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APPENDICES

Appendix A HEN Synthesis 

SETS
I hot streams

/H1,H2,H3,H4,H5,H6,H7,H8,H9,H10,H11,H12,H13,H14,H15,H16,H17,H18/
J cold streams / c  1 ,C2,C3,C4,C5,C6,C7,C8,C9 /
K location / firstlocation,location2*location26,lastlocation /
c u  cold utility / CU1,CU2,CU3,CU4,CU5,CU6,CU7,CU8,CU9,CU10/

SCALARS
OMEGA 
GAMMA 
EMAT 
CHU 
CF
cw

?

PARAMETERS
TOUTH(I) outlet temperature of cold stream

HI 271.634
H2 249.582
H3 236.977
H4 207.45
H5 186.17
H6 183.036
H7 148.15
H8 129.446
H9 118.15

upper bound for heat exchange /999999/ 
upper bound for temperature difference /999999/ 
exchanger minimum approach temperature /3/ 
unit cost for hot utility /1000/ 
fixed charge for exchangers /99000/ 
unit cost for power consumption /200000/
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H10 298.58
HI 1 271.79
H12 249.58
H13 237.15

: H14 207.416
H15 186.214
H16 182.579
H17 147.941
H18 129.501 /

TINC(J) inlet temperature o f cold stream
/ C l 268.793

C2 246.57
C3 234.198
C4 204.446
C5 183.188
C6 179.915
C7 144.942
C8 126.521
C9 111.587 /

TOUTC(J^ outlet temperature o f cold stream
/ C l 269.293

C2 247.07
C3 234.698
C4 204.946
C5 183.688
C6 180.415
C7 145.442
C8 127.021
C9 112.087 /

FH(I) heat capacity o f hot stream
/ HI 263.3583

H2 272.9911



H 3 2 8 6 .2 3 5 6
H 4 3 5 1 .4 7 4 9
H 5 1480 .733
H 6 12 76 .32 4
H 7 4 6 1 .5 0 3 2
H 8 3 7 4 .2 5 1 5
H 9 3 5 4 .1 0 7 6
H 1 0 2 2 3 9 9
H I  1 13446.61
H 1 2 12 55 8 .8 4
H 13 3 1 5 2 .4 6 6
H 14 2 5 0 4 .4 6 8
H 1 5 2 9 0 1 .9 7 4
H 16 1036.471
H 1 7 4 1 0 .6 2 6 3
H 1 8 14 9 .4 23 2

F C (J)  h e a t c a p a c ity  o f  co ld  s tream
C l 3 9 6 2 0 0
C 2 32 0 0 6 3
C 3 2 5 8 8 0 0
C 4 2 2 1 2 0 0

C 5 172800
C 6 6 5 6 0 0
C 7 6 2 4 0 0
C 8 2 3 3 0 0
C 9 7830

F W (I,J )  h e a t c a p a c ity  o f  w o rk  
T C U IN (C U ) in le t te m p e ra tu re  o f  co ld  u tility  
/  C U 1 295  

C U 2  26 8  
C U 3  246
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C U 4 23 4
C U 5 20 4
C U 6 183
C U 7 180
C U 8 145
C U 9 127
C U 10 1 1 1

T C U O U T (C U ) o u tle t tem p era tu re  o f  c o ld  u tility
CU 1 300
C U 2 26 9
C U 3 24 7
C U 4 235
C U 5 205
C U 6 184
C U 7 181
C U 8 146
C U 9 128
C U 1 0 1 1 2

C C U (C U ) u n it c o s t fo r  co ld  utility
/  CU 1 22  

cm 140 
C U 3  160 
C U 4  180 
C U 5  300  
C U 6  40 0  
C U 7  45 0  
C U 8 500  
C U 9  600  
C U 1 0  7 0 0  /

FW(I,J)=0;
FW('H10VC1') = 851.636;
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F W ('H 1 r , 'C 2 ')  
F W ('H 1 2 ','C 3 ')  
F W ('H 1 3 ','C 4 ')  
F W ('H 1 4 V C 5 ') 
F W ('H 1 5 ','C 6 ')  
F W ('H 1 6 V C 7 ')  
F W ('H 1 7 ','C 8 ')  
F W ('H 1 8 ','C 9 ')

=  6 2 1 .7 7 2 ; 
=  4 5 0 .4 3 4 ; 
=  3 8 8 .0 7 8 ; 
=  2 6 3 .5 8 3 ; 
=  88 .14 ;
=  2 3 0 .1 5 ; 
=  55 .29 ;
=  2 1 .0 2 7 ;

V A R IA B L E S
T IN H (I)
o
พ

in le t tem p era tu re  o f  h o t s tre am  
o b jec tiv e  fu n c tio n  
S h a ft W o rk  R e q u ire m e n t

P O S IT IV E  V A R IA B L E S
d t(I,J ,K ) 
d tcu (I,C U ) 
d th u (J )  
q ( U ,K )  

s ta g e  k
q cu (I ,C U )
q h u (J)
tH (I,K )
tC (J ,K )

tem p e ra tu re  a p p ro ach  fo r  m a tc h  ij a t th e  le ft o f  stage  k 
te m p e ra tu re  a p p ro ach  fo r  m a tc h  h o t s tre a m  i an d  co ld  u tility  
te m p e ra tu re  ap p ro a c h  fo r  m a tc h  c o ld  s tream  j  an d  h o t u tility  
h e a t ex ch an g ed  b e tw e e n  h o t s tre am  i an d  co ld  stream  j  a t

h ea t ex ch an g ed  b e tw e e n  h o t s tre am  i a n d  c o ld  u tility  
h e a t ex ch an g ed  b e tw e e n  c o ld  s tream  j  a n d  h o t u tility  
te m p e ra tu re  o f  h o t s tre a m  i a t lo c a tio n  k 
te m p e ra tu re  o f  co ld  s tream  j  a t lo c a tio n  k

B IN A R Y  V A R IA B L E
z (I,J ,K ) B in a ry  v a riab le  o f  H E X  P ro c e ss  to  P ro c e s s
zc u (I ,C U ) B in a ry  v ariab le  o f  c o ld  u tility
zh u (J )  B in a ry  v ariab le  o f  h o t u tility

๐



T IN H .fx ( 'H l ')  =  3 0 3 .1 5 ; 
T IN H .fx ( 'H 2 ')  =  2 7 1 .6 3 4 ; 
T IN H .fx ( 'H 3 ')  =  2 4 9 .5 8 2 ; 
T IN H .fx ( 'H 4 ’) =  2 3 6 .9 7 7 ; 
T IN H .fx ( 'H 5 ')  =  2 0 7 .4 5 ; 
T IN H .fx ( 'H 6 ' ) =  186 .17 ; 
T IN H .fx ( 'H 7 ’) =  183 .036 ; 
T IN H .fx ( 'H 8 ’) =  148.15; 
T IN H .fx ( 'H 9 ')  =  129.446 ;

T IN H .lo ( 'H lO ')  =  29 9 ; 
T IN H .lo ( 'H H ')  =  2 7 2 ; 
T IN H .lo ( 'H 1 2 ')  =  25 0 ; 
T IN H .lo ( 'H 1 3 ’) =  24 0 ; 
T IN H .lo ( 'H 1 4 ')  =  20 8 ; 
T IN H .lo ( 'H 1 5 ’) =  187; 
T IN H .lo ( 'H 1 6 ')=  183; 
T IN H .lo (’H 1 7 ') =  148; 
T IN H .lo ( 'H 1 8 ')  =  130;

T IN H .u p ( 'H 1 0 ')  =  3 0 8 .9 5 1 ; 
T I N H .u p ( 'H l l ’) =  2 8 5 .4 9 1 ; 
T IN H .u p ( 'H 1 2 ’) =  2 6 0 .8 3 9 ; 
T IN H .u p ( 'H 1 3 ')  =  2 8 1 .7 5 ; 
T IN H .u p ( 'H 1 4 ')  =  2 4 8 .8 2 2 ; 
T IN H .u p ( 'H 1 5 ')=  198 .068 ; 
T IN H .u p ( 'H 1 6 ')  =  2 3 2 .0 1 6 ; 
T IN H .u p ( 'H 1 7 ')=  184 .059 ; 
T IN H .u p ( 'H 1 8 ’) =  162.963 ;
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E Q U A T IO N S
O H B _ H (I)
O H B _ C (J)
S H B _ H (I,K )
S H B _ C (J ,K )
T IN H A S S G N (I)

overall h e a t b a la n c e  fo r  e a c h  h o t s tream  
ov era ll h e a t b a lan ce  fo r  e a c h  c o ld  s tream  

heat b a la n c e  a t e a c h  s tag e  fo r  h o t s tream  
heat b a la n c e  a t each  s tag e  fo r  c o ld  s tream  
ass ig n m en t o f  in le t te m p e ra tu re  o f  h o t stream  i

