchanger
LOGMTDCU(i) log mean temperature of cold utility exchanger

A _HX(ijk) area of heat exchanger of match(i.j) at stage k
AJIUO) area of hot utility exchanger ofcold stream j
A _CU(i) area of cold utility exchanger of hot stream i
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FIXCOST fixed cost

AREACOST area cost

UTILITYCOST utility cost

0BJ objective function (total annualized cost)
OVERALLH (i) . (THIN(i) -THOUT(i))*FCPH(i) =e=

sum (0.k),q(i.j.k))+qeu(i);
OVERALL _C(j) . (TCOUT(j)-TCIN(j)) *FCPC(j) =e=
sum ((i.k).q(ij k))+ahu();

EBAL_H(ik)$stage(k) . (th(i,k)-th(i,k+D))*FCPH(i) =e= sum(j,q(i,j,k));
EBAL _C(j k)$stage(k) . (te(jk)-te(j,k+1))*FCPC(j) =e= (i.q(i,j,k));
TIN_H(i) . THIN() =e= th(i,’KI")
TIN~C (ji . TCINO) =ze= tc(j,'KL")
MONOT H{(ik)$stage(k) . th(ik) =g= th(ik+l
MONOT~C(jk)$stage(k) . te(j,k) =g= te(j,k+);
MONOT HU(j) . TCOUT(j)-g= tc(j,'KI");
MONOTICU (i) . THOUT(i) =1= th(iVKL");
EBAL _H (j) (TCOUTG) - tc(jIKIN)*FCPC(j) =e= qhuO);
EBALCU(i) . (th(i,’KL") - THOUT(i))*FCPH(i) =e= qcu(i);
LOGIC _HX(i,jk)$stage(k) Lq(ij k) GAMMA _HX(i,j,k)*z(i,j,k) =1= 0;
LOGIC H (i) . qhu(j) - GAMMA HU(i) *zhu(j) =1= 0;
LOGIC~CU(i) .qeu(i) - GAMMA~CU(i) *zcu(i) =1= 0;

DTFEAS JAXL(ijKk)$stage(k) .. dt(ijk) '=1= th(i.k) -tc(jk) +TAU_HX(ij.k)

DTFEAS_HXR(ijk)$stage(k) . dt(i,j,k+l) =1= th(ik+I)-tc(j.k+!I I
+TAU_HX(ij.k+D*(1-2(i,j,k));

DTFEAS HUL()) . dthulo) =1= THUINO) -TCOUT(j) +TAU_HUL())

DTFEASHURTj) ) Eikﬁrﬁ)(’_))ll: THUOUT(j) -te(j,'"KI")+TAU_HUR(j)

DTFEASCUL(i) ; Jt(l-uzlrzil;q));lz th(i'KL")-TCUOUT(i) +TAU_CUL(i)

DTFEASCUR(i) ) ;Ecl:-uzrc(lij)(l));zlz THOUT(i) -TCUIN(i) +TAU_CUR(i)
*(I-zeu());

LOGMTD(i,j,k)$stage(k) .. LMTD(ijk) =e=

(dt(i,j.k)xdt(i,jk+)*(dt(i,jk)+dt(i,j,k+1))/2)**(1/3);



LOGMTDHUCI) LMTDzﬁ(J) == ggthurO) *dthul() *(dthurG)

| Hathul() 12)* (U |
LOGMTDCU()) LMTD teul(i) *dtcur(i) *(dtoul(i)

Hitur( ))( oy 9t (|/§),

A HX(i.j,K)$stage(k) .. AREA *LMTD(,1.K)*U(L) =e= q(i,jk
AJ|U¢§J fitge() . AREAH d} *LMT[S(JI | f (L}H O'(eJ )hu%),
A _CUll . AREACUO) *LMTDCU(I *UCU =e= qeu(1);
FIXCOST . cost fix_ =e= AF*(sum((i,j.k)$stage(k),CF*z(i,j k

suniG,CF*zhuG)) + sum(i (CJF*)zcu 3))(, 115
AREACOST AF7 (1.),k)$stage(k) CA*AREA(i } k)

* sum stage * 1),
S G AREATe

+ AF 1sum |CA*AREACU|
UTILITYCOST . cost utility =e= sumG,CHU qhuG))

sumG,CCU*qeu(i));
OBJ . TAC == cost fix + cost area + cost utility;

model STAGEMODEL SINGLEPERIOD /allf;

option iterlim=le9;
option domlim=0;
option reslim=leg:
S AGEMODEL_SINGLEPERIOD.optfile=0:

solve STAGEMODEL SINGLEPERIOD using MINLP minimizing TAC;

display th.l.tc.|
pzylzhulzcul

glanuloont,

Wdthul Ldtcul. 1dtcur.15

Up,0.1o,ghu.up,ghu.Jo,qeu.up,geu.lo,
gt uppth Ig dthuﬁ)l% dthulqup, gtﬁur lo,dthur.up, dtcul.lo,dtcul.up,
dteur.Jo,dtcur.up,
cost fix., cost area, cost utility.L



Appendix B Source Code of Models for HEN Adaptation

The following text is source code which is entered in GAMS for each model used
HEN adaptation step. Please note that this is just an example for only one case.

Bl Model A

d reams

all stages

a,k _ defmegwhere HX exists

HOT(ik) - define where HX exists 2 dimensions for hot streams

COLD(j,k) define where HX exists 2 dimensions for cold streams
define where HU exists

NEWHUG) define where HU could have in cold stream

UNEWICUG) define where cu could have In cold stream

u(i) define where cu- exists

wn

—
QQ

<D

OIT ITITT
(e
m
=

//dynamlc st for stage pointer
agek = Ves;
stage(KL') = no;

I/dynamic set for existing HEN//  <— To fix topology
HEN(i,j,k) = no;

TABLE Z OLD(1,,k) Existing HX from original HEN of each period
KT (i 2<2 % g p

I1J 1000 1000 1000
|1.02 1000 1
|1.J3 1.000

13.J1 1000  1.000
13.04 1000

loop((i,k)$(Z_OLD(ij,k)=1), HEN(i,j,k) = yes);

ldynamic st for existing Utility exchanger//  <— To fix topology
IIhot utility
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=0,

,)AME ER ZHU_OLD(j) Existing HU from original HEN of each period

oI
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=
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O
>
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METER ZCUQOIBDlG 0E><Iisting cu from original HEN of each period
D), CUl)’ = yes),

——
o =
(]
=
HS
N
=
ol@
2=
=S
11

IIdefine dynamic set for existing HEN but only 2 dimensions (for hot and cold)//
HEN HOT(i k) = no;
AN 5 HEN HOT() = e
1,j,K)). 1K) = yes);
Nfi,},kB, HEN=COLDG k) :yyes);

=

SCALARS

IICost/l
cA per unit cgst of heat exchanger area($ per unit)  /
B exponent for area cost(dimensionless)
CF fixed cost of heat exchangers per uriit) 18333.3/
[
|

CHU P_er unit cost of hot utility($ per K
ecu Ixed cost of heat exchangers per K

AF annualisation factor [0.2/
[lother]/ N

EMAT exchanger minimum approach temperature(C) /5

HELU heat transfer coefficient of hot utility(kW|(m2.C [2/
HCU heat transfer coefficient of cold utility(kWi(m2.C)) ~ /1/

TAU tau /500/
GAMMA  gamma/le6/

PARAMETERS
/[Hot Streams//
/THINq? |n48t3 temperature of hot streams(C)
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2 160
B3 34

/
/THOUJ(i) é)éjtlet temperature of hot streams(C)
2 4
3 60

/
ICold Streams//
/TCINH) m7|29t temperature of cold streams(C)

2 02
B3 20
| M 253
TCOUT()) outlet temperature of cold streams(C)
[ 356
2 20
3 370
| M 284
I[Heat Capacity Flowrates/

FC HH) heat %apalty flowrates fo hot streams(C)

/
FCPC(]) heat capaity flowrates fo cold streams(C
/ S? 209.4IO y ©
2 1416
J3 1764
J 2944
//Utili1ty// o N
HUIN(1) inlet temperature of hot utility(C)
[ 17 400 -
32 400
J3 400
W 15

/
THUQUT(j) outlet temperature of hot utility(C
[l (%99 P "o

/
TCUIN(1) inlet temperature of cold utility(C)
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[ |
2 B

/ BB

/TCUOhJT(i% (c))utlet temperature of cold utility(C)
2 2
B 20

//Heat transfer coefficieDt//
/ (|) hea capalyflowrates of hot streams(kW|(m2.C))
12 2
B 2

HC(J) heat capal ty flowrates of cold streams(kW|(m2.C))

J2 15
32
B2

//overaII heat transfer coefficient//
1)) Overal| heat transfer coefficient for match(i.j)
U QOveral| heat ransfer coefficient for cold stréamy(j) and hot utility
UCU(T)  Owerall heat transfer coefficient for hot stream(i) and cold utility

GAMMA™HU

//upper bound for logical constraints//
GAMMA _HX(i
GAMMA~C

X{ij.K)  upper bound heat load for match (i.))
j upper bound heat |oad for hot ut|I|t>[/
upper bound heat load for cold utility

TAU H %k Upper bound of temperature difference for heat exchanger
TAIRILO) uPPer bound of temperature difference for left side of fot

ty exchanger

TAUHUR()) Per bound of temperature difference for right side of hot
i

TAUCUL(i) i)er bound oftempera ure difference for left side pf cold
ty exchanger

tility exchanger
TAU_CUR(i) PFer bound of temperature difference for right side of cold
llity exchanger

I01d value of variables from original HEN/



IIArea//
TABLE AREA OLD(i,},k) old area from original HEN of each period
Kl " K K3 Kb

I1J1  680.055 166126 751.970
1102 1290.040  132.794
103 597.190

131 356.123  1470.846
3.4 324.859

PARAMETERS -
AREAHU _OLD(j) old area of HU from original HEN
1J3 256,025/ .
AREACU OLDfn's) old area of cu_from original HEN
Il 117.036, 12541.39%, 13 97.762/

[[Temperature// .
TABLE TH_OLD(i,k) old hot tem}{)erature from original HEN
KL ~ K2 ° K3 4 KL

1 406.000 293498 231176 88555  79.812
12160000 160000 160.000 160,000 160,000
13 362000 268540 234038 86252 86.252

TABLE TC OLD(j k) old cold temEerature from original HEN
KI ~K2™ " K K KL

Jd 365000 25533 216175 72000 72.000
$2 210000 210000 210000 74710  62.000
3 212717 212717 220000 220.000  220.000
J4 290000 250.000 250.000 250.000 250.000

//HF,%\tBlﬁ%d// OLD(i,},k) old heat load from original HEN
9<1 1@) Gk

—
—
[

23062.852  3528.959 10162.028
19075.844  1792.156

9246.623
4706.050 20158011
8.000

OO—i—
P S S I
oo

1274
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PARAMETERS
?HEI OLD()% old heat load of HEL from original HEN

CEf OLD(i) old heat load of CEl from orlglnal HEN
/Il 4061.538. 1223856.000, 13 3580.739/

/[Temperature Difference// , N
TABLE DT_OLD%k) old temperature differene from original HEN
Kl K3~ K& KL

[1J] 41000 38165 _ 15003  16.555
1102 21178 _ 13844 17812
|1.J3 20781 11178

131 13206 17863 14.252
13.J4 72000 18.540

PARAMETERS , . .
/[J)STE'(%J(')'OO(/)LD(I) old left-side temperature differene of HU from original HEN

HEHUR_OLD(j) old right-side temperature differene of HU from original

193 126 283/
DTCUL OLD]E 1) old Ieft side temperature differene of cu from original HEN
[l 13 66.252/

DTCUR dL é%o rlght side tem erature differene of cu from original HEN
/1l 45,000, 1225.000," 1345.0

IILog Mean Tem era ure Difference// N
TABLE LKI\{IT (|,, k) l%|3d log m}gzn temperature from original HEN

[1J] 39565 24783  15.766
1102 11,252 15745
|1.J3 15464

3.J1 15417 15.989
13.J4 42

LWLRLO— =
e _.Cac .c .C .