T IN C A S S G N (J)  a ss ig n m en t o f  in le t te m p e ra tu re  o f  co ld  s tre a m j 
F H 1 (I ,K ) feasib ility  o f  te m p e ra tu re  at e a c h  s tag e  fo r ho t s tream
F H 2 (I)  feasib ility  o f  te m p e ra tu re  a t la s t s tag e  fo r ho t s tream
F C 1 (J ,K ) feasib ility  o f  te m p e ra tu re  a t e a c h  s tag e  fo r co ld  s tream
F C 2 (J )  feasib ility  o f  te m p e ra tu re  a t f irs t s tag e  fo r co ld  s tream
H U L O A D (I)  ho t u tility  lo ad
C U L O A D (J)  co ld  u tility  lo ad
H E C O U N T l( I ,J ,K )  co u n t h e a t e x c h a n g e r  
H E C O U N T 2 (I,C U ) c o u n t h o t u tility  
H E C O U N T 3 (J )  c o u n t c o ld  u tility
A P P T E M P L (I,J ,K ) ap p ro a c h  te m p e ra tu re  a t th e  le ft o f  stag e  k 
A P P T E M P R (I,J ,K ) ap p ro a c h  te m p e ra tu re  a t th e  rig h t o f  s tage k 
A P P T E M P C U (I,C U ) a p p ro ach  te m p e ra tu re  a t c o ld  u tility  o f  ho t s tream  i
A P P T E M P H U (J)  a p p ro a c h  te m p e ra tu re  a t h o t u tility  o f  co ld  s tream  j
A P P T E M P L IM IT (I,J ,K ) lim itin g  te m p e ra tu re  ap p ro a c h  
A P P T E M P C U M IN  (I,C U ) a p p ro a c h  te m p e ra tu re  a t c o ld  u tility
C O N S T M A T C H
C O N S T M A T C H C
O B JF N
S H A F T W O R K

defin e  m a tc h  o f  co ld  u tility  
d efin e  m a tc h  o f  h o t u tility  
o b jec tiv e  fu n c tio n  
shaft w o rk  re q u ire m e n t

* O v era ll E n e rg y  b a la n c e ........................................................................
O H B _ H ( I ) .. (T IN H (I)-T O U T H (I))* F H (I)  = e =  
S U M ((J ,K ),q (I ,J ,K ))+ S U M (C U ,q c u (I ,C U ));
O H B _ C (J ) .. (T O U T C (J)-T IN C (J))* F C (J )  = e =  S U M ((I,K ),q (I ,J ,K ))+ q h u (J );

o
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* H e a t b a la n c e  a t each  s tag e ...................................................................
S H B _ H (I,K )$ (O R D (K ) N E  C A R D (K ))  .. ( tH (I ,K )- tH (I ,K + l) )* F H (I )  = e =
S U M (J ,q (I ,J ,K ));

: S H B  C (J ,K )$ (O R D (K ) N E  C A R D (K ))  .. ( tC (J ,K )- tC (J ,K + l))* F C (J )  = e =
S U M (I,q (I,J ,K ));

* A ss ig n m e n t T em p era tu re ........................................................................
T IN H A S S G N (I) .. T IN H (I) = e =  tH (l , 'f irs t lo c a tio n ') ;
T IN C A S S G N (J ) .. T IN C (J) = e =  tC (J /la s tlo c a tio n ') ;

* F e a s ib le  T e m p e ra tu re ...........................................................................
F H 1 (I ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. tH (I ,K )  =g= tH ( I ,K + l) ;
F H 2 ( I ) .. T O U T H (I) =1= tH (I ,'la s tlo c a tio n ') ;
FC 1 (J,K)$(ORD(K) NE C A R D (K )).. tC(J,K) =g= tC (J,K +l );

F C 2 ( J ) .. T O U T C (J)  = g =  tC (J ,'f irs tlo c a tio n ') ;

* H e a t& C o ld  u tility ...............................................................................
H U L O A D ( I ) .. ( tH (I / la s tlo c a tio n ') -T O U T H (I))* F H (I)  = e =  S U M (C U ,q cu (I ,C U )); 
C U L Q A D (J ) .. (T O U T G (J ) - tC ( j;f i rs tlo c a t io n ') ) i,:F C (J )  = e =  qhu(J);

* C o u n tin g  ex is tin g  h ea t e x c h a n g e r  a t each  s ta g e ........................................
H E C O U N T 1 (I,J ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. q (I,J ,K )-O M E G A * z (I,J ,K ) =1= 0; 
H E C O U N T 2 (I,C U ).. q c u (I ,C U )-O M E G A * z c u (I ,C U ) =1= 0;
H E C O U N T 3 ( J ) .. q h u (J )-O M E G A * z h u (J )  = 1 = 0 ;

* C a lc u la tio n  o f  app ro ach  te m p e ra tu re .......................................................
A P P T E M P L (I ,J ,K )$ (O R D (K ) N E  C A R D (K ))  d t(I ,J ,K ) =1= tH (I ,K )-  
tC (J ,K )+ G A M M A * (l-z ( l,J ,K )) ;
APPTEMPR(I,J,K)$(ORD(K) NE CARD(K)) .. dt(I,J,K+l) =1= tH(I,K+l)- 

tC(J,K+1 )+GAMMA*( 1 -2(1, J,K));
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A P P T E M P C U (I,C U ).. d tc u (I ,C U ) =1= tH (I /la s t lo c a tio n ') -
T C U O U T (C U )+ G A M M A * ( 1 -z cu (I,C U ));
A P P T E M P H U (J)  .. d th u (J )  =1= T O U T C (J )-  tC (J /f ir s t lo c a tio n ')+ G A M M A * (l-
zh u (J));
A P P T E M P L L M IT (I,J ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. d t(I,J ,K ) = g =  E M A T ; 
A P P T E M P C U M IN  ( I ,C U ) .. d tc u (I ,C U ) = g =  E M A T ;
C O N S T M A T C H .. S U M ((I,C U ),z c u (I ,C U ))  = 1 = 2 ;
C O N S T M A T C H C .. S U M ((J ) ,z h u (J ))  =1= 0;

* O b je c tiv e  F u n c tio n .......................................................
O B JF N  . 0  = e=
S U M ((I ,C U ),C C U (C U )* q c u (I ,C U ))+ C H U * S U M (J ,q h u (J ))+ C F * S U M ((I ,J ,K ) ,z (U ,K
))+ S U M ((I,C U ),C F * z c u (I ,C U ))+ C F * S U M (J ,z h u (J ))+
C W * S U M ((I,J ) ,F W (I,J )* (T IN H (I)-T O U T C (J))) ;
S H A F T W O R K  . . พ  = e=  S U M (( l,J ) ,F W (U )* (T IN H (I)-T O U T C (J ) ))  ;
5

M O D E L  S T A G E M O D E L  S Y N H E A T  m o d e l /A L L / ;
S O L V E  S T A G E M O D E L  U S IN G  M IP  M IN IM IS IN G  O ;
D IS P L A Y  z .l ,z c u .l ,z h u .l,tH .l,tC .l,q .l ,q c u .l,q h u .l,0 .1 ,W .l,F W ;
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A p p en d ix  B T h e M u ltis ta g e  C a sc a d e  R e fr ig era tio n  o f  L N G  P ro cess  
F lo w sh e e t  and S tream  C o n d itio n  in P R O II

T a b le  B1 The base case condition of multistage cascade refrigeration of LNG 
process

T ,
(°C)

T t
(°C )

p s
(a tm )

p,
(atm )

F
(k g /s)

H l l 12.34 -1 .3 6 4 .48 4 .48 4 5 8 .6 9 2
H I 2 8 .6 -1 .3 6 16.5 16.5 3 3 2 .7 1 8
H 13 30 -1 .5 2 3 9 .4 7 39 .47 108 .733
H 14 35 .8 2 5 .4 3 9.5 9.5 6 5 2 .1 4 3
H 21 -12.31 -2 3 .5 7 2 . 1 2 2 . 1 2 3 3 4 .6 0 4
H 22 -1 .3 6 -2 3 .6 3 16.5 16.5 33 2  71 8
H 23 -1 52 -2 3 .5 7 3 9 .4 7 39 .47 108 .733
H31 -23 .63 -36 16.5 1 6 5 3 3 2 .7 1 8
H 32 -24 .33 -3 5 .5 7 6 . 0 2 6 . 0 2 216.771
H 33 -2 3 .5 7 -3 6 .1 7 3 9 .4 7 39 .47 108.733
H41 -35 57 -65 .73 6 . 0 2 6 . 0 2 216 .771
H 42 -36 .17 -65 7 3 9 .4 7 39 .47 108 733
H 51 -75 .08 -8 6 .9 4 2 .4 5 4 2 .454 7 3 .1 0 8
H 52 -41 13 - 8 6 9 35 .5 35.5 136 .283
H 53 -65 .7 -8 6 .9 8 3 9 .4 7 39 .47 108 .733
H61 -86 .9 -9 0 .5 7 35 .5 35.5 136 .283
H 62 -86 .98 -90.11 3 9 .4 7 39 .47 108 .733
H 71 -89 09 -125 .21 9 .402 9 .402 2 9 .3 9
H 72 -11 0 .1 9 -125 3 536 3.536 9 .1 6
H 73 -90.11 -125 3 9 .4 7 39 .47 108 .733
H 81 -125 -14 3 .6 5 3 .5 3 6 3 .536 9 .1 6
H 82 -125 -1 4 3 .7 3 9 .4 7 39 .47 108 .733
H91 -1 4 3 .7 -155 3 9 .4 7 39 .47 108 733
C l -4 .36 -4 .3 6 4 .0 8 4 .08 6 5 2 .1 4 3
C 2 -26 .58 -2 6 .5 8 1.89 1.89 4 5 8 .6 9 2
C 3 -38 .95 -38 .95 1.15 1.15 3 3 4 .6 0 4
C 4 -68 .7 -68 .7 5 37 5 37 33 2  7 1 8
C 5 -89 .96 -89 .9 2 . 1 2 2  1 2 21 6 .7 71
C 6 -93 .24 -9 3 .2 4 1 . 8 1 . 8 7 3 .1 0 8
C 7 -128.21 -128 .21 8.15 8.15 136 .283
C 8 -146 .63 -1 4 6 .6 2 .94 2.94 2 9 .3 9
C 9 -16 1 .5 6 -1 6 1 .5 6 1 1 9 .1 6
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T a b le  B 2 The condition of multistage cascade refrigeration of LNG process from 
result of Shaft work targeting technique

«
T f
(°C )

p s
(a tm )

p*
(atm )

F
(k g /s)

H l l 12.351 -1 .3 7 3 4 .48 4 .48 4 2 5 .7 5 6
1112 9 .8 5 8 -1 .3 6 16.5 16.5 3 0 7  808
H 13 30 -1 .3 6 3 9 .4 7 39 .47 108 .733
H 14 3 6 .2 0 4 2 5 .4 3 9.5 9.5 6 0 7 .5 2 4
H 21 -12 .301 -23 .5 6 3 2 . 1 2 2 . 1 2 3 0 9  773
H 22 -1 .3 6 -2 3 .5 6 16.5 16.5 3 0 7 .8 0 8
H 23 -1 36 -23  55 3 9 .4 7 39 .47 108 .733
H 31 -2 3 .5 6 -3 5 .2 6 9 16 5 16.5 3 0 7  808
H 32 -22  799 -36 6 . 0 2 6 . 0 2 198.524
H 33 -2 3 .5 5 -36 39 .47 39 .47 108 .733
H 41 -36 -6 5 .7 3 4 6 . 0 2 6 . 0 2 198 524
H 42 -36 -65  7 3 9 .4 7 39 .47 108 .733
H 51 -5 0 .1 9 7 - 8 6 9 3 6 2 .454 2 .454 84 .691
H 52 -64 .411 - 8 6 9 25 25 84 .3 4 6
H 53 -6 5 .7 - 8 6 9 3 39 .47 39 .47 108 .733
H 61 -86 .9 -1 0 1 .0 2 4 25 25 8 4 .3 4 6
H 62 - 8 6 9 3 - 1 0 1 39 .47 39 .47 108 .733
H71 -8 9 .1 1 7 -125 .21 9 .402 9.402 2 9 .3 9 3
H 72 -115 .27 1 -125 3 536 3 .536 9 .043
H 73 - 1 0 1 -125 39 .47 39 .47 108 .733
H 81 -125 -1 4 3 .6 6 3 .536 3 .536 9 .0 4 3
H 82 -125 -1 4 3 .6 3 9 .4 7 39 .47 108 .733
H 91 -1 4 3 .6 -155 39 .47 3 9 4 7 108.733
C l -4 .3 6 -4 .35 4 .08 4 .08 6 0 7 .5 2 4
C2 -2 6 .5 8 -2 6 .5 7 1.89 1 89 4 2 5 .7 5 6
C 3 -38 .95 -3 8 .9 4 1.15 1 15 3 0 9 .7 7 3
C 4 - 6 8 7 - 6 8  7 5 37 5 37 3 0 7 .8 0 8
C 5 -89  96 -89  95 2  1 2 2 . 1 2 19 8 .5 24
C 6 -1 0 4 .0 2 8 -1 0 4 .0 1 8 1 1 84 .691
C 7 -1 2 8 .2 0 8 -128  198 8.15 8.15 8 4 .3 4 6
C 8 -146  63 -1 4 6 .6 2 2.94 2 .94 2 9 .3 9 3
C 9 -1 5 7  981 -1 5 7  98 1.33 1 33 9 .043
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Table B3 The condition of multistage cascade refrigeration of LNG process from
result of the Extended Pinch Analysis and Design Methodology and novel exergy
diagram

T s
(°C )

T t
(°C )

p s
(atm )

p,
(a tm )

F
(k g /s )

H l l 12.351 -1 .3 6 3 4.48 4 .48 4 0 7 .0 9 9
H 12 0 .6 7 4 -1 .3 6 14.78 14 78 2 7 5 .8 2 5
H 13 30 -1 .5 1 6 39 .47 3 9 .4 7 1 0 8 7 3 3
H 1 4 3 5 .9 3 2 2 5 .4 3 9.5 9.5 5 6 1 .1 2 8
H 21 -9 .6 1 2 -2 3 .5 6 3 2 . 1 2 2  1 2 2 9 7 .3 4 3
H 22 -1 36 -23 .681 14.78 14.78 275  825
H 23 -1 .5 1 6 -23  568 39.47 3 9 .4 7 108 .733
H 31 -23.681 -3 9  011 14.78 14.78 2 7 5 .8 2 5
H 32 -23  906 -4 0  21 9 6 . 0 2 6 . 0 2 189.251
H 33 -2 3 .5 6 8 -3 8 .8 8 2 39 .47 3 9 .4 7 108 733
H 41 -40  219 -65  72 4 6 . 0 2 6 . 0 2 189.251
H 42 -3 8 .8 8 2 -65 .7 39 .47 3 9 .4 7 108.733
H 51 -5 0 2 8 6 - 8 6 9 3 6 2.45 2 .45 7 9 .3 9 2
H 52 -65 .443 -86 .9 25 25 7 7 .9 6 8
H 53 -6 5 .7 -8 6 .9 8 8 39.47 3 9 .4 7 108 .733
H61 -86 .9 -1 0 1 .0 2 4 25 25 7 7 .9 6 8
H 62 -8 6 9 8 8 - 1 0 1  181 39 .47 3 9 .4 7 108.733
H71 -89 .1 2 2 -125  21 9.402 9 .402 2 7 .7 2 2
H 72 -1 2 1 .9 0 5 -125 3 536 3 .5 3 6 8 .086
H 73 -101 .181 -125 39 .47 3 9 .4 7 1£8 .733
H 81 -125 -1 4 4 .5 1 5 3.536 3 .5 3 6 8 0 8 6
H 82 -125 -1 4 3 .7 0 4 39 .47 3 9 .4 7 108 .733
H91 -1 4 3 .7 0 4 -1 5 5 .3 2 5 39 .47 2 2 108 733
C l -4 .3 6 -4 .3 6 4 .08 4 .08 5 6 1 .1 2 8
C 2 -2 6 .5 8 -2 6 .5 8 1.89 1.89 4 0 7  09 9
C 3 -4 2 .1 9 -4 2 .1 9 1 1 2 9 7 .3 4 3
C 4 -6 8 .7 -68 .7 5.37 5 .37 2 7 5 .8 2 5
C 5 -89  96 -89  96 2 . 1 2 2  1 2 189.251
C 6 -1 0 4 .0 2 8 -1 0 4 .0 2 8 1 1 7 9 .3 9 2
C l -1 2 8 .2 0 8 - 1 2 8 2 0 8 8.15 8.15 77  9 6 8
C 8 -146 .63 -14 6 .6 3 2.94 2 .94 2 7 .7 2 2
C 9 -1 5 7 .0 3 2 -1 5 7 .0 3 2 1.43 1.43 8 .086