PARAMETERS

}j%’lgeDa%J OLD(j) old log mean temperature of HU from original HEN
L MTDCU OLD(i) old Io%3 ean temperaure ofcu from original HEN
/11'52.05,” 12 66.096,



[[Overall heat t ransfer coeffrcrent caIcuIatrons//
U r,B = IAM ﬁ
UHU()S r&%o HUNE g @% I/l HC(J )+I/HHU);
UHUG)SHUNEW CU(] I/ I/ ()] /suppose it is cold utility
UCU(1) = Y(L/HA(i)+

VARIABLES
th(ik)  temperature(C) of hot streams i at location k
tc(jk)  temperature(C) of cold streams] at location k
qgi,j k)  heat load(kW ofmatchﬁ P star_1e k
qhu heat load(kW) of hot uti yfor cold stream |
deu(l)  heat load(kW) of cold utility for hot stream'i

zhu())  addition of hot utili
8? addition ofcoldurltry

dtg Jk)  temperature difference(C) for ma chér J) at location k

dthul())  temperature difference(C) for left side of hot utilit exchanger
dthur temperature difference(C) for right side of hot utility exchanger
dtcul(] temperature difference(C) for left side of cold utility exchanger

dicur(i)  temperature difference(C) for right side of cold utility exchanger

Imtdgr, J,K)  log mean temperature difference of matchq P stage K

dhu()) Igt%egrne]an temperature difference of hot utility exchanger for cold
Imtdcu(i) ISo;ge gnne%n temperature difference of cold utility exchanger for cold
areagr JK) area of heat exchanger ofmatch(r JI) at stage k

area sr area of hot utili yexe anger of cold stream

areacu(l)  area of cold utility exchanger of hot stream |

areahuraddEJ} additional area of hot utrlrtr( exchanger of cold stream |
areacu_ada(i) additional area of cold utility exchanger of hot stream 1

Costfixadd additional fixed cost from new utility
Cost~area add areg cost
Cost utility utility cost

tot area add total additional cost

POSTIVE VABIABLES g ol 1ol
dthulg} dthur%&cg(lc)ul(r), dr(y

el i
hgr’dd(J) argacu add(i)

X
~—

areahu(]).areacu(i
areahu
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BINARY VARIABLES  znuG), zeu(i);

IIvariable bounding//
th.up(i.k) = THIN(i
th. Iop( kf THOU () _
tc.up(],K)$(HY or HUNEW_HU(i)) = TCOUTG);  //bound only exist HU
tcdoC’k) = TCING):
1|, kr)$stage(k maxmln FCPH th.up(i,k
ax(t% g{ %tcd% 2 QCE |Pmn(%hu ,
EMA D ? cIon+IB M thu(%lk thoG,k = AT%
th.up(1,k+D-C.0G k+1) >= EMAT)) (" (th.up( |,k) c.loG,k) < EMAT) or
Eh f k+|% tc.l0(j,k+) < EMAT))

/onI for HUG) that exist hot uti |t

s A
%8%“; AR R R e
r

6t s K TCUOUT < EVAT o

geudo(i) = 0;
d up ,Jk max(FMAT (th.up(i,k)-tcdoG k)));

- huI Q$ HlﬂJG ) or HUNEW_HUG)) = max(EMAT THUING)-TCOUTG)

dthuI

dth JS(HUG OrHU EW HUG)) = max(EMAT, THUOUTG)-
tedo KTS} % oun(} onIy e>|<\|Js HU ) = max )
dthur 10G) = EMA

ateul.upG) = max(EI\/IAT th.up(i,'KL')-TCUOUT(i));

dtculdo(l = EMAT.

atour, up max(%MAT THOUT(i)-TCUIN()));

dtcurdo()

Imtd.up(i], k)$sta () =
Imtddo(i, k)$s( %{J( :J) dtup(ij k+)*(dt.upGj k) +dtup(i,j k+0)2)**(113);

I)o( Ky¥dt1o(ijk+! ¥(dtlofij k) +dt o k+ )2 *(13);
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dth ”t(’?( W HUNE\+’V HW R o aoy et HU
i g L
Imtch i o M e S'B)*lag-)’
k)$ ,,k/l td.Jo(i,j k)/U(i))
SFSSh“up ” )(8%9(15 0r HL(]N n: Jhu up& lm | HU(J,
Iho yeX|s HU
areacu.up(i) = qjeu.up(i )/Im deu7lo()/UCU(i);

Ass%n boundmﬂ t0 pamaters in Iogz(cal constraint//

GAMMQHEJ( i ﬂhH@t\ngIJIU)NEW HU(MA = ghu.up(j)

GAMMAJU %
GAMMA_C 1) =qeu.up(i);
TAU HX(i. k) = -th.lo(1.k)+tc.up(j.k)+dtdo(ijk);
TAffFIUI_((J $%HU@) ?v p h :( fhi (|)+TCOUT|
+dthul.lo }I I[bound only eX|stHU
%H‘EHE%?FHUUN(EW ‘ISU 6/(3\)L)J I-/I rhitrar %reate a&a} e
~ of | c.up(i
R +dthu doﬁ% %bound on EXIS HU
TAU_HUR(J)SHUNEW CU = TAU / b| trary createavalue
TAU=CUL(I] = thd%( +TCU UTY( +dcu 0|
TAU~CUR(i) = -THOUT(1)+TCUIN (|+ tcurdo(i);
I/Last stage forcmg bound/
s

=0

X(i,; Lf W

areafx(ijKL) =0

IITo force no (i are chan e Where there is no existing HX//
0.f(1,].K)$(not é k)) =0,

i fx(ljk) (no tHEN(IjK) =0

IIFix area in the process rocess HXI/
area.fx(i,),k)S(HEN(i,j,k) = AREA _OLD(i,j,k);  /land(not HENCI3'J3,Kr))

/lnitial value for variables//

areahud = AREAHUOLDG_;;
areacud(l) = AREACU_OLD(i);

ey ) 1§



thj(i k =TH OLD(i.k):
M :TCjDLD(S,kf;
a.l(ij.k =Q OLD(ijk):
ch&.h ) :%HU_ O(II_JDQ;

qeu. (i = QCU;jOLD();
dtd(ijk)  «=DT OLD(ijk):.
cthL(JI.JIS) O,
dthurJ = DTHUR.” OLD{)):
ctcuhl%l_g = DTCUL OLD? ,
dtcura(i = DTCUffOLD(i):
ImtdlI(i,jk) = LMTD OLD(i.jk):
mt hﬁ({w) = LMTDHU L’D?o;
mtdc. = LMTDCU OLD(i)

EQUATIONS
] QVERALL H())  overall energy balance of hot stream i
OVERALL™C overall energy halance of cold stream j

EBAL Hw energy balance of hot stream i in stage k

EBALC ener(y balance of cold stream j in stage k
TIN_H&j{ assignment Inlet temperature of hot stream 1.
TIN'C assignment inlet temperature of cold stream |

MONOTJd(i,k) ~ monotonje in temperature of hot stream 1 at location k
MONOT C{j.k)_ . monotonie in temperature of cold stream j at location k
MONOT_HNOT(i,k)  monotonie in temperature of hot stream i at location k

ifno
MONOT_CNOT(j.k)  monotonie.in temperature of cold stream j at
location k ifno H

MONOT_HUéj{ monotonie in outlet temperature of cold stream |
MONOTCU(i monotonie in outlet temperature of hot stream |

EBAL_HU energy balance of hot Utlllt)( of cold stream |
EBAITCU(I ener(y balance of cold utility of hot stream
EBAL au NEW .cu(j) energy balance of hot utilityof cold stream .
EBALJ UNBT(|) energy balance of cold utility of hot stream’i

LOGIC_HUNEW _HU(j) Iogica constraint to define znu 0f cold stream at
stage k (hot utility)
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LOGIC_HUNEW C () logical constraint to define zhu of cold stream j at
, . stage k (cold utility) ,
LOGIC CU(1) logical constraint to defing zcu of hot stream i at stage k

DTFEAS HXL(ij.k) t?rppertatur?( feasibility of heat exchanger of match(i.))
at location

DTFEAS_HXR(i,j,k) temperature feasibility of heat exchanger of match(i.))

, at location k+l N _
DTFEAS HUL(j) temperature feasibility of hot utility of outlet cold stream |
DTFEAS HUR(]) temperature feasibility of hot utllltY of inlet cold stream |
DTFEAS CUL(I] temperature feasibility of cold utility of inlet hot stream 1
DTFEAS CUR(i) temperature feasibility of cold utility of outlet hot stream i

DTFEAS HUL_HUNEW HU(j) temperature feasibility of new hot utility of
- ~outlet cold stream | N
DTFEAS_HURHUNEW HU(j) t_emPerature feasipility of new hot utility of
~Inlet cold stream_{)__ N
DTFEAS_HUL HUNEW _CU(j) temperature feasinjlity of new cold utility of
| outlet cold stream |

DTFEAS HUR HUNEW_CU(j t,emPerature feasibility of new cold utility of
7 Inlet cold streamj
DTFEAS_CULNOT(i) temperature feasibility of cold utility of inlet hot

stream |
DTFEAS CURNOT(I) temperature feasibility of cold utility of outlet hot

stream |
LOGMTD(ij k lOP mean temperature of match(i,i) at staﬁe k
LOGMTDHb 0 mean temperature of hot utility exchanger
LOGMTDCU log mean temperature of cold utility exchanger
ADDIAREAHUL() additional area needed for hot utility
ADDIAREAJHU2(])  force ADDAREA HU>0
ADDIAREA~CU 1(1)  additional area needed for cold utility
ADDIAREA~CU2(i)  force ADDAREA cu >0
A HX(ijk)  areaof heat exchanger of match(i.]) at stage k
alhu Z) area of hot utility exchanger of cold' stream |
A EU TG) area for cold utility for J1J2 ,
A=CU(I area of cold utility exchanger of hot stream |