๐
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A p p en d ix  c H E N  R e tr o fit

M od el o f  H E N  R e tr o fit  fo r  C a se  1 (n ew  e x ch a n g ers  >  20)

S E T S
I h o t s tre am s

/H 1 ,H 2 ,H 3 ,H 4 ,H 5 ,H 6 ,H 7 ,H 8 ,H 9 ,H 1 0 ,H 1 1 ,H 1 2 ,H 1 3 ,H  1 4 ,H 1 5 ,H 1 6 ,H 1 7 ,H 1 8 /
J co ld  s tre a m s  /  C 1 ,C 2 ,C 3 ,C 4 ,C 5 ,C 6 ,C 7 ,C 8 ,C 9  /
K lo ca tio n  /  f irs t lo c a tio n ,lo c a tio n 2 * lo c a tio n 2 6 ,la s tlo c a tio n  /
c u  co ld  u tility  /  C U 1 ,C U 2 ,C U 3 ,C U 4 ,C U 5 ,C U 6 ,C U 7 ,C U 8 ,C U 9 ,C U 1 0 /

S C A L A R S
O M E G A
G A M M A
E M A T
C H U
C F
c w

u p p e r  b o u n d  fo r h ea t ex ch an g e  / 9 9 9 9 9 9 / 
u p p e r  b o u n d  fo r  tem p e ra tu re  d iffe re n c e  /9 9 9 9 9 9 / 
e x c h a n g e r  m in im u m  a p p ro ach  te m p e ra tu re  / 3 / 
u n it c o s t fo r  h o t u tility  / 1 0 0 0 /  
f ix e d  c h a rg e  fo r ex ch an g ers  / 9 9 0 0 0 0 0 0 / 
u n it c o s t fo r  p o w er c o n su m p tio n  / 2 0 0 0 0 0 /

P A R A M E T E R S
T O U T H (I)  o u tle t te m p e ra tu re  o f  c o ld  s tream

H I 2 7 1 .6 3 4
H 2 2 4 9 .5 8 2
H 3 2 3 6 .9 7 7
H 4 2 0 7 .4 5
H 5 186.17
H 6 183 .036
H 7 148.15
H 8 129.446
H 9 118.15
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H 1 0 2 9 8 .5 8
H I  1 2 7 1 .7 9
H 1 2 2 4 9 .5 8
H 13 23 7 .1 5
H 1 4 2 0 7 .4 1 6
H 15 18 6 .2 14
H 1 6 182 .579
H 1 7 147.941
H 1 8 129.501 /

T IN C (J) in le t te m p e ra tu re  o f  co ld  s tream
/ C l 2 6 8 .7 9 3

C 2 2 4 6 .5 7
C 3 2 3 4 .1 9 8
C 4 2 0 4 .4 4 6
C 5 18 3 .1 88
C 6 179.915
C 7 144 .942
C 8 126.521
C 9 11 1 .5 8 7  /

T O U T C (J )  o u tle t te m p e ra tu re  o f  co ld  s tream
/ C l 2 6 9 .2 9 3

C 2 2 4 7 .0 7
C 3 2 3 4 .6 9 8
C 4 2 0 4 .9 4 6
C 5 183.688
C 6 180.415
C 7 145 .442
C 8 127.021
C 9 11 2 .0 87  /

F H (I)  h e a t c a p a c ity  o f  h o t s tream
/  H I 2 6 3 .3 5 8 3

H 2 2 7 2 .9 9 1 1
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H 3 2 8 6 .2 3 5 6
H 4 3 5 1 .4 7 4 9
H 5 1480 .733
H 6 12 76 .32 4
H 7 4 6 1 .5 0 3 2
H 8 3 7 4 .2 5 1 5
H 9 3 5 4 .1 0 7 6
H 1 0 2 2 3 9 9
H I  1 13446.61
H 12 12558.84
H 13 3 1 5 2 .4 6 6
H 1 4 2 5 0 4 .4 6 8
H 15 2 9 0 1 .9 7 4
H 16 1036.471
H 17 4 1 0 .6 2 6 3
H 18 14 9 .4 23 2  /

F C (J) h e a t c ap a c ity  o f  co ld  s tream
/ C l 3 9 6 2 0 0

C 2 32 0 0 6 3
C3 2 5 8 8 0 0
C 4 2 2 1 2 0 0

C5 172800
C 6 6 5 6 0 0
C 7 6 2 4 0 0
C 8 23 3 0 0
C 9 7 8 3 0  /

F W (I,J) h e a t c ap a c ity  o f  w ork
T C U IN (C U ) in le t tem p e ra tu re  o f  co ld  u tility
/  CU 1

C U 2
C U 3

295
26 8
246
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C U 4 234
C U 5 204
C U 6 183
C U 7 180
C U 8 145
C U 9 127
C U 1 0 1 1 1

T C U O U T (C U ) o u tle t te m p e ra tu re  o f  c o ld  u tility
CU 1 30 0
C U 2 26 9
C U 3 24 7
C U 4 235
C U 5 205
C U 6 184
C U 7 181
C U 8 146
C U 9 128
C U 1 0 1 1 2

C C U (C U ) u n it co st fo r  co ld  u tility
CU 1 2 2

C U 2 140
C U 3 160
C U 4 180
C U 5 300
C U 6 40 0
C U 7 4 5 0
C U 8 500
C U 9 60 0
C U 1 0 700

F W (I ,J )= 0 ;
F W ('H 10,; C 1 ' ) =  851 .636;

o
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F W ('H 1 1 V C 2 ’) =  621 .772 ; 
F W ('H 1 2 ','C 3 ')  =  450 .434 ; 
F W ('H 1 3 V C 4 ')  =  388 .078 ; 
F W ('H 1 4 V C 5 ')  =  263 .583 ; 
F W ('H 1 5 V C 6 ')  =  88.14;
F W ('H  16 V C 7 ') =  230 .15 ; 
F W ('H 1 7 V C 8 ’) =  55 .29 ; 
F W ('H 1 8 V C 9 ')  =  21 .027;

e x _ z (I ,J ,K ); 
e x _ z (I ,J ,K ) =  0;
e x _ z (’H l  1 V C r,'f irs tlo c a tio n ')=  1 ; 
ex _ z ( 'H  15 ','C  1 ', 'f irs tlo ca tio n ')=  1 ; 
e x _ z ( 'H  1 ', 'C l V firstlo ca tion ')=  1 ; 
e x _ z ( 'H 2 ',,C 2 V lo ca tio n 2 ,)=  1; 
ex _ z('H 1 2 V C 2 V lo ca tio n 2 ')=  1; 
e x _ z ( 'H l 5 ','C 2 V lo ca tio n 2 ')=  1; 
ex _ z ( 'H  17 ','C 3  V location3 ')=  1 ; 
ex _ z ( 'H 1 5 V C 3 ', 'lo ca tio n 3 ')=  1; 
e x _ z ( 'H 3 ,; C 3 ’,,lo ca tio n 3 ')=  1 ; 
e x _ z ( 'H 4 ',,C 4 ’;io c a tio n 4 ')=  1; 
e x _ z ( ,H 1 7 ,; C 4 ,;io c a tio n 4 ')=  1; 
e x _ z ( 'H 2 0 ',1C 5 ,;io c a tio n 5 ,)=  1; 
e x _ z ( 'H l 8 ', 'C 5 ','lo ca tio n 5 ')=  1; 
ex _ z( 'H 5 V C 5 ','lo ca tio n 5 ')=  1; 
e x _ z ( 'H 6 V C 6 ', 'lo ca tio n 6 ')=  1 ; 
e x _ z ( 'H 2 0 ';C 6 '; io c a tio n 6 ’)=  1; 
e x _ z ( 'H 7 ',,C 7 V lo ca tio n 7 ’)=  1; 
ex _ z('H 2 3 V C 7 V lo ca tio n 7 ')=  1; 
e x _ z ( 'H 2 1 V C 7 ','lo ca tio n7 ')=  1; 
exzCmS'/CSVlocationS'^ 1;
e x _ z ( 'H 8 ', 'C 8 ',,lo c a tio n 8 ')=  1 ;