0Bl objective function (total additional area)
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OVERALLCG) . (TCOUT(j)-TCIN(j)) *FCPC(j) =e=
sum ((i,k),q(i.j,k)+ahu(j);
EBAL H(I,k)JSHENJHOT(i,k) . (th(ik)-th(ik+))*FCPH (i) =¢-

sum(jq(ijk)) Ildo only exist HEN
J,K)-te(], k+| ))*FCPC(j) =e=

uigly)

EBAL C(i,k)SHEN COLD(ik)

TIN H(i) . THIN(i) =e= th(i,'KE);

TINTc G) . TCING) =e= tc(j,KL");

MONOT H(ik)SHEN HOT(ik) . th(ik) =g= th(i,k+l); [//ifH X
—> monotonie

MONOT_CG k)$HEN COLDG k) . G k) =g= tcG' k+);

MONOT~HNOT(ik)$((not HEN_HOT(i,k)) and stage(k)) .. th(i,k) =e= th(ik+l);
MONOT _CNQT(j,k)$((not HEN_COLDG k)) and stage(k)).. tcG k) =e= tcG k+'l);

MONOT HUG)$(HUG) or HUNEW HUG)) . TCOUTG) =g= cG K1);

[lifH X — monotonie
MONOT_CU(i)$CU (i) . th(i,’)KL") =g= THOUT(i);
EBAL HUG)$(HUG) or HUNEW HUG)) . (TCOUTG) - tcG KI')*FCPCG)
=e= qhuG); /ldo onIy exist HEN
EBAL_CU(i)$CU (i) . (th(i,’KL") - THOUT(i)) *FCPH(i) =e= qeu(i);
eballhunew cug)$hunew cug) . (TCOUTG) - tcG,'KI))*FCPCG)

EBAL CUNOT()S(not CU(i)) . (th(i’KL') - THOUT(i)) *FCPH(i) =e= qcui);

LOGIC_ HUNEW HUG)SHUNEW HUG) . ghuG) - GAMMA HUG)

LOGIC_HUNEW _CUG)SHUNEW _CUG) . gqhu(j) + GAMMA HUG)
*zhuG) =¢= Ilchange - to + because ghu = -

LOGIC_CU(i)§(not CU(i)) . qeu(i) GAMMA CU(i) *zcu(i) =1=0;

DTFEAS_HXL(i,j,k)SHEN(i,j,k) . dt(i,jk) =e= th(ik) -tcG k) ;
[lifexist HEN —> equal
DTFEAS_HXR(ijk)SHEN(i,j,k) . dt(i,jk+l) =e= th(ik+l) -tcG-k+1);

DTFEAS~HUL(j)$HUG) . dthulG) -e= THUING) -TCOUTG) ;
DTFEASIh UR(j)$H U (j) . dthurG) =e= THUOUTG)-tcG,'KI");

[1if exist utility --> equal
DTFEAS_CUL(i)$CU (i) . dteul(i) =e= th(i/KL)-TCUOUT(i) ;
DTFEAS~CUR(i)$CU (i) . dteur(i) =e= THOUT() -TCUIN() :
dtfeaslhul_hunew _hug)$hunew hug) . dthulé) =1= THUING) -
TCOUTG) +TAU _HULG) *(l-zhuG)); [lifno utility — use TAU and binary
DTFEAS HUR_ HUNEW HUG)$SHUNEW HUG) . dthurG) =1= THUOUTG)

-tcG K 1')+TAU_HURG)  *(l-zhuG));
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DTFEAS_HUL HUNEW _C (j)$HUNEW _C (j) . dthul(j) =1= TCOUTG) -

THUIN(j) +TAU_HUL(j) *(I-zhu(j));  Mlifno utility — use TAU and binary

DTFEAS HUR HUNEW CU(j)SHUNEW CUO) . dthur(j) =1= te(j,’KI')
-THUOUTG)+TAUHURG)  *(l-zhu(j));

DTFEAS CULNOT(i)$(not CU(i)) . dteul(i) =1= th(i/IKL>TCUOUT(i)
+TAU _CUL(i)  *(L-zcu(i));

DTFEAS CURNOT()$(not CU(i)) . dtcur(i) =1= THOUT(i) -TCUIN(i)
+TAU_CUR(i)  *(I-zcu(i));

LOGMTD(i,j,k)SHEN (i,j k) . Imtd(ij k) =e=
(dt(i,j,k)*xdt(i,j,k+D)*(dt(i,j,k)+dt(i,j,k+1))2)**(1/3); [lonly F1EN
LOGMTDHU(i) . Imtdhu(j) =e= (dthur(j) *dthul(j) *(dthur(j)
+dthul(j)) 12)**(1/3);
LOGMTDCU(i) . Imtdcu(i) =e= (dtcul(i) *dtcur(i) *(dtcul(i)
+dteur(i)) [2)**(1/3);

A _FIX(i,J,K)SHEN(i,j,k) .. area(i,j,k) *Imtd(i,jk)*U(i,j) =e= q(i,j,k); /lonly HEN
A~HU(j)$S(HU(j) or HLINEW _HU(])).. areaiiu0) *Imtdhu(j) *UHU(j) =e= ghu(j);
AIHUNOT(j)SHUNEW CUO).. areahu(i) HmtdhuG) *UHUO) =e= -ghu(j);

A _CU(i) .areacu(i) *Imtdcu(i) *UCU(i) =e= qcu(i);

ADDIAREAHUIG

ADDIAREAJIU2G
ADDIAREA-~CU (i

addiarealcu?2G

. areahu addG)
areahu_addG)
areacu_add(i)
areacu_add(i)

areahuG) - AREAHU OLDG);
0;
a

=g=
g
g eacu(i) -AREACU OLD(i);
g

—_— —— —

[I0nly area penalty
0BJ . TOT _AREA _ADD =e= sumG,areahu_addG)) +
sum (i,areacu_add(i));

model STAGEMODEL SINGLEPERIOD /alll;

option iterlim=1le9;
option domlim=0;
option reslim=1e8;
STAGEMODEL SINGLEPERIOD.optfile=0;

solve STAGEMODEL SINGLEPERIOD using MINLP minimizing
TOTAREAADD;



display th.ljtc.l,
g.l,ghu.l,gcu.l,
zhu.l, zcu I,
area.l,areahu.l,areacu.l,
dt.l,dthul.l,dthur.ldtcul.l,dtcur.l,
Imtd.l,Imtdhu.l,Imtdcu.l,
tot_area_add.l,
areado,area.up,areahu.lo,areahu.up,areacu.lo,areacu.up,
g.up,q.lo,qghu.up,ghudo,gcu.up,gcu.lo
dt.up,dt.lo,dthul.lo,dthul.up, dthur.lo,dthur.up, dtcul.lo,dtcul.up,
dtcur.lo,dtcur.up
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B2 Model B

SETS
1 hot streams [11*13/
J cold streams 1J1*J4/

K index ofstage or location /K1*K4,KL/ /llast number isno. of stages

stage(k) all stages

HEN (ij,k) define where HX exists

HEN HOT(ik) define where HX exists 2 dimensions for hot streams
HEN~COLD(j,k) d efine where HX exists 2 dimensions for cold streams
HU (jy define where HU exists

C U (i) define where CU exists

[ldynamic set for stage pointer
stage(k) = yes;
stage('KL") = no;

/[ldynamic set for existing HEN//~ <— To fix topology

HEN(i,j,k) = no;

TABLE Z_OLD(i,j,k) Existing HX from original HEN ofeach period
K1 K2 K3 K4

11.J1 1.000 1.000 1.000

11.J2 000 1.000

1.3 1.000

13.J1 1.000 1.000

13.4 1.000

loop((i,j,k)$(Z_OLD(ijk)=1). HEN(ij,k) = yes);

[Idynamic set for existing Utility exchanger// <— To fix topology
[lhot utility
HU(j) = no;
PARAMETER ZHU _OLD(j) Existing HU from original HEN ofeach period

loop(j$(ZHU _OLD(j)=1), HU(j) -yes);

[lcold utility
CU(i) = no;
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PARAMETER ZCU OLD(i) Existing CU from original HEN of each period
/11 1.000, 12 1.000,” 13 1.000/;
loop(i$(ZCU_OLD(i)=I), CU(i) = yes);

[ldefine dynamic set for existing HEN but only 2 dimensions (for hot and cold)//
HEN _HOT(i,k) = no;
THEN"c OLD(j ,K) = no;
loop((i,j,k)S(HEN(i,j,k)). HEN HOT(ik) = yes);
loop((i.j,k)$(HEN (ij k), HEN"COLD(},k) = yes);

SCALARS

[ICastll
CA per unit cost of heat exchanger area($ per unit) 1641.7]
B exponent for area cost(dimensionless)
CF fixed cost of heat exchanger($ per unit) 18333.3/
CHU per unit cost of hot utility($ per kW) [115.2]
ecu per unit cost of cold utility( per kW) [1.3]
AF annualisation factor 10.2/

[lother//
EMAT exchanger minimum approach temperature(C) I5/
HHU heat transfer coefficient of hot utility(kW|(m2.C)) /2/
HCU heat transfer coefficient of cold utility(kW |(m2.C)) [!/

PARAMETERS
[IHot Streams//
THIN(i) inlet temperature of hot streams(C)

/ 1393
12160
13 354
/
THOUT(i) outlet temperature of hot streams(C)
/ Il 60
12 40
13 60

/

[ICold Streams//
TCIN(j) inlet temperature of cold streams(C)
/ JU 12
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J2 62

J3 220

J4 253
/
TCOUT(j) outlet temperature of cold streams(C)
/ JI 356

J2 210

J3 370

J4 284

/

/IHeat Capacity Flowrates//

FCPH (i)
/ 1
12
13
/
FCPC())
I
3
13
14

IV tility /]

heat capaity flowrates fo hot streams(C)
201.6

185.1

137.4

heat capaity flowrates fo cold streams(C)
209.4

141.6

176.4

294 4

THUIN(j) inlet temperature of hot utility(C)

/ Jl
J2
J3
J4
/

400
400
400
400

THUOUTIj) outlet temperature of hot utility(C)

N J1
J2
J3
J4
/

399
399
399
399

TCUIN(i) inlet temperature of cold utility(C)

/ I
12
13
/

15
15
15

TCUOUT(i) outlet temperature of cold utility(C)

/ Il

12
13
/

20
20
20

[[Heat transfer coefficient//

HH (i)

heat capaity flowrates of hot streams(kW |(m2.C))
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/ 2
12 2
13 2
/
HC(j) heat capaity flowrates of cold streams(kW|(m2.C))
/ J 15
J2 15
J3 2
Ja 2
/
[loverall heat transfer coefficient//
(i,)) Overall heat transfer coefficient for match(i.j)
UHU(j) Overall heat transfer coefficient for cold stream(j) and hot utility
Ucu(i Overall heat transfer coefficient for hot stream (i) and cold utility

//upper bound for logical constraints//
GAMMA _HX(ijk) upperbound heat load for match (i.j)
GAMMA_H (j) upper bound heat load for hot utility
GAMMA~CU(i) upper bound heat load for cold utility

TAU_HX(i,j,k)  upper bound of temperature difference for heat exchanger

talThulo) upper bound of temperature difference for left side of hot
utility exchanger

TAUHURO) upper bound of temperature difference for right side of hot
utility exchanger

TAU_CUL(i) upper bound of temperature difference for left side pfcold
utility exchanger

TAUCUR(I) upper bound of temperature difference for right side of cold
utility exchanger

[I01d value of variables from original HEN//

IIAreall
TABLE AREA _OLD(i,j,k) old area from original HEN of each period
K1 K2 K3 K4
1.J1  680.055  166.126 751.970
11.J2 1290.040  132.794
11.J3 597.190
13.J1 356.123  1470.846
13.J4  324.859

PARAMETERS
AREAHU OLD(j) old areaof HU from original HEN
133 256.025/
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AREACU OLD(i)old areaof CU from original HEN
[l 117.036, 12 541.396, 13 97.762/

[ITemperature//
TABLE TH _OLD(i,k) old hot temperature from original HEN
K1 K2 K3 K4 KL

11 406.000 293.498 231.178  88.555  79.812
12 160.000 160.000  160.000  160.000 160.000
13 362.000 268.540 234.038  86.252  86.252

TABLE TC_OLD(jk) old cold temperature from original HEN
K1 K2 K3 K4 KL

JU. 365.000 255.334  216.175  72.000 72.000
J2210.000 210.000" 210.000  74.710  62.000
J3 212,717 272717 0 220.000 220.000 220.000
J4 290.000 250.000 250.000 250.000 250.000

[IHeat load//
TABLE Q_OLD(i,jk) old heat load from original HEN

K1 K2 K3 K4
[1.J1 23062.852 3528.959 10162.028
11.J2 19075.844  1792.156
11.J3 9246.623
13.J1 4706.050 20158.011

13.04 12748.000

PARAMETERS

QHU OLD(j) old heat load of HU from original HEN
133 17063.377]

QCU_OLD(i) old heat load of CU from original HEN
[11 4061538, 12 23856.000, 13 3580.739/

ITemperature Difference//
TABLE DT _OLD(i,jk) old temperature differene from original HEN
K f K2 K3 K4 KL

[1J1  41.000  38.165 15.003 16.555
11.J2 21.178  13.844 17812
11.J3 20.781 11.178

13.J1 13.206 17.863 14.252
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3.4 72.000 18.540

PARAMETERS

DTHUL _OLD(j) old left-side temperature differene of HU from original HEN
133 30.000/

DTHUR _OLD(j) old right-side temperature differene of HU from original HEN
133 126 283/

DTCUL OLD(i)old left-side temperature differene of CU from original HEN
/11 59.812, 12 140.000, 13 66.252/

DTCUR_OLD(i) old right-side temperature differene of CU from original HEN
11 45.000, 1225.000, 1345.000/

[ILog Mean Temperature Difference//
TABLE LMTD _OLD{(i,j,k) old log mean temperature from original HEN

K1 K2 K3 K4
[1.J1  39.565  24.783 15.766
1.2 17,252~ 15,745
11.J3 15.484
13.J1 15.417 15.989
13.04  39.242

PARAMETERS
LMTDHU _OLD(j) old fog mean temperature of HU from original HEN
133 66.647/"
LMTDCU OLD(i) old log mean temperature of CU from original HEN
11 52.055,” 12 66.096, 13 54.941/
5
[I0verall heat transfer coefficient calculations//
() = ULHH®+IHC(3]));
UHLJ(G) ™ II(IIHC(i)+lI/HHU);
UCU(i) = H(/IHH(i)*I/HCU);

VARIABLES
th(i,k) temperature(C) of hot streams i at location k
te(j k) temperature(C) of cold streamsj at location K

q(i,j,k) heat load (kW) of match(i.j) at stage k
ghu(j) heat load (kW) of hot utility for cold stream j
qeu(i) heat load(kW ) of cold utility for hot stream i

dt(i,j,k) temperature difference(C) for match(i.j) at location k
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dthul(i) temperature difference(C) for left side of hot utility exchanger
dthur(j) temperature difference(C) for right side of hot utility exchanger
dtcul(i) temperature difference(C) for left side of cold utility exchanger
dteur(i) temperature difference(C) for right side of cold utility exchanger

Imtd(i,j,k) log mean temperature difference of match(i.j) at stage k

Imtdhu(j) log mean temperature difference of hot utility exchanger for cold
stream |

Imtdcu(i) log mean temperature difference of cold utility exchanger for cold
stream i

area(ij,k) areaof heatexchanger of match(i.j) at stage k
areahu(j) area of hot utility exchanger of cold stream j
areacu(i) areaofcold utility exchanger of hot stream 1

tot Isqr error total least square error

POSITIVE VARIABLES qf(i,j.k), ghu(j), geu(i),
dt(i,j,k), dthul(j), dthur(j), dtcul(i), dtcur(i),
Imtd(i,j,k),Imtdhu(j),Imtdcu(i),
area(i,j,k),areahu(j)areacu(i)
area_add(i,j,k), areahu_add(j), areacu add(i);

[lvariable bounding//

th.up(ik) = THIN();
th.lo(ik) = THOUT(i):
te.up(jk) = TCOUTCI);
te.lo(j k) = TCIN():;

g.up(ij.k)$stage(k) = max(min( FCPH(i)*(th.up(i,k)-
max(th.lo(i,k+1),tc.lo(j,k+)+EMAT)) , FCPC(j)*(min(th.up(ik)-
EMAT tcup(j.k))-tc.lo(j,k+1)) ) , 0)8(-(th.up(i,k)-tc.lo(j,k) >= EMAT) and
(thoup(i,k+l)-tc.lo(j,k+1) >= EMAT)) +0$( (th.up(i.k)-tc.lo(j,k) < EMAT) or
(th.up(i,k+1)-tc.lo(j,k+1) <EMAT)) ;

ghu.up(j) =max( FCPC())*(min(THUIN(j)-EMAT,TCOUT(j))-
te.lo(j,'K1')) , 0)$((THUINO)-TCOUT(j) >= EMAT) and (THUOUTO)-
tedo(j, KI') >= EMAT)) +0$( (THUIN(j)-TCOUT(j) < EMAT) or (THUOUT(j)-
tc.lo(j,'KI') < EMAT)) ;

geu.up(i) = max( FCPH(i)*(th.up(i,'"K'L")-
max(THOUT(i),TCUIN()+EMAT)) , 0)$( (th.up(i,’KL")-TCUOQUT(i) >= EMAT)
and (THOUT(i)-TCUIN(i) >= EMAT)) +08$( (th.up(i/KL')-TCUOUT(i) < EMAT) or
(THOUT(i)-TCUIN(i) < EMAT)) ;
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dt.upCij k) = max(EMAT (th.up(i,k)-tc.lo(j.k)));

dt lo(ij,k) = EMAT;

dthul.up(j) = max(EMAT,THUIN(j)-TCOUT(j)):;
dthul.lo(i) = EMAT;

dthur.up(j) = max(EMAT,THUOUT(j)-tc.lo(j,"'K 1');
dthur.lo(j) = EMAT;

dtcul.up(i) = max(EMAT th.up(i,/KL")-TCUOUT(i));
dtcullo(i) = EMAT;

dtcur.up(i) = max(EMAT, THOUT(i)-TCUIN(i));
dtcur.lo(i) = EMAT;

Imtd.up(ijk)$stage(k) =
(dUip(ijk)*dtup(ijk+D*(dtup(ijk)+dtup(ijk+n)i)*(13);
Imtd.lo(i j k)$stage(k) =

(dt.do(ijk)*dtlo(ijk+D)*(dt.do(i,j,k)+dt.lo(ij,k+1))/2)**(1/3);
Imtdhu.up(j) = (dthur.up(j)*dthul.up(j)*(dthur.up(j)+dthul.up(j))/2)**(1/3);
Imtdhu.lo(j) = (dthur.lo(j)*dthul.lo(j)*(dthur.lo(j)+dthul.lo(j))/2)**(l/3);
Imtdcu.up(i) = (dtculup(i)*dtcur.up(i)*(dtcul.up(i)+dtcur.up(i))/2)**(1/3);
Imtdcu.lo(i) = (dtcul.lo(i)*dtcur.do(i)*(dtcul.lo(i)+dtcur.lo(i))/2)**(1/3);

area.up(i,j,k)$stage(k) = g.up(i.j,k)/Imtd.lo(i,j,k)/U (i,});
areahu.up(i) = ghu.up(j)/imtdhu.lo(j)/UEIU(j);
areacu.up(i) = qeu.up(i)/imtdeu.lo(i)/UCU(i);

IIAssign bounding to pamaters in logical constraint//
GAMMA _HX(ijk) = q.up(ijk);
GAMMA _HU(j) = qhu.up(j);
GAMMA CU(i) = qecu.up(i);

TAU_HX(ijk) = -thilo(ik)+tc.up(jk)+dt.lo(ijk);

tau"hul(j = -THUIN(j)*+TCOUT(j)+dthul.lo(j);

TAU~HUR(i) = -THUOQUT(j)+tc.up(i,’ K T)+dthur.lo(j);

TAU~CUL(i) = -th.lo(i,’)KL)+TCUOQUT(i)+dtcul.lo(i),

TAU~CUR(i)) = -THOUT(i)+TCUIN(i)+dtcur.lo(i);
[ILast stage forcing bound//

q.fx(i,j,"KL") =0;

Imtd.fx(i,j,"KL") =0;

area.fx(i,J,'’KL") =0;

area_add.fx(i,j?KL") =0;

[ITo force no g, area change where there is no existing HX//
0.fi((i,j.k)$(not HEN(i,j k) = 0
area™add.fx(i,j,k)$(not HEN(i,j,k)) = 0;
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{linitial value for variables//

aread(i,jk) = AREA OLD(ijk);
areahu.l(j) = AREA~HU OLDG);
areacu.l(i) = AREACUJOLDG);
th.1(i k) = TH OLD(ik);
tc.I(j k) = TCjOLD(jk);
qd (i,j.k) = Q OLD{(ijk);
ghu.l(j) = Q~HU OLDO;
qeu. (i) = QCU~OLD(i);
dt.(ij k) =DT OLD(ijk);
dthul.I(j) =DTHUL OLDG);
dthur.l(j) = DTHUR- OLDG);
dteul.l(i) =DTCUL OLD();
dteur.I(i) =DTCUR~OLD(i);
Imtd.I(i,j k) = LMTD OLD/{ijk);
Imtdhu.lG) = LMTDHU OLDG);
Imtdcu.l(i) =LMTDCU _OLD(i);
EQUATIONS

OVERALL H({i) overall energy balance of hot stream i
OVERALLCG) overall energy balance of cold stream j