๐



9 9

ex _ z('H 9 ','C 9 V lo ca tio n 9 ')=  1;

VARIABLES
T iN H (I)
0

พ
5

in le t te m p e ra tu re  o f  h o t s tre am  
o b jec tiv e  fu n c tio n  
S haft W o rk  R e q u ire m e n t

POSITIVE VARIABLES
d t(I ,J ,K ) tem p e ra tu re  a p p ro a c h  fo r  m a tc h  ij a t th e  left o f  s tag e  k
d tcu (I,C U ) 
d th u (J )  
q ( U ,K )  

s tag e  k

tem p e ra tu re  a p p ro a c h  fo r  m a tc h  h o t s tream  i a n d  c o ld  u tility  
tem p e ra tu re  a p p ro a c h  fo r  m a tc h  co ld  stream  j  a n d  h o t u tility  
h ea t e x c h a n g e d  b e tw e e n  h o t s tream  i and  c o ld  s tream  j  a t

q cu (I ,C U )
q h u (J)
tH (I,K )
tC (J ,K )

?

h ea t e x c h a n g e d  b e tw e e n  h o t s tre am  i an d  co ld  u tility  
h ea t e x c h a n g e d  b e tw e e n  c o ld  s tream  j  an d  h o t u tili ty  
tem p e ra tu re  o f  h o t s tre am  i a t lo ca tio n  k 
tem p e ra tu re  o f  c o ld  s tream  j a t  lo ca tio n  k

BINARY VARIABLE
z (I,J ,K ) B in a ry  v a r ia b le  o f  H E X  P ro c e ss  to  P ro cess
zcu (I ,C U )
zh u (J )

?

B in ary  v a r ia b le  o f  c o ld  u tility  
B in ary  v a r ia b le  o f  h o t u tility

T IN H .fx ( 'H lr) =  303 .15 ; 
T IN H .fx ( 'H 2 ')  =  271 .634 ; 
T IN H .fx ( 'H 3 ')  =  24 9 .5 82 ; 
T IN H .fx ( 'H 4 ')  =  236 .977 ; 
T IN H .fx ( 'H 5 'j =  207 .45 ; 
T IN H .fx ( 'H 6 ') =  186.17;

o



T IN H .fx ( 'H T )  =  183.036; 
T IN H .fx ( 'H 8 ')  =  148.15; 
T IN H .fx ( 'H 9 ')  =  129.446;

T IN H .lo ( 'H lO ')  =  299; • 
T IN H .lo ( 'H H ')  =  272; 
T IN H .lo ( 'H 1 2 ')  =  250; 
T IN H .lo ( 'H 1 3 ')  =  240; 
T IN H .lo ( 'H 1 4 ')  =  208; 
T IN H .lo ( 'H 1 5 ')=  187; 
T IN H .lo ( 'H 1 6 ')  =  183; 
T IN H .lo ( 'H 1 7 ')  =  148; 
T IN H .lo ( 'H 1 8 ')  =  130;

T IN H .u p ( 'H 1 0 ')  =  3 0 8 .9 5 1 ; 
T IN H .u p ( 'H l l ')  =  2 8 5 .4 91 ; 
T IN H .u p ( 'H 1 2 ')  =  2 6 0 .8 39 ; 
T IN H .u p ( 'H 1 3 ')  =  28 1 .7 5 ; 
T IN H .u p (’H 1 4 ')  =  2 4 8 .8 22 ; 
T IN H .u p (’H 1 5 ') =  198.068 ; 
T IN H .u p ( 'H 1 6 ’) =  2 3 2 .0 16 ; 
T IN H . u p ( 'H  17') =  184.059; 
T IN H .u p ( 'H 1 8 ')=  162.963;

EQUATIONS
O H B _ H (I)  
O H B  C (J) 
SH B _H (1 ,K ) 
S H B _ C (J ,K )

o v e ra ll h e a t  b a la n c e  fo r  e a c h  h o t s tream  
o v e ra ll h e a t b a la n c e  fo r  e a c h  co ld  stream  

h e a t b a la n c e  a t  e a c h  s ta g e  fo r  h o t s tream  
h e a t b a la n c e  a t  each  s ta g e  fo r  co ld  s tream

T IN H A S S G N (I) a s s ig n m e n t o f  in le t te m p e ra tu re  o f  h o t s tream  i
T IN C A S S G N (J) a s s ig n m e n t o f  in le t te m p e ra tu re  o f  co ld  s tream  j



F H  1(1,K ) fe a s ib ility  o f  te m p e ra tu re  a t  each  stage fo r  h o t s tre am
F H 2 (I) fe a s ib ility  o f  te m p e ra tu re  a t  la st stage  fo r h o t s tre am
F C  1(J,K ) fea s ib ility  o f  te m p e ra tu re  a t  each  stage fo r  c o ld  s tream
F C 2 (J)  fe a s ib ility  o f  te m p e ra tu re  a t  first s tage fo r  c o ld  s tream
H U L O A D (I) h o t u tili ty  lo a d
C U L O A D (J) c o ld  u tility  lo ad
H E C O U N T 1 (I,J ,K ) c o u n t h e a t e x c h a n g e r
H E C O U N T 2 (I,C U ) c o u n t h o t u tility
F 1E C 0 U N T 3(J) c o u n t c o ld  u tility
A P P T E M P L (1 ,J,K ) a p p ro a c h  te m p e ra tu re  a t  th e  left o f  s tag e  k
A P P T E M P R (I,J ,K ) a p p ro a c h  te m p e ra tu re  a t  th e  righ t o f  s tag e  k
A P P T E M P C U (I,C U ) a p p ro a c h  te m p e ra tu re  a t  co ld  u tility  o f  h o t s tre a m  i
A P P T E M P H U (J) a p p ro a c h  te m p e ra tu re  a t ho t u tility  o f  c o ld  s tre a m  j
A P P T E M P L IM IT (I,J ,K ) lim itin g  te m p e ra tu re  app roach
A P P T E M P C U M IN  (I ,C U ) a p p ro a c h  te m p e ra tu re  a t co ld  u tility
C O N S T M A T C H  d e f in e  m a tc h  o f  c o ld  u tility
C O N S T M A T C H C  d e f in e  m a tch  o f  h o t u tili ty
n ew m atch z (I,J ,K )
O B JF N  o b je c tiv e  fu n c tio n
S H A F T W O R K  sh a f t w o rk  re q u ire m e n t

* O v e ra ll E n erg y  b a la n c e .......................................................................
O H B  H ( I ) .. (T IN H (I)-T O U T H (I))* F H (I)  = e =  
S U M ((J ,K ),q (I ,J ,K ))+ S U M (C U ,q c u (I ,C U ));
O H B _ C ( J ) .. (T O U T C (J)-T IN C (J))* F C (J )  = e =  S U M ((IJK ),q (I,J ,K ))+ q h u (J);

* H e a t b a lan ce  a t e a c h  s ta g e ...................................... ....................... ....
S H B _ H (I,K )$ (O R D (K ) N E  C A R D (K ))  .. ( tH (I ,K )- tH (I ,K + l) )* F H (I )
S U M (J ,q (I ,J ,K ));
S H B _ C (J ,K )$ (O R D (K ) N E  C A R D (K ))  .. ( tC (J ,K )- tC (J ,K + l))* F C (J )
S U M (I,q (I,J ,K ));
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* A ssig n m en t T e m p e ra tu re .......................................................................
T IN H A S S G N (I) .. T IN H (I)  = e =  tH (I ,'f irs tlo ca tio n ');
T IN C A S S G N (J) .. T IN C (J)  = e =  tC (J /la s tlo c a tio n ') ;

* F easib le  T em p era tu re ..........................................................................
F H 1 (I ,K )$ (0 R D (K ) N E  C A R D ( K ) ) .. tH (I ,K ) = g =  tH (I ,K + l) ;
F H 2 ( I ) .. T O U T H (I) =1= tH (I ,’la s tlo c a tio n ') ;
F C l(J ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. tC (J ,K )  = g =  tC (J ,K + l) ;
F C 2 ( J ) .. T O U T C (J) = g =  tC (J ,'f irs tlo c a tio n ') ;

* H ea t& C o ld  u tility ..............................................................................
H U L O A D (I) .. ( tH ( l, 'la s tlo c a tio n ')-T O U T H (I))* F H (I)  = e=  S U M (C U ,q c u (I ,C U )); 
C U L O A D (J ) .. (T O U T C (J)- tC (J ,'f irs tlo c a tio n '))* F C (J )  = e =  q h u (J);

* C o u n tin g  ex istin g  h e a t e x c h a n g e r  a t each  s ta g e ........................................
H E C O U N T 1 ( บ ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. q (I ,J ,K )-O M E G A * z (I,J ,K ) =1= 0; 
H E C O U N T 2(I,C U ).. q c u (I ,C U )-O M E G A * z c u (I ,C U ) =1= 0;
F IE C O U N T 3 (J) .. q h u (J )-O M E G  A  * zh u ( J  ) =1= 0;

* C a lcu la tio n  o f  a p p ro ach  te m p e ra tu re ......................................................
A P P T E M P L (I,J ,K )$ (O R D (K ) N E  C A R D (K ))  .. d t(I ,J ,K ) =1= tH (I ,K )-  
tC (J ,K )+ G A M M A * ( 1 -z (I ,J ,K ));
A P P T E M P R (I,J ,K )$ (O R D (K ) N E  C A R D (K ))  .. d t ( I ,J ,K + l)  =1= tH ( I ,K + l) -  
tC (J ,K + 1 )+ G A M M A * (l -z (I ,J ,K ));
A P P T E M P C U (I,C U ).. d tc u (I ,C U ) =1= tH (I ,’la s t lo c a t io n ’)-
T C U O U T (C U )+ G A M M A * (l-z c u (I ,C U )) ;
A P P T E M P H U (J) .. d th u (J )  =1= T O U T C (J)-  tC (J ,’f irs t lo c a t io n ')+ G A M M A * ( l-  
zh u (J));
A P P T E M P L IM IT (I,J ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. d t(I ,J ,K ) = g =  E M A T ; 
A P P T E M P C U M IN  ( I ,C U ) .. d tc u (I ,C U ) = g =  E M A T ;
C O N S T M A T C H .. S U M ((I,C U ),z c u (I ,C U ))  =1= 2;

o
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C O N S T M A T C H C . S U M ((J ) ,z h u (J ))  =1= 0;
C O N S T M A T C H H X .. S U M ((I ,J ,K ) ,n e w z (U ,K ))  =1= 20;
n ew m atch z (I ,J ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. n ew z(I,J ,K ) = E =  z (U ,K )-e x _ z ( I ,J ,K ) ;

* O b jec tiv e  F u n c tio n .......................................................
O B J F N .. o  = e=
S U M ((I,C U ),C C U (C U )* q c u (I ,C U ))+ C H U * S U M (J ,q h u (J))+ C F * S U M ((I,J ,K ),n e w z (I
,J ,K ))+ S U M ((I,C U ),C F * z c u (I ,C U ))+ C F * S U M (J ,z h u (J ))+
C W * S U M ((L J),F W (I,J )* (T IN H (I)-T O U T C (J))) ;
S H A F T  W O R K  . . พ  = e =  S U M ((I,J ) ,F W (I,J )* (T IN H (I)-T O U T C (J)))  ;
5

M O D E L  S T A G E M O D E L  S Y N H E A T  m o d e l /A L L / ;
S O L V E  S T A G E M O D E L  U S IN G  M IP  M IN IM IS IN G  O ;
D IS P L A Y  z .l,ex _ z ,n ew z . 1 ,z cu .l,z h u .l,tH .l,tC .l,q .l,q c u .l ,q h u .l,0 .1 ,W .l,F W ;

Model of HEN Retrofit for Case 2 (new exchangers > 10)

SETS
I h o t s tre am s

เห  1 ,H 2 ,H 3 ,H 4 ,H 5 ,H 6 ,H 7 ,H 8 ,H 9 ,H  10 ,H  11 ,H  12 ,H  13,H 14,H 15,H I  6 ,H I  7 ,H 18/
J co ld  s tream s / C 1 ,C 2 ,C 3 ,C 4 ,C 5 ,C 6 ,C 7 ,C 8 ,C 9  /
K  lo c a tio n  /  f irs tlo c a tio n ,lo c a tio n 2 * lo c a tio n 2 6 ,la s tlo c a tio n  /
c u  co ld  u tility  /  C U 1 ,C U 2 ,C U 3 ,C U 4 ,C U 5 ,C U 6 ,C U 7 ,C U 8 ,C U 9 ,C U 1 0 /

SCALARS
O M E G A
G A M M A
E M A T
C H U
CF
c w

u p p e r  b o u n d  fo r  h e a t ex ch an g e  /9 9 9 9 9 9 / 
u p p e r  b o u n d  fo r  tem p e ra tu re  d iffe ren ce  /9 9 9 9 9 9 / 
e x c h a n g e r  m in im u m  ap p ro ach  te m p e ra tu re  / 3 / 
u n it c o s t fo r  h o t u tility  / 1 0 0 0 / 
f ix e d  c h a rg e  fo r  ex ch an g ers  /9 9 0 0 0 0 0 0 / 
u n it c o s t fo r  p o w e r  co n su m p tio n  / 2 0 0 0 0 0 /

o
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PARAMETERS
T O U T H (I) o u tle t te m p e ra tu re  o f  c o ld  stream

/ H I 2 7 1 .6 3 4
H 2 2 4 9 .5 8 2
H3 2 3 6 .9 7 7
H 4 20 7 .4 5
H5 186.17
H 6 183.036
H 7 148.15
H 8 129.446
H 9 118.15
H 1 0 29 8 .5 8
H I 1 2 7 1 .7 9

H 12 24 9 .5 8
H 13 23 7 .1 5
H 14 2 0 7 .4 1 6
H 15 186.214
H 16 182.579
H 1 7 147.941
H 18 129.501

T IN C (J) in le t te m p e ra tu re  o f  co ld  stream
C l 26 8 .7 9 3
C 2 2 4 6 .5 7
C 3 2 3 4 .1 9 8
C 4 2 0 4 .4 4 6
C 5 183.188
C 6 179.915
C 7 144.942
C 8 126.521
C 9 111.587

๐



T O U T C (J )  o u tle t te m p e ra tu re  o f  co ld  s tream
C l 2 6 9 .2 93
C 2 2 4 7 .0 7
C 3 2 3 4 .6 9 8
C 4 2 0 4 .9 46
C 5 183.688
C 6 180.415
C 7 145.442
C 8 127.021
C 9 112.087

F H (I)  h e a t c a p a c ity  o f  h o t s tream
H I 2 6 3 .3 5 8 3
H 2 272 .9911
H3 2 8 6 .2 3 5 6
H 4 3 5 1 .4 7 4 9
H 5 1480 .733
H 6 1276 .324
H 7 4 6 1 .5 0 3 2
H 8 3 7 4 .2 5 1 5
H S t.. 3 5 4 .1 0 7 6
H 1 0 2 2 3 9 9
H I  1 13446.61
H 12 12 558 .84
H 13 3 1 5 2 .4 6 6
H 14 2 5 0 4 .4 6 8
H 15 2 9 0 1 .9 7 4
H 16 1036.471
H 1 7 4 1 0 .6 2 6 3
H 1 8 149 .4232

F C (J) h e a t c a p a c ity  o f  c o ld  s tream  
/  C l  39 6 2 0 0  

C 2  32 0 0 6 3



C 3 2 5 8 8 0 0
C 4 2 2 1 2 0 0

C 5 172800
C 6 6 5 6 0 0
C 7  • 6 2 4 0 0
C 8 2 3 3 0 0
C 9 78 30  /

F W (I,J )  h e a t c a p a c ity  o f  w o rk  
T C U IN (C U ) in le t te m p e ra tu re  o f  co ld  u tility  
/ C U 1 295

C U 2 26 8
C U 3 24 6
C U 4 23 4
C U 5 20 4
C U 6 183
C U 7 180
C U 8 145
C U 9 127
C U IO 1 1 1  /

T C U O U T (C U ) o u tle t tem p e ra tu re  o f  co ld  u tility  
/ C U 1 30 0

C U 2 26 9
C U 3 2 4 7
C U 4 235
C U 5 205
C U 6 184
C U 7 181
C U 8 146
C U 9 128
C U 1 0 1 1 2  /

C C U (C U ) u n it c o s t fo r  c o ld  u tility
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CU 1 2 2