EBAL_H(ik) energy balance of hot stream 1 in stage k
EBAL_C(jk) energy balance of cold stream j in stage k
TIN HG) assignment inlet temperature of hot stream |
TIN_C(j) assignment inlet temperature of cold stream j
MONOT H(ik) monotonie in temperature of hot stream iat location k
MONOT~C(jk) monotonie in temperature of cold stream j at location k
MONOT~HNOT(ik) monotonie in temperature of hot stream iat location k
ifno HX
MONOTCNOTfj.k) monotonie in temperature of cold stream j at location
kifno HX
MONOTHUG) monotonie in outlet temperature of cold stream |
MONOT_CU(i) monotonie in outlet temperature of hot stream i

MONOT_HUNOT(j) monotonie in outlet temperature of cold stream j if no HX
MONOT_CUNOT(i) monotonie in outlet temperature of hot stream i ifno HX

EBAL _HU(j) energy balance of hot utility ofcold stream j
EBAL CU(i) energy balance of cold utility of hot stream 1
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DTFEAS HXL(ijk) temperature feasibility of heatexchanger of match(i.j)
at location k

DTFEAS HXR(ij,k) temperature feasibility of heat exchanger of match(i.j)
at location k+1

DTFEASHULG) temperature feasibility of hot utility of outlet cold
stream j

DTFEASHURG) temperature feasibility of hot utility of inlet cold stream |

DTFEAS _CUL(i) temperature feasibility of cold utility of inlet hot stream i

DTFEAS_CUR(i) temperature feasibility of cold utility of outlet hot stream i

LOGMTD(i,j,k) log mean temperature of match(i.j) at stage k
LOGMTDHUO) log mean temperature of hot utility exchanger
LOGMTDCUG) log mean temperature of cold utility exchanger

ijk) area of heat exchanger of match(i.j) at stage k
) area of hot utility exchanger of cold stream j
i) area of cold utility exchanger of hot stream i

(
(

J>933>
O:I
C o x

0BJ objective function (total additional area)

OVERALL H(i) . (THIN() -THOUT(i))*FCPH (i) =e
sum ((j.k).g(i.j.k))+qeu(i);
OVERALL _C(j) . (TCOUT(j)-TCIN(j)) *FCPC(j) =e=
sum ((i.k),q(ij k))+ahu(j);
EBAL H(i,k)SHEN HOT(ik) . (th(i,k)-th(i,k+D)*FCPH (i) "=
sum (j,q(i.j.k)); /Ido only exist HEN
EBAL_C(j,k)SHEN_COLD(j.k) . (te(j.k)-tcO k+1))*FCPCG) =e=
sum (i,q(ij.k));

th(i,KI');
te(j,’KL");

TIN_H(i) . THIN()
TIN~C(j) . TCINO)

€
£

MONOT_H(i,k)SHEN_HOT(ik) . th(ik) =g= th(ik+l);

[lif FIX — monotonie

MONOT_C(j,k)SHEN_COLD(j.k) . te(j.k) =g= tcG k+l);

MONOT~HNOT(i,k)$((not HEN_HOT(ik)) and stage(k)) .. th(i,k) =e= th(i,k+l);
[lifno HX — equal

MONOT_CNOTG k)$((not HEN_COLDG k)) and stage(k)) .. tcG,k) =e= tcG k+l);

MONOT_HUG)$SHUG) . TCOUTG) =g= tcG,/KI'); [lif HX-> monotonie
MONOT~CU(i)$CU (i) . th(i;KL") =g= THOUT(i);

MONOT~HUNOTG)$(notHUG)) - TCOUTG) =e= tcG/KE); //ifno HX ~> equal
MONOT~CUNOT(i)$(not CU(i)) .. th(i,/KL")=e= THOUT(i);
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EBAL_H (j)$HU(j) . (TCOUTO) - tcG/KI')*FCPCG) =e= ghuG);
[ldo only exist HEN
EBAL_CU(i)$CU (i) . (th(i,)KL") - THOUT(i)) *FCPH(i) =e= qcu(i);

DTFEAS HXL(i,jk)SHEN(ijk) . dt(ijk) =e= th(ik) -tc(j.k) :

DTFEAS~HXR(ij,k)SHEN(i,J k) .. dt(Cjk+l) =e= th(i,k+I)-tc(j,k+1);
DTFEAS~HUL(j)$HUG) . dthulG) =e= THUING) -TCOUTG) ;
DTFEASJIJUR(j)$HU(j) . dthurG) =e= THUOUTG) -tc(j,'"K 1");
[lifexist HEN and no TAU
DTFEAS_CUL(i)$CU(i) . dteul(i) =e= thG/KL)-TCUOUT(i) ;
DTFEAS~CUR(i)$CU (i) . dteur(i) =e= THOUT(i) -TCUIN() ;
LOGMTD(i,j,k)$HEN(i,j,k) . Imtd(i,j k) =e=
(dt(i,j,k)*dt(i,j,k+D*(dt(i,j,k)+dt(ij,k+1))/2)** (/3 ) llonly HEN
LOGMTDHUG)$HUG) .. ImtdhuG) =e= (dthurG-) *dthulG) *(dthurG)
+dthulG)) 12)**(1/3 )
LOGMTDCU(i)$CU (i). . Amtdcu(i) =e= (dtcul(i) *dtcur(i)
*(dtcul(i)+dteur(i)) [2)**(1/3);
A _HX(i,j,k)SHEN(i,j,k) Loarea(ij,k) *Imtd(i,j.k)*U(i,j) =e= q(i,j.k);
A HUG)$HUG) . areahuG) mtdhuG) *UHUG) =e= ghuG);
A_CU(i)$CU (i) .areacu(i)  *Imtdcu(i) *UCU(i) =e= qcu(i);

[lleast square error

0BJ . TOT LSQR ERROR =¢g=
sum ((i,j,k)SHEN(i,j,k),power(area(i,j,k)-AREA_OLD(i,jk)2))
+ sumG§HUG),power(areahu(j)-AREAHU _OLDG),2))
+ sum (i$CU(i),power(areacu(i)-AREACU _0OLD(i),2));

model STAGEMODEL _SINGLEPERIOD /alll;

option iterlim=1e9;
option dom lim=0;
option reslim=1le8;
STAGEMODEL _SINGLEPERIOD.optfile=0;

solve STAGEMODEL SINGLEPERIOD using NLP minimizing
TOTLSQRERROR;-



display th.ljtc.1,
g.L,ghu.l,gcu.l,
area.lareahu.lareacu.l,
dt.l,dthul.ldthur.l,dtcul.l,dtcur.l,
Imtd.l,Imtdhu.l,Imtdcu.l,
tot_Isqr_error.l
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B3 Modéle

SETS
| hot streams 1 *13]
J cold streams *1Al

K index of stage or location /K1 *K4,KL/ //last number is no. of stages

stage(k) all stages

HEN(ijk) define where HX exists

HEN HOT(ik) define where HX exists 2 dimensions for hot streams
HEN_COLD(j.k) define where HX exists 2 dimensions for cold streams
Huoy define where HU exists

CuU(i) define where CU exists

Ildynamic set for stage pointer
stage(k) = yes;
stage('KL") = no;

I[ldynamic set for existing HEN// <— To fix topology

HEN(ijk) = no;

TABLE Z_OLD(i,jk) Existing MX from original HEN of each period
K1 K2 K3 K4

11J1 1.000 1.000 1.000

[1.J2 1.000 1.000

11.J3

13J1 1.000 000

13.04 1.000

loop((ij.k)$(Z_OLD(ij,k)=1), HEN(ij. k) = yes):

[ldynamic set for existing Utility exchanger// <— To fix topology
IIhot utility
HU(j) = no;
PARAMETER ZHU _OLD(j) Existing HU from original HEN of each period

loop(j$(ZHU _OLD(j)=1), HUG) = yes);

llcold utility
CU(i) =no;
PARAMETER ZCU OLD(i) Existing CU from original HEN of each period
/11 1.000, 12 l.ooor 13 1.000/;
loop(i$(ZCU_OLD(i)=I), CU(i) = yes);



/ldefine dynamic set for existing HEN but only 2 dimensions (for hot and cold)//
HENHOT(i.k) = no;
HEN~COLD(j,k) = no;

loop«ij,k)$(HEN(i,j,k)), HEN_HOT(i,k) =yes);
loop((i,j,k)S(HEN(i,j,k)), HEN~COLD(j.k) = yes);
SCALARS
[ICost//
CA per unit cost of heat exchanger area($ per unit) 1641.7/
B exponent for area cost(dimensionless)
CF fixed cost of heat exchanger($ per unit) 18333.3/
CHU per unit cost of hot utility($ per kW) 111521
ecu fixed cost of heat exchanger($ per kW) I1.31
AF annualisation factor 10.2]
[lotherll
EMAT exchanger minimum approach temperature(C) 5] "
HHU heat transfer coefficient of hot utility(kW |(m2.C)) /2]
HCU heat transfer coefficient of cold utility(kW |(m2.C)) [/

PARAMETERS
[IHot Streams//
THIN(i) inlet temperature of hot streams(C)

/ [ 393
12 160
13 354
/
THOUT(i) outlet temperature of hot streams(C)
/ [ 60
12 40
13 60

/
[ICold Streams//
TCINO) inlettemperature ofcold streams(C)

/ Jb 72
J2 62
3220
J4 253

/

TCOUT(j) outlet temperature of cold streams(C)

129
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/ JI 356
J2 210
J3 370
J4 284
/
/IHeat Capacity Flowrates//
FCPH(i) heatcapaity flowrates fo hot streams(C)
/ [ " 201.6
12 1851
13 1374
/
FCPC(j) heatcapaity flowrates fo cold streams(C)
/ J 2094
J2 1416
J3 1764
Jo 2944
[1U tility /]
THUIN(j) inlet temperature ofhot utility(C)
/ JU 400
J2 400
13400
J4 400
/
THUOUTT]) outlet temperature of hot utility(C)
/ JI 399
J2 399
J3 399
Jd 399
/
TCUIN(i) inlet temperature of cold utility(C)
/ I 15
2 15
13 15
/
TCUOUT(i) outlet temperature of cold utility(C)
/ I 20
1220
13 20

/

[[Heat transfer coefficient//

HH (i)
T
12
13
/
HC(j)

heat capaity flowrates of hot streams(kW |(m2.C))

2
2
2

heat capaity flowrates of cold streams(kW|(m2.C))
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/ J. 15
215
32
J 2
/
Iloverall heat transfer coefficient//
(i.)) Overall heat transfer coefficient for match(i.j)
UHU(j) Overall heat transfer coefficient for cold stream(j) and hot utility
UCu (i) Overall heat transfer coefficient for hot stream (i) and cold utility

[lupper bound for logical constraints//
GAMMA _HX(i,j,k) upperbound heat load for match (i.j)
GAMMA _H (j) upper bound heat load for hot utility
GAMMA-~CU(i) upper bound heat load for cold utility

TAU_HX(i,j,k)  upper bound of temperature difference for heat exchanger

taiT hulg) upper bound of temperature difference for left side of hot
utility exchanger