C U 2 140
C U 3 160
C U 4 180
C U 5 30 0
C U 6 4 0 0
C U 7 45 0
C U 8 500
C U 9 60 0
C U 10 700

F W (I ,J )= 0 ;
F W ('H 1 0 V C 1 ')  =  8 5 1 .6 36  
F W ('H 1 1 V C 2 ')  =  6 2 1 .7 7 2  
F W ('H 1 2 V C 3 ')  =  4 5 0 .4 3 4  
F W ('H 1 3 V C 4 ')  =  3 8 8 .0 7 8  
F W ('H 1 4 V C 5 ’) =  2 6 3 .5 8 3  
F W ('H 1 5 ','C 6 ')  =  88 .14 ; 
F W ( 'H 1 6 V C 7 ) =  2 3 0 .1 5 ; 
F W (’H 1 7 V C 8 ') =  55 .29 ; 
F W ('H 1 8 V C 9 ’) =  2 1 .0 2 7 ;

e x _ z  ( บ ,  K ); 
e x _ z (I ,J ,K ) =  0 ;
ex _ z ( 'H  11 ','C  1 7 f irs tlo c a tio n ')=  1 ; 
ex _ z ( 'H  15 ','C  1Y firs tlo ca tio n ')=  1 ; 
ex _ z ( 'H  1 ', 'C  1 ', 'f irs tlo ca tio n ')=  1 ; 
ex_ z('F I2 ’, 'C 2 '; io c a tio n 2 ')=  1; 
e x _ z ( ,H 1 2 ','C 2 ','lo c a tio n 2 ')=  1; 
e x _ z ( 'H 1 5 ', 'C 2 ’,'lo ca tio n 2 ')=  1; 
ex _ z ( 'H  17 ','C 3  ', 'lo ca tio n 3  ')=  1; 
e x _ z ( 'H 1 5 ', 'C 3 ', 'lo c a tio n 3 ')=  1;
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e x _ z (’H 3 7 C 3 7 1 o ca tio n 3 ')=  1 ; 
e x _ z ( 'H 4 7 C 4 7 1 o c a tio n 4 ')=  1 ; 
ex _ z ( 'H 1 7 7 C 4 7 1 o c a tio n 4 ')=  1; 
e x _ z ( 'H 2 0 7 C 5 7 1 o ca tio n 5 ')=  1; 
e x _ z ( 'H l 8 7 C 5 7 1 o ca tio n 5 ')=  1; 
e x _ z ( 'H 5 7 C 5 7 1 o c a tio n 5 ')=  1; 
ex _ z ( 'H 6 7 C 6 7 1 o ca tio n 6 ')=  1 ; 
e x _ z ( 'H 2 0 7 C 6 7 1 o c a tio n 6 ,)=  1 ; 
e x _ z (’H 7 7 C 7 7 1 o c a tio n 7 ’)=  1; 
e x _ z ( 'H 2 3 ', 'C 7 ,; io c a tio n 7 ,)=  1; 
e x  z ( ’H 2 1 7 C 7 7 1 o ca tio n 7 ')=  1; 
e x _ z ( 'H 2 3 ';C 8 ', 'lo c a tio n 8 ')=  1; 
e x _ z ( 'H 8 7 C 8 7 1 o c a tio n 8 ')=  1 ; 
e x _ z ( 'H 9 7 C 9 7 1 o c a tio n 9 ')=  1;

VARIABLES
T IN H (I)  in le t tem p era tu re  o f  h o t s tream
o  o b jec tiv e  fu n c tio n
พ  S h aft W ork  R e q u ire m e n t

POSITIVE VARIABLES
d t(I ,J ,K ) 
d tcu (I,C U ) 
d th u (J )  
q ( U ,K )  

s tag e  k
q cu (I ,C U )
q h u (J)
tH (I,K )
tC (J ,K )

tem p era tu re  a p p ro a c h  fo r  m a tc h  ij a t th e  left o f  s tage k  
tem p era tu re  a p p ro a c h  fo r  m a tc h  h o t s tre am  i an d  co ld  u tility  
tem p era tu re  a p p ro a c h  fo r  m a tc h  co ld  s tream  j  an d  h o t u tility  
h e a t ex ch an g ed  b e tw e e n  h o t s tre am  i an d  co ld  s tream  j  a t

h e a t ex ch an g ed  b e tw e e n  h o t s tre am  i an d  co ld  u tility  
h ea t ex ch an g ed  b e tw e e n  c o ld  s tream  j  a n d  h o t u tility  
tem p era tu re  o f  h o t s tre am  i a t lo c a tio n  k 
tem p era tu re  o f  c o ld  s tream  j  a t lo c a tio n  k

o



BINARY VARIABLE
z (I,J ,K ) B inary  v a r ia b le  o f  H E X  P ro c e ss  to  P ro cess
zc u (I ,C U ) B in ary  v a r ia b le  o f  c o ld  u tility  
zh u (J )  B inary  v a r ia b le  o f  h o t u tili ty

T IN H .fx ( 'H l ')  =  30 3 .1 5 ; 
T IN H .fx ( 'H 2 ')  =  2 7 1 .6 3 4 ; 
T IN H .fx ( 'H 3 ')  =  2 4 9 .5 8 2 ; 
T IN H .fx ( 'H 4 ')  =  2 3 6 .9 7 7 ; 
T IN H .fx (’H 5 ')  =  20 7 .4 5 ; 
T IN H .fx ( 'H 6 ')=  186.17; 
T IN H .fx (’H 7 ’) =  183.036 ; 
T IN H .fx ( 'H 8 ’) =  148.15; 
T IN H .fx ( 'H 9 ')  =  129.446 ;

TINH.lo('HlO') = 299; 
TINH.lo('Hl 1') = 272; 
TINH.lo('H12') = 250; 
TINH.lo('H13') = 240; 
TINH.lo('H14') = 208; 
TINH.lo('H15') = 187; 
TINH.lo('H16') = 183; 
TINH.lo('H17')= 148; 
TINH.lo('H18')= 130;

T IN H .u p ( 'H 1 0 ’) =  30 8 .9 51 ; 
T IN H .u p (’H l l ' )  =  2 8 5 .4 91 ; 
T IN H .u p ( 'H 1 2 ')  =  2 6 0 .8 39 ; 
T IN H .u p (’H 1 3 ')  =  28 1 .7 5 ; 
T IN H .u p (’H 1 4 ')  =  2 4 8 .8 22 ;



T IN H .u p ( 'H 1 5 ')=  198.068; 
T IN H .u p ( 'H l6 ')  =  232.016 ; 
T IN H .u p ( 'H 1 7 ')=  184.059; 
T IN H .u p ( 'H 1 8 ’) =  162.963;

EQUATIONS
O H B _ H (I)  overall h e a t  b a la n c e  fo r e a c h  h o t s tream  
O H B _ C (J)  ov era ll h e a t b a la n c e  fo r  e a c h  c o ld  stream  
S H B _ H (I,K ) h ea t b a la n c e  a t e a c h  s tag e  fo r  h o t s tream  
S H B _ C (J ,K ) hea t b a la n c e  a t e a c h  s ta g e  fo r  co ld  s tream  
T IN H A S S G N (I) a ss ig n m e n t o f  in le t te m p e ra tu re  o f  h o t stream  i
T IN C A S S G N (J)  a ss ig n m e n t o f  in le t te m p e ra tu re  o f  co ld  stream  j 
F H 1 (I,K ) feas ib ility  o f  te m p e ra tu re  a t  e a c h  stag e  fo r h o t s tre am
F H 2 (I)  feas ib ility  o f  te m p e ra tu re  a t la s t s tag e  fo r h o t s tre am
F C 1 (J ,K ) feas ib ility  o f  te m p e ra tu re  a t  e a c h  stag e  fo r co ld  s tream
F C 2 (J)  feas ib ility  o f  te m p e ra tu re  a t f irs t s tag e  fo r co ld  s tream
H U L O A D (I)  h o t u tili ty  lo ad
C U L O A D (J)  co ld  u tility  lo ad
H E C O U N T l(I ,J ,K )  c o u n t hea taex ch an g er 
H E C O U N T 2 (I,C U ) c o u n t h o t u tility  
H E C O U N T 3 (J )  c o u n t c o ld  u tility  
A P P T E M P L (I,J ,K ) a p p ro a c h  te m p e ra tu re  a t  th e  le ft o f  s tage k  
A P P T E M P R (I,J ,K ) a p p ro a c h  te m p e ra tu re  a t  th e  rig h t o f  stag e  k 
A P P T E M P C U (I,C U ) a p p ro a c h  te m p e ra tu re  a t  c o ld  u tility  o f  h o t s tre a m  i
A P P T E M P H U (J)  a p p ro a c h  te m p e ra tu re  a t  h o t u tili ty  o f  co ld  s tream  j  
A P P T E M P L IM IT (I,J ,K ) lim itin g  te m p e ra tu re  ap p ro ach  
A P P T E M P C U M IN  (I,C U ) a p p ro a c h  te m p e ra tu re  a t co ld  u tility  
C O N S T M A T C H  d e fin e  m a tc h  o f  c o ld  u tili ty  
C O N S T M A T C H C  d e f in e  m a tc h  o f  h o t u tili ty  
n ew m atch z (I ,J ,K )
O B JF N  o b je c tiv e  fu n c tio n
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S H A F T W O R K  sh a ft w o rk  re q u ire m e n t