TAU_HUR(j) upper bound oftemperature difference for right side of hot
utility exchanger

TAUCUL(i) upper bound of temperature difference for left side pfcold
utility exchanger

TAUCUR (i) upper bound of temperature difference for right side of cold
utility exchanger

/I01d value of variables from original HEN//

IIAreall
TABLE AREA_OLD(i,j,k) old area from original HEN ofeach period
" Kl o~ K2 K3 K4
11.J1  680.055 166.126 751.970
11.J2 1290.040  132.794
11.J3 597.190
13.J1 356.123 1470.846
13.J4  324.859

PARAMETERS

AREAHU _OLD(j) old areaof HU from original HEN
133 256.025/

AREACU OLD(i)old areaof CU from original HEN
11 117.036, 12541.396, 13 97.762/
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[ITemperature//
TABLE TH _OLD(i,k) old hot temperature from original HEN
K1 K2 K3 K4 KL

11 406.000 293.498 231.178  88.555  79.812
12 160.000 160.000 160.000 160.000 160.000
13 362.000 268.540 234.038  86.252  86.252

TABLE TC_OLD(j,k) old cold temperature from original HEN
K1 K2 K3 K4 KL

JI 365.000 255.334 216.175  72.000  72.000
J2210.000 210.000 210.000  74.710  62.000
J3 212,717 272,717 220.000  220.000 220.000
J4 290.000 250.000 250.000 250.000 250.000

IIHeat load//
TABLE Q_OLD(i,j,k) old heat load from original HEN

K1 K2 K3 K4
11.J1 23062.852 3528.959 10162.028
11.J2 19075.844 1792.156
11.J3 9246.623
13-J1 4706.050 20158.011

13.J4 12748.000

PARAMETERS

QHU _OLD(j) old heat load of HU from original HEN
133 17063.377/

QCU OLD(i) old heat load of CU from original HEN
/1 4061.538, 1223856.000, 13 3580.739/

/ITemperature Difference/l
TABLE DT_OLD(i,j,k) old temperature differene from original HEN

Kl~ K2 K3 K4 KL
11.J1  41.000 38.165  15.003 16.555
11.J2 21.178 13.844  17.812
11.J3 20.781 11.178
13.J1 13.206 17.863  14.252

13.J4 72.000 18.540



PARAMETERS

DTHUL_OLD(j) old left-side temperature differene of HU from original HEN

133 30.000/

DTHUR_OLD(j) old right-side temperature differene of HU from original HEN
133 126 283/

DTCUL _OLD(i) old left-side temperature differene of CU from original HEN

/11 59.8 2, 12 140.000, 13 66.252/

DTCUR OLD(i) old right-side temperature differene of CU from original HEN
/11 45.000, 1225.000, 1345.000/

/ILog Mean Temperature Difference//
TABLE LMTD OLD(ijk)old log mean

K1 K2 K3 K4
11.J1 39.565  24.783 15.766
11.J2 17.252  15.745
11.3 15.484
13.J1 15.417  15.989
13.04  39.242

PARAMETERS

LMTDHU _OLD(j) old log mean temperature of HU from original HEN
133 66.647/”

LMTDCU OLD(i) old log mean temperature of CU from original HEN
/11 52.055,” 1266.096, 13 54.941/

5
[IOverall heat transfer coefficient calculations//

) = U(IIHH@)+I/HC()));
UHU(j) = U(IIHC(j)+I/IHHU);
UCU(i) = II(IHH(I)+I/HCU);
VARIABLES
th(ik) temperature(C) of hot streams i at location k
te(j.k) temperature(C) ofcold streamsj at location k

q(i,j,k) heat load(kW ) of match(i.j) at stage k
ghu(j) heat load (kW) of hot utility for cold stream j
geu(i) heat load (kW) ofcold utility for hot stream i

dt(ij,k) temperature difference(C) for match(i.j) at location k

dthul(j) temperature difference(C) for left side of hot utility exchanger
dthur(j) temperature difference(C) for right side of hot utility exchanger
dtcul(i) temperature difference(C) for left side of cold utility exchanger
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dtcur(i) temperature difference(C) for right side of cold utility exchanger

Imtd(i,j,k) log mean temperature difference of match(ij) at stage k

Imtdhu(j)  log mean temperature difference of hot utility exchanger for cold
stream |

Imtdcu(i) log mean temperature difference of cold utility exchanger for cold
stream |

area(ij,k) areaofheatexchanger of match(i.j) at stage k
areahu(j) area of hot utility exchanger of cold stream j
areacu(i) area of cold utility exchanger of hot stream i

area_add(ij,k) additional area of heat exchanger of match(i.j) at stage k
areahu_add(j) additional area of hot utility exchanger of cold stream |
areacuadd(i) additional area of cold utility exchanger of hot stream i

tot area add total additional area needed

POSITIVE VARIABLES q(ij,k), ghu(j), geu(i),
dt(i,j,k), dthul(j), dthur(j), dtcul(i), dtcur(i),
Imtd(i,j,k) Imtdhu(j),Imtdcu(i),
area(i,j,k),areahu(j),areacu(i)
area_add(i,j,k), areahu add(j), areacu_add(i);

[Ilvariable bounding//

th.up(i,k) = THIN(i);
th.lo(i,k) = THOUT(i);
tc.up(i,k) = TCOUT(j);
tc.lo(j,k) = TCIN(j);

g.up(i,j,k)$stage(k) = max(min( FCPH(i)*(th.up(ik)-
max(th.lo(i,k+1),tcdo(j,k+)+EMAT)) , FCPC(j)*(min(th.up(ik)-
EMAT tc.up(j,k))-tc.lo(j,k+1)) ), 0)$( (th.up(i,k)-tc.lo(j,k) >= EMAT) and
(th.up(ik+l)-tc.lo(jk+l) >= EMAT)) +08( (th.up(ik)-tc.lo(j,k) < EMAT) or
(th.up(i,k+l)-tc.lo(j,k+1) < EMAT)) ;

ghu.up(j) =max( FCPC(j)*(min(THUIN(i)-EMAT,TCOUT(j))-
te.lo(j,"K1")) , 0)$((TFIUINOQ)-TCOUT(j) >= EMAT) and (THUOUTO)-
te.lojj/K 1) >= EMAT)) +08( (THUIN(j)-TCOUTG) < EMAT) or (THUOUT(j)-
tc.loG ,KT) < EMAT)) ;

geu.up(i) = max( FCPH(i)*(th.up(i,'"K'L")-
max(THOUT(i),TCUIN(i))+EMAT)) , 0)$( (th.up(i,’KL")-TCUQUT(i) >= EMAT)
and (THOUT(i)-TCUIN(i)>= EMAT)) +0$( (th.upG/KL'I-TCUOUTG) < EMAT) or

(THOUT(i)-TCUIN(i) < EMAT)) ;
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dt.up(i,j,k) = max(EMAT (th.up(ik)-tc.lo(j,k)));
dt.do(i,j,k) = EMAT;

dthul.upG) = max(EMAT,THUIN(j)-TCOUT(j));
dthullo(j) = EMAT;

dthur.upO) = max(EMAT THUOUT(i)-tc.loG,'KI'));
dthur.lo(j) =EMAT;

dtcul.upG) = max(EMAT th.up(i,’KL")-TCUQUT(i));
dtcul.lo(i) = EMAT;

dtcur.up(i) = max(EMAT THOUT(i)-TCUIN(i));
dtcur.lo(i) =EMAT;

Imtd.up(i,jk)bstage(k) =
(dtup(ijk)*dtup(ij,k+)*(dtup(ijk)+dtup(i,j,k+1))/2)**(1/3);

Imtd.lo(i,j.k)$stage(k) =
(dt.do(i,j,k)*dtdo(i,j,k+D*(dt.lo(i,j,k)+dt.lo(i,j,k+1))/2)**(1/3);

Imtdhu.upG) =
(dthur.upG)*dthul.upG)*(dthur.upG)+dthul.up(i))/2)**(1/3);
Imtdhu.loG) = (dthur.do(j)*dthul.lo(j)*(dthur.lo(j)+dthul.lo(j))/2)**(1/3);
Imtdcu.up(i) =
(dtculup(i)*dtcur.up(i)*(dtcul.up(i)+dtcur.up(i))/2)**(1/3);
Imtdcu.lo(i) =(dtcul.lo(i)*dtc

= q.up(i,j.k)Imtd.lo(i,j,k)/U(i,j);
ghu.upG)/imtdhu.loG)/EIHUG);
geu.up(i)/imtdcu.lo(i)/UCU(i);

area.up(ij,k)$stage(k)
areahu.upG) =
areacu.up(i) =

[IAssign bounding to pamaters in logical constraint//
GAMMA HX(i,j,k)=q.up(ijk);
GAMMAHUG) = ghu.upG);
GAMMACU(i) = qcu.up(i);

TAU _HX(i,j,k) = -thdo(ik)+tc.upG k)+dt.lo(i,jk);
taulhulg) = -THUING)+TCOUTG)+dthul.10G);-
talThurg) = -THUOUTG)+tc.upG,'KI)+dthur.loG);
TAU~CUL() = -thdo(i,’KL")+TCUOUT(i)+dtcul.lo(i),
TAU~CUR() = -THOUT(i)+TCUIN(i)+dtcur.lo(i);

/ILast stage forcing bound//
q.fx(ij,-K L") =0;
Imtd.fx(i,j,'"KL")  =0;
area.fx(i,j,'"KL')  =0;
area_add.fx(ij,'"KL") =0;

/ITo force no g, area change where there is no existing HX//
q.fx(i,j,k)$(not HEN(i,j,k))
area_aidd.fx(i,j,k)$(not HEN(i,j,k))

0;
0;
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Ilinitial value for variables//
area.l(ijk) =AREA_OLD(ijk);
areahu.l0) = AREAHU_OLD(j);
areacu. (i) =AREACUOLD(i);

area_add.l(ijk) = 0;
areahu_add.I(j) = 0;

« areacuadd.I(i) = 0;
th.I(i,k) =TH OLD(ik);
te.1(j.k) = TCjOLD(jk);
q.1(i,j,k) =Q OLD(ijk);
ghu.hj) =QHU OLDO);
geu.l(i) = QCUjOLD(i);
dt.I(i,j k) =DT OLD(i,jk);
dthul.lfj) =DTHUL OLD(j);
dthur.hj) = DTHUR- OLD(j);
dtcul.I(i) =DTCUL'OLDi);
dteur.l(i) = DTCUR~OLD(i);
Imtd.I(i,j,k) =EMTD OLD(i,jk);
Imtdhu.l(i) =LMTDHU OLD(j);
Imtdcu.l(i) =LMTDCU _OLD(i);

EQUATIONS

OVERALL_H(i) overall energy balance of hot stream i
OVERALL_C(j) overall energy balance of cold stream j

EBAL H(ik) energy balance of hot stream i in stage k
EBAL C(j.k) energy balance of cold stream j in stage k

TIN H(i) assignment inlet temperature of hot stream |
tinlco) assignment inlet temperature of cold stream |
MONOT_H(ik) monotonie in temperature of hot stream i at location k
MONOT_C(j.k) monotonie in temperature of cold stream j at location k
MONOT_ETNOT(i,k) monotonie in temperature of hot stream i at location k
ifno HX
MONOT_CNOT(j,k) monotonie in temperature of cold stream j at location
kifno HX
MONOTIHU(j) monotonie in outlet temperature of cold stream j
MONOTCU(i) monotonie in outlet temperature of hot stream i

MONOTHUNOTTfj) monotonie in outlet temperature of cold stream j ifno HX
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MONOT CUNOT(i) monotonie in outlet temperature of hot stream i if no HX

EBAL H (] energy balance of hot utility of cold stream |
EBALTU(I enerqy balance of cold utility of hot stream 1

DTFEAS_HXL(ij,k) t?rppertatur?( feasibility of heat exchanger of match(i.))
at location

DTFEAS_HXR(i,j,k) temperature feasibility of heat exchanger of match(i,))

_ at location k¥l 3

DTFEAS_HUL(j) t?mperature feasibility of hot utility of outlet cold
stream

DTFEAS HUR(] temperat{Jre feasibility of hot util,it_>( of inlet cold stream |

DTFEASCUL(T]  temperature feasibility of cold utili Y of inlet hot stream :

DTFEAS~CUR]i

temperature feasibility of cold utility of outlet hot

stream |

LOGMTDéi 'hk log mean temperature of match,ii_.ﬂ') at stage k
LOGMTDE[ |og mean temperature of hot utilify exchanger
LOGMTDCU(i log mean temperature of cold utility exchanger

ADDIAREA HXI

1,J,K) additional area needed for heat exchanger
ADDIAREA:I-I)éZl

J,K) force ADDAREA HX>0
ADDIAREA H additional area needed for hot utility
ADDIAREAJQU2(])  force ADDAREA HU>0
ADDIAREA CUI(1)  additional area needed for cold utility
ADDIAREA~CUZ(i) ~ force ADDAREA CU >0

A HX(lj.k)  area of heat exchan%er of matchéi é) at stage k
A"HU area of hot ut|I_|t_)( exthanger of cold streant|
A—CU(i area of cold utility exchanger of hot stream 1

OBJ objective function (total additional area)

OVERALL H() .. (THIN(I%-TI;I_ TPECPH() =&

OVERAEL_C(j) . i%@ (UT 2 k5+' E&%@Epcm ==
EBAL_H(i KISHEN_HOT(iK) . (th(ik)-th(i k+
EBAL_C(j,k)SHEN_COLD(jK) . (tc(j,k)-tcOk+

Tikico) " TG == ) KL

IPFCPAN) 28 oy A
))*FCPC()) =e= sum(i,q(ij,k));
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I/least square
/IOBJ

sum ,jk ( N|, K)) | power AREAHX%,}S\H -AREAQLD(i},k),2)
(HU(j)), power(AREAHU UOLD()) 23
¥ sum({|$C 9 power(AREAC () AREACUOLD(J( ).2))

Openalty only increased area
. TOT AREA ADD =g=
sum(( 1,J.K)SHEN(i j.k),area_add(i,j,k))
+ SUm % U(j),areahti_ad
+ sum(ISCU(T) areacu ~add(i));

model STAGEMODEL SINGLEPERIOD /all/:
optlon iterlim=1e9;
ption domllm 0;
p[lon reslim=le8:
STAGEMODEL SINGLEPERIOD. optfile=0;

solve STAGEMODEL SINGLEPERIOD using NLP minimizing
TOTAREAADD;

dlsplay th I c I

rea ]ﬁ\r ahu iar acu

mlt? thé’im e l' S
totareaadd |
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Appendix C Source Code of Simultaneous MINLP Multiperiod Model

The following text is source coce which is entered in GAMS for synthesizing multi-
period HEN by simultaneous approach.

SETS
| hot streams [11*13
J cold streams , 1M _
K index of stage or location /K1 *K4,KL/  //last number is no. of stages
p period of operaion 1*P3f

ldynamic sets/
stage(k) all stages

stage(k) = yes;  stage(KL')=no

i
ost
CA  per unit cost of heat exchanger area($ per unit)  /641.7/
CF  fixed cost of heat exchanger%$ per umtf 18333.3/
CHU Per unit cost of hot utility( perk [115.2/
ecu Tixed cost of heat exchangers per K 113/
AF  annualisation factor 10.2/
[lother// N
EMAT exchanger minimum approach temperature(C) /5
HHU  heat transfer coefficient of hot utility(kW| mzcg [2/
HCU  heat transfer coefficient ofcold utll ity(kW)(m2.C)) 1!/
Streams// o L
TABLE TPIIIIN(l,p) Fgglet tempeFr)%tures of hot stream i in period p(C)
Il 393 406 420

2 160 160 160
B 34 362 360

TABLE TPIIIOUT(i,pF)ZoutIet temP%eratures of hot stream 1 in period p(C)
Il 60 60 60

2 4 40 40
B3 60 60 60
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IICold Streams//_ L
TABLE TPCIIN(J,p) F|)9Iet tempeFr%tures of cold stream j in period p(C)

1 12 12 12
2 02 62 62
3 22 220 220
M 253 250 249

TABLE TP$OUTG,p820utIet temP%eratures of cold stream | in period p(kW|K)

Jd 396 369 373
2 20 210 210
3 30 370 370
U 284 290 286

/[Heat Caé)acity Flowrates// _ L
TABLE FP(”TPH(l,p) ggat capaltypglowrates of hot stream i in period p(kW|K)

1 2016 2050 208.5
2 1861 193 1752
B 1374 1364 1341

TABLE FPCIPC(j,p) Bgat capaitypglowrates of cold stream  in period p(kWIK)

4 2094 2103 2111
2 1416 1410 1405
B3 164 1754 1745
M 2044 3187 211.2

IIUtility//
TABLyE THUIH(j,p) inI}e}t2 temperat%rge of hot utility for cold stream  in period p(C)

4 400 400 400
2 400 400 400
33 400 400 400
J4 400 400 400

TABLE T?-IUOUT(j,p) outlet ten&perature of hot utility for cold stream | in
period p(C)
P2 P3
1 39 399 399

2 3% 399 399
3 3% 399 399
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B39 39 399

TABLE TCUIN(i,p) mlettem erati
2Derlo ( F)

n 1 15
2 B 15 15
13 B 15 15

TABLE TCUOQUT(i,p) outlet tempe
period %(3 )

2 20 20
2 2 20 20
B2 20 20

PARAMETERS
IHeat transfer coefficient//
/I-IH(|) I heat capaity flowrates of hot streams(kW|(m2.C))

[
/I-IC(j) Jlheat capaity flowrates of cold streams(kW|(m2.C))

/[Duration of each period)/ _
DOP(pF)lduratlon of each period

P2
P3

S

/

[Total duration// ,
TOP total duration of all period

loverall heat transfer coefficient//
1)) Qverall heat transfer coefficient for match(i.)) .
Qverall heat transfer coefficient for cold stréam(j) and hot utilit
UCU(i Overall heat transfer coefficient for hot stream(i) and coId utility

Ilupper bound for logical constraints//
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GAMMA™H  (j,p) " upper bound heat |oad for hot utility for Ipeno J)
GAMMA CU(1.p)  upper bound heat load for cold utility for period p

TAU_HX(ijk.p) ugrpegrbgund of temperature difference for heat exchanger
lod
TAU_HUL(j,p) PPer bound oftempera ure difference for left side of hot
_ ility exchanger for period p
TAU_HUR(,p) Fer bound oftempera ure difference for right side of hot
tility exchanger for period p
TAU_CUL(i.p) Fi)er bound oft emperature difference for left side pf cold
llity exchanger or eno D
TAU_CUR(Lp) PPer bound of t emperaure difference for right side of cold
- llity exchanger for period p

GAMMA HXEJ,jkp) upper bound heat load for match ( |12 for penodp

/[Overall heat ransfer coefficient calculations//

W TR

UCU(1) = UQ/HH(I+I/HCU
IITOP calculation//
TOP = sum(p,DOP(p));
VARIABLES
th&l,k,p temperatureécg of hot streams i at location k for period p
te(jkp)  temperature(C) of cold streamsj at location k for period p
qgi,' kp)  heat load(kW) of match(i g) at staqe k for period p
ghufj.p)  heat load(kW) of hot utility for cold stream | for period p
geu(i,p heat load(kW) of cold utility for hot stream 1 for period p
Z(ijK)  existence of match(i. {) at stage k
Z u8 existence of hot util onr cold streamj
ZCU existence of cold utility for hot stream 1
dtgi,j,k_,pg emperature dlfferencegcg for matchél J) at location k for period p
dthul(j,p feornpeerr?(t)tére difference(C) for left side’of hot utility exchanger
dthur(j,p) fgp%ee{% éjr% difference(C) for right side of hot utility exchanger
|
dteul(i,p) feOn]Bgraturg difference(C) for left side of cold utility exchanger
rod

dtcur(i,p)  temperature difference(C) for right side of cold utility exchanger
for period p
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Imtd(i,j,k,p)  log mean temperature difference of match(i.j) at stage k for

erlo
Imtahu(j,p) ?0(11 megn temPeratur_e difference of hot utility exchanger for
, cold stream | Tor period p .
Imtdcu(i,p) qu mean temperature difference of cold utility exchanger for
cold stream i for period p

areagi JKp)  area of heat exchanger of match(i.P at stage k for period p
area area of hot utility exchanger of cold stream | for period p

Uj, it
areacug,p area of cold utility exchanger of hot stream I for period p

area_max(i,} k) rnaximu(rjn area of heat exchanger of match(i.j) at stage k for
. all perio . .
areahu_max(j) ma@uanum area of hot utility exchanger of cold stream j for all
. perig 2 .
areacu max(i) Pnaxlgwum area of cold utility exchanger of hot stream i for all
perio

cost fix fixed cost
cost area  area cost
cost utility  utility cost
TAC total annualized cost
POSITIVE VARIABLES q(i.j.k,p). ahu(j.p), acu(i,p), ,
i) dthu(im%{hﬂr U u@gpf, dtcurip),
LM DB)%k,,pL, DHU(},p), LMT Uél. ,
AREAHX(1,|.k,p). AREAHUG,pX AREACU(1.p _
AREAHX_max(i k), AREAHUmaxG), AREACU_max(i);
BINARY VARIABLES (i j k), ZwG), zeu(i) ;

IIvariable bounding//

th.up(i k,p) = THING,p):

th. op@k,pp): THOUTF()I) )

te.UpG k) =tcoutgt)

tc.l0G k,p TCING,p?;