* O v era ll E nergy  b a lan ce ........................................................................
O H B _ H ( I ) .. (T IN H (I)-T O U T H (I))* F H (l)  = e =
ร บ M ((J ,K ),q ( l,J ,K ))+ S U M (C U ,q c u (I ,C U ));
O H B  C ( J ) .. (T O U T C (J)-T IN C (J))* F C (J )  = e =  S U M ((I,K ),q (I ,J ,K ))+ q h u (J );

* H e a t b a la n c e  at each  s ta g e ...................................................................
S H B  H (I,K )$ (O R D (K ) N E  C A R D (K ))  .. ( tH (I ,K )- tH (I ,K + l) )* F H (I )  = e =
S U M (J ,q (I ,J ,K ));
S H B _ C (J ,K )$ (O R D (K ) N E  C A R D (K ))  .. ( tC (J ,K )- tC (J ,K + l))* F C (J )  = e =
S U M (I,q (I,J ,K ));

* A ss ig n m e n t T em p era tu re ........................................................................
T IN H A S S G N (I) .. T IN H (I) = e =  tH (I ,T irs tlo ca tio n ');
T IN C A S S G N (J ) .. T IN C (J) = e =  tC ( j ; ia s t lo c a t io n ’);

* F e a s ib le  T em p era tu re ...........................................................................
F H * (I ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. tH (I ,K )  = g =  tH (I ,K + l) ;
F H 2 ( I ) .. T O U T H (I) =1= tH (E 'la s tlo c a tio n ') ;
F c  1 (J ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. tC (J ,K )  = g =  tC (J ,K + l) ;
F C 2 ( J ) .. T O U T C (J) = g =  tC (J ,'f irs tlo c a tio n ') ;

* H ea t& C o ld  u tility ...............................................................................
H U L O A D ( I ) .. ( tH ( i;ia s tlo c a tio n ') -T O U T H (I))* F H (I )  = e =  S U M (C U ,q cu (I ,C U )); 
C U L O A D (J ) .. (T O U T C (J )- tC (J ,'f irs tlo c a tio n ')) !,tF C (J )  = e=  qhu(J);

* C o u n tin g  ex is tin g  h ea t e x c h a n g e r  a t e a c h  s ta g e ........................................
H E C O U N T 1 (I,J ,K )$ (O R D (K ) N E  C A R D (K ))  .. q ( I ,J ,K )-O M E G A * z (I,J ,K ) =1= 0; 
F IE C O U N T 2 (I,C U ).. q c u (I ,C U )-O M E G A * z c u (I ,C U ) =1= 0;
H E C O U N T 3 (J )  .. q h u (J )-O M E G A * z h u (J ) =1= 0;



112

* C a lc u la tio n  o f  ap p ro ach  te m p e ra tu re ......................................................
A P P T E M P L (I ,J ,K )$ (O R D (K ) N E  C A R D (K ))  .. d t(I ,J ,K ) =1= tH (I ,K >  
tC (J ,K )+ G A M M A * ( 1 -z (I ,J ,K ));
A P P T E M P R (I,J ,K )$ (O R D (K ) n e  C A R D (K ))  .. d t( I ,J ,K + l)  =1= tH ( I ,K + l) -  
tC (J ,K + 1 )+ G A M M A * ( 1 -z (I, J ,K ));
A P P T E M P C U ( I ,C U ).. d tc u (I ,C U ) =1= tH (I ,'la s tlo c a tio n ')-
T C U O U T (C U )+ G  A M M A * ( l-z c u ( I ,C U ));
A P P T E M P H U (J)  .. d th u (J )  =1= T O U T C (J )-  tC (J /f ir s t lo c a tio n ')+ G A M M A * (l-  
zh u (J));
A P P T E M P L IM IT (I,J ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. d t (U ,K )  = g =  E M A T ; 
A P P T E M P C U M IN  ( I ,C U ) .. d tc u (I ,C U ) = g =  E M A T ;
C O N S T M A T C H .. S U M ((I,C U ),z c u (I ,C U ))  =1= 2;
C O N S T M A T C H C .. S U M ((J ) ,z h u (J ))  =1= 0;
C O N S T M A T C H H X .. S U M ((I ,J ,K ),n e w z (I ,J ,K ))  =1= 10;
n ew m atch z (I ,J ,K )$ (O R D (K ) N E  C A R D ( K ) ) .. n ew z(I,J ,K ) = E =  z (I,J ,K )-e x _ z (I ,J ,K );

* O b je c tiv e  F u n c tio n .......................................................
O B JF N  .. o  = e=
S U M ((I ,C U ),C C U (C U )* q c u (I ,C U ))+ C H U * S U M (J ,q h u (J))+ C F * S U M ((I,J ,K ),n e w z (I  
,J ,K ))+ S U M ((I,C U ),C F * z c u (I ,C U ))+ C F *  ร บ M (J ,z h u (J ))+  
C W * S U M ((I,J ) ,F W (I,J )* (T IN H (I)-T O U T C (J))) ;
S F IA F T W O R K  .. พ  = e =  S U M C C IJj^FW C bJj^T IN H C Ij-T O U T C C J))) ;

M O D E L  S T A G E M O D E L  S Y N H E A T  m o d e l /A L L / ;
S O L V E  S T A G E M O D E L  U S IN G  M IP  M IN IM IS IN G  O;
D IS P L A Y  z .l,ex _ z ,n ew z. l,z c u .l ,z h u .l,tH .l ,tC .l,q .l,q c u .l,q h u .l,0 .1 ,W .l,F W ;

Retrofitted HEN Model Validation by PROU

T h e  resu lt fro m  G A M S  fo r c a se  1 (n e w  ex ch an g ers  >  2 0 )  is  v a lid a te d  w ith  
P R O II  by  u s in g  the  sam e  m a tc h  o f  e x c h a n g e r  b e c a u se  th is  re su lt p ro v id e s  th e  o p tim al
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so lu tio n  w h en  co m p ares  c a se  1 (n e w  e x c h a n g e rs  >  20 ) w ith  c a se  2 (n e w  e x c h a n g e rs  
>  10). F ig ure  C l  is il lu s tra te d  th e  re su lt o f  validation . T e m p e ra tu re  a n d  d u ty  o f  
s tre am s are  chan ged ; a d d itio n a lly , th re e  n e w  co o lin g  u tilitie s  a re  a d d e d  in s truc tu re . 
T h e  re su lt o f  v a lid a tio n  is  2 2 9 ,9 0 0  k w  o f  co o lin g  du ty  an d  1 2 8 ,7 7 5 .6 9  k w  o f  sh a f t 
w o rk  requ irem en t. T h ere  a re  e rro rs  o f  tem p e ra tu re , du ty  a n d  p h a se  c h an g e  a t ta rg e t  
tem p e ra tu re  o f  h o t s tream  w h e n  co m p a re s  w ith  b ase  case  d u e  to  re su lt fro m  G A M S  
w ith  a ssu m p tio n  o f  h e a t c a p a c ity  c o n s ta n t a n d  w ith o u t c o n s id e ra tio n  o f  la te n t h ea t. In 
ad d itio n , M ath em atica l P ro g ra m m in g  d o e s  n o t in c lu de  e q u a tio n  o f  th e rm o d y n am ic . 
A lth o u g h  th e re  are  e rro r  o f  te m p e ra tu re , d u ty  and  ph ase  ch a n g e , th e  re su lt fro m  
G A M S  is v a lid a ted  b y  P R O II , re su lt in g  in  sh a f t w o rk  sav ing  a n d  c o o lin g  d u ty  sav in g  
a re  a b o u t 10.62 %  a n d  1.16 %  fro m  b a se  case .



F ig u r e  C l  T h e  re su lt o f  R e tro fit te d  H E N  o f  c a se  1 (n e w  e x c h a n g e rs  >  2 0 )  v a lid a tio n  f ro m  M a th e m a tic a l p ro g ram m in g .
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