Up(i,].k.p)$stage(k) = max(min(_FCPH(i,p)*(th.up(i k,p)-
na(ih gZi,LH%&;tc.Po(j, +|.p)+ I\/IA(r , CE)CSB,p EEmin'%%h.u (i'ki%
EM T,tc.u,oG,k,p)-t 106, I,p)e O (th.up(ik -tc._IoG,k,p)D>: AT%and
(th.up(i,k+ ,p?-t.oG,k+I,pE>- AT +08( (th'up(i.k,p)-c.loG kp) < EMAT)
or (th.up(i,k+1,p)-tc.loG,k+Ep) < EMAT)) ;
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=max( FCPC(, mlnTH IN(],p)-EMAT,TCOUT(j,p

hu.u p AT
T 08T UIN TCOUT(p)>- EMA nd UOUT(JIOSJ
TH@OU (0 E)M(m EHH')\')(W ?COU i) <EbaT rs

1( cun'\lrpaxg PWp o
ATband (rH%j 1p8 | l: N)
T|p <EMA P (T 2|p)TCUI
zup(i, )$stage(_k):0$ sum(p, q.up(iikp)).=0) + 1§( sum(p, q.up(ij.k,

i Rt 'qhﬂ-.u%,
(%MAT (th.up(i,k-P)-tclo(j.k.p)));

(_IFMAT THUIN(),p)-TCOUT(j,p));

ér]M)A@%MAT THUOUT jp)-tc.lo(i. K1 "p)):
EmMAEl\/IAT th.up(i, KL',p)- TCUOUT ip)):
max(FMAT THOUT(i,p)-TCUIN(i p)):
tage

gnu

dt-UP(IJ kp)

m
S=5=5
)>:l>

<o
—5:
—
—
=
o =
¢
=
1 1 T
1 ey 1oy

EMA

S
K ggﬁd? up(i,jk+1,p)*(ct.up(i,},k,p)tat.up(iJ k—L,p

oij, kpS*dt lo(i,j,k+1,p)*(dt.Io(ij k,p)+dt.lo(i,j, k+1,p )
urup(J p)*dthul.up(j,p)*(dthur.up(j,p)+athul.up(j,p))/2)**(113);
dthur. |0(J p)*dthul.lo(j,p)*(athur.lo(j,p)+dthul.loj,p))/2)**(1/3);
2)(113);

(113);

!
_ IOZdtcul Up(l p)*dtcur up(i, p) (d teul. up(l p)+dtcur. up(| D))2)**
Imtdcu.lo(i,p)

/LMTDI k AJ(i

d}% B /ud

(dt
area,up $stage = .Up( ]k
£ SM 'SLP fj EVBeU) oﬁ' uﬁﬂf

areacu.up(kp = geu.up(i,p

Asmgn boundlnﬂ 0 pamater s in logical constraint//
_HAX(L].k.p) :qpljkp)

GAMMATHU(,p) = ghu.up(j,p);

GAMMATCU(Lp) = qeu.up(ip)

Rl

U

/‘\%
@—c

3
Q_

C
Q——y;\
x

=
——

x
o

)
D123

—_

=
—
[
(o]
—
—
—
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TAU HX(i,j,kp) = -th.lo(ikp)+tc.up(jkp)+dt.lo(i,j.k.p);

TA qu’, ) 2 THJ|N§§D)+T88U?&, +dt(h$1.|§&p

TAUIURED) = “THUOUT( Jcinl Kpjihrlod )

TAU~CUL(Lp) = -th.lo{i,KL'p)+TCUOUT(i,p)-+dtcul lofi,p):

TAITCUR(ip) = -THOUT(i,p)+ TCUIN(i,p)+dtcur.lo(i,p);
I/Last stage forcing bound//

g.fx(j,KL'p) -0,

Z.fX(gI‘J,'KL?( =0

Imtd fx(ij'KL'p) =0,

area.fx(i,J,KL'p) =0;

EQUATIONS _
OVERALL H(i,
OVERALL:C&,
EBAL_H&i,k,p; enerqy balance of hot stream i.in stage k for period p
EBAL™C{j,k.p enerdy balance of cold stream | in stage k for period p

TIN_H(i,p assignment inlet temperature of hot stream i for perigd J)
TIN"C(j,p assignment inlet temperature of cold stream | for period p

MONOT _H(ik.p) ][nonotonée In temperature of hot stream 1 at location k
- Or perio
MONOT _C(j,k.p morﬁ)otoniepin temperature of cold stream | at location k
MONOT HU(j,p
eriod p

) for period p _
) mopotonie in outlet temperature of cold stream j for
MONOT _CU(i,p) Pno_noéonie in outlet temperature of hot stream i for
period p

EBAL_HUEj,p; ‘energy balance of hot utility of cold stream | for period p
EBALCU(1,p)  _energy balance of cold utility of hot stream 1 for period p

LOGIC_HX(i,jk,p)  logical constraint to define z of match(i) at stage k for
erio
LOGIC_HU(j,p) E)(T;icral F():rci)nstraint to define zhu of cold stream j at stage

LOGIC_CU(i,p) fIogical_ Cé)nstraint to define zeu of hot stream i at stage k
or period p

DTFEAS_HXL(i},k,p) term)eratur ffeasibil_ity of heat exchanger of match(i.})

) at location k for period p -

DTFEAS_HXR(i,jk,p) temperatur feafSIbIht}/_ 0f heat exchanger of match(i.j)
at location k+1 for period p

} overall energy balance of hot stream i for period (P
overall energy balance of cold stream | for period p

=



DTFEAS_HUL(jp)
DTFEAS_HUR(;p)
DTFEAS_CUL(i,p)
DTFEAS_CUR(ip)
LOGTDIijk

COGMTDHUG
LOGMTDCU(Kp

Jog mean temperature of ma ch1
Iog mean temperature of hot uti
log mean temperature of cold util
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temperature feasibility of hot utility of outlet cold
stream | for period p. o
temperature feasibility of hot utility of inlet cold
stream | for perlo_d_P L
temperature feasibility of cold utility of inlet hot
stream 1 for perlo_d_i)_ 3

temperature feasibility of cold utility of outlet hot
stream 1 for period p

stage k for period p
exchanger for period
¥y exchanger for period p

A_HX k) areaof heat exchanger of match(i. A at stage k for period p

ATHU(j,p area of hot utllm( exchanger of cold stream | for perjod p

A~CU(1,p area of cold util yexchanger of hot stream 1 for period p

AMAX_HX(1,),k,p) max1mum area of heat exchanger of match(i.) at

_ stage k for all period
AMAX H (j,p) frg?glrlmggl géea of hot utility-exchanger of cold stream
AMAX_CU(i,p) mammﬂm area of cold utility exchanger of hot stream |
for all period
Fl fixed cost
éggrn"T area cost

UTILITYCOST utility cost

0BJ objective function (total annualized cost)
OVERALL _H(i,p) (THIN(i,p) -THOU |,p *FCPH (i,p) =e=
OVERALL C(jp) @"”%K +CUPCNZ ==

P m#i%ﬂ&,-*ﬁ Up) =¢=

EBAL_FI(i k,p)$stage(k)
EBAL _C(j,k,p)$stage(k)

TIN H(I
TINC(E [?}

MONOT _H(ik,p)$stage(k)

. THIN(G,p
TGN&,

D)-th(i.k+,p))*FCPH(i,p) =e=

)
&gy'k,kL)*Fcpcgp =

sum(i,q(1,.K,p));

=e= th(i, KI
== tcé KL p;

. th(ikp) =g= th(i,k+lp);

4
4
)
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MONQT _C(j k,p)$stage . tc(.kp) =g= tcGk+lp):
HONOT) p} el Tco@JTé))p; -g%: th/K1F’),)p?;
MONO TCU|B THOUT(1,p) =1= th(i, KL'p);
EBAL HUGP TCOUTG) - 16, KI'n)*FCPCG,p) =e= ghuG,
EBAL=CU%,p} . E\h%l,KL.p)p)- TH(G)U ,;B%LFCPH ;B -ee- cuu ,p,
LOGIC _HX(i,jk,p)$stage k, A HX(i,j.kp)*z(ij k) =1= 0;
LOGIC'HU((:_, ! g() hqu(;J p&AMMA_ HUG, (J*zhp)R(J_l_)O
LOGIC_CU(i, . acu(l,g -GAI\/IMA_CU(UB oull) =1= 0
DTFEAS_HXL(i,j,k,p)$stage(k) .. ([lAk ph =]= th(l,k,l) (t%)k,p)
] * ZI!’ ,
DTFEAS HXR(kpsagel) . il Ill-p?h el
DTFEAS HULG,p) dthumw -1- ,-IUI ’(A,p T(d UTGp
+TAU UL Iz u());
DTFEAS_HURG ) dthurGTfo u i
_ th K +TAU HU E 8zhuG
DTFEAS_CUL(i,p) . Lé@UL_l hG}T CUOUTG,p
Lp)_ *(I-zcu(l
DTFEAS_CUR(i,p) . dcur T f THO(UT(, }5) -TCUIN(i,p)
+TAU CUR(i,p)  *(L-zcu(i));
LOGMTDU'j’k’p)$3tage%t 'mtdéi ﬁ Sg'dt |Jkp)+dt i, 0))[2)*(13);
LOGMTDFfUG™) g ¥ ’i* g}éu’er STIG ps) *{GthurG,p)
LOGMTDCU(i,p) Imtdcug : dtcll(i,p) *dtcur(i,p) *(dteul(ip)
dtcur ,p) 2)**(I13);
A _HX(ij.kp)Sstage(k) . area *Imtd ,,k, L)) =e= ,k
arhu(-{) Pistage() . area uG ) *Imtg G,p *LS -eq- JqthuIO
A CU?p . areacu(l, Imtdcu(l -e-q , ,
AMAX_HX(ijk,p) . area max(l k) =g=area(i,.k,p
AMAXJU) p} .. areaﬁumax% areahu{;,&)
AMAX~CU(ip . areacu max(| 8 areacu(1,pJ;
FIXCOST . cost fix _=e= AF*(sum((i.,j.k)Sstage(k),CF*z(i,k
+ sumG CF*zhuG)) ﬁ sur%(( JC& (')()))' 115
AREACOST

. area
AF sum(ij.K)$stage(k), CA*=area max(i jk
+ AR (su(r(n A* a%eegh& maxG 116
+ AF*(sum{1,CA*areacu” max(i)));



UTILITYCOST . Cost uD /TOP* CHU? h(j )
sum sum U
+sumpD(8pF? £’ sum|CC qcu(,

OBJ . TAC =g= cost fix +cost area+ cost utility;

model STAGEMODELSINGLEPERIOD fall/;

plon iterlim=1e9;

ption domllm 0:
prlon reslim=le8;
STAGEMODEL_SINGLEPERIOD.optfile=0:

solve STAGEMODELSINGLEPERIOD using MINLP minimizing TAC;

display th.Ktc.l,
7. zhul zcu.l,
1ghul gcul,
area. .areahu. | areacu.|,
areaaTlax ZLareahumax. tareacUmax.]
dt.| thurldthulldtculldtcurl
ImtcL.I, Imtdhu.], Imtdcu.|
cost_fix.|, cost area.l, cost utility.l, TAC!

)
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