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Appendix A Source Code of MINLP Single Period Model

T h e  f o l l o w i n g  t e x t  i s  s o u r c e  c o d e  w h ic h  is  e n te r e d  in  G A M S  f o r  s y n t h e s iz in g  H E N  

fo r  s i n g l e  p e r io d .

S E T S
I h o t  s t r e a m s  /1 1 * 1 3 /
J c o l d  s t r e a m s  /J 1 * J 4 /
K  in d e x  o f  s t a g e  o r  lo c a t io n  7 K 1  * K 4 ,K L /  / / l a s t  n u m b e r  i s  n o . o f  s t a g e s

/ /d y n a m i c  s e t s / /
s t a g e ( k )  a l l  s t a g e s
5

s t a g e ( k )  =  y e s ;  s ta g e ( 'K L ')  =  n o ;

S C A L A R S

/ / C o s t / /
C A p e r  u n it  c o s t  o f  h e a t  e x c h a n g e r  a r e a ( $  p e r  u n it) /  6 4 1 . 7 /
B e x p o n e n t  fo r  a r e a  c o s t ( d i m e n s io n l e s s ) ณ
C F f ix e d  c o s t  o f  h e a t  e x c h a n g e r ( $  p e r  u n it ) / 8 3 3 3 . 3 /

C H U p e r  u n it  c o s t  o f  h o t  u t i l i t y ( $  p e r  k W ) / 1 1 5 .2 /
c c u f i x e d  c o s t  o f  h e a t  e x c h a n g e r ( $  p e r  k W ) / 1 .3 /

A F a n n u a l is a t io n  fa c to r / 0 . 2 /

/ / o t h e r / /
E M A T  e x c h a n g e r  m in im u m  a p p r o a c h  t e m p e r a tu r e (C )  / 5 /

H H U  h e a t  t r a n s fe r  c o e f f i c i e n t  o f  h o t  u t i l i t y ( k W |( m 2 .C ) )  / 2 /  
H C U  h e a t  t r a n s fe r  c o e f f i c i e n t  o f  c o ld  u t i l i t y ( k W |( m 2 .C ) )  / ! /

P A R A M E T E R S  
/ /H o t  S t r e a m s / /

T H I N ( i )  in l e t  t e m p e r a tu r e  o f  h o t  s t r e a m s ( C )
/  I l  4 0 6

12 1 6 0  
13 3 6 2

/
T H O U T ( i )  o u t l e t  te m p e r a tu r e  o f  h o t  s t r e a m s ( C )  
/  I l  6 0



12 4 0
13 6 0

/
/ /C o l d  S t r e a m s / /

T C I N ( j )  in le t  t e m p e r a tu r e  o f  c o ld  s t r e a m s ( C )
/  i l  7 2

J 2  6 2  
J3 2 2 0  
J 4  2 5 0

/
T C O U T ( j )  o u t l e t  t e m p e r a tu r e  o f  c o ld  s t r e a m s ( C )
/  J1 3 6 5

J2  2 1 0  
J3 3 7 0  
J 4  2 9 0

/
/ /H e a t  C a p a c i t y  F lo w r a t e s / /

F C P H ( i )  h e a t  ca 'p a ity  f lo w r a t e s  f o  h o t  s t r e a m s ( C )
/  I l  2 0 5 .0

12 1 9 8 .8
13 1 3 6 .4

/
F C P C ( j )  h e a t  c a p a i t y  f lo w r a t e s  f o  c o ld  s t r e a m s ( C )  
/  J1 2 1 0 .3

J 2  1 4 1 .0  
J3 1 7 5 .4  
J4  3 1 8 .7

/ / U t i l i t y / /
T H U I N ( j )  in l e t  t e m p e r a tu r e  o f  h o t  u t i l i t y ( C )
/  J1 4 0 0

J 2  4 0 0  
J3 4 0 0  
J4  4 0 0

/
T H U O U T f j )  o u t l e t  te m p e r a tu r e  o f  h o t  u t i l i t y ( C )
/  J1 3 9 9

J2  3 9 9  
J3 3 9 9  
J 4  3 9 9

/
T C U I N ( i )  in l e t  t e m p e r a tu r e  o f  c o ld  u t i l i t y ( C )
/  I l  15

12 15
13 15

/
T C U O U T ( i )  o u t l e t  te m p e r a tu r e  o f  c o ld  u t i l i t y ( C )
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/ II 2 0
12 2 0
13 2 0

/
/ /H e a t  tr a n s fe r  c o e f f i c i e n t / /

H H ( i )  h e a t  c a p a i t y  f lo w r a t e s  o f  h o t  s t r e a m s ( k W |( m 2 .C ) )  
/  I l  2

12 2  
13 2

/
H C ( j )  h e a t  c a p a i t y  f lo w r a t e s  o f  c o ld  s t r e a m s ( k W |( m 2 .C ) )
/  J1 1 .5  

J 2  1 .5  
J3 2  
J 4  2

/
/ / o v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t / /

บ ( i , j )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  fo r  m a t c h ( i . j )
U H U ( j )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  fo r  c o ld  s t r e a m ( j )  a n d  h o t  u t i l i ty
U C U ( i )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  fo r  h o t  s t r e a m ( i )  a n d  c o l d  u t i l i ty

/ /u p p e r  b o u n d  fo r  l o g i c a l  c o n s t r a in t s / /
G A M M A _ H X ( i , j ,k )  u p p e r  b o u n d  h e a t  lo a d  fo r  m a tc h  ( i . j )
G A M M A _ H บ (j)  
G A M M A ~ C U ( i )

u p p e r  b o u n d  h e a t  lo a d  fo r  h o t  u t i l i t y  
u p p e r  b o u n d  h e a t  lo a d  fo r  c o ld  u t i l i t y

T A U _ H X ( i , j ,k )
T A lfH U U j)
T A U _ H U R ( j )

T A U _ C U L ( i )

T A U X U R ( i )

u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  f o r  h e a t  e x c h a n g e r  
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  fo r  le f t  s id e  o f  h o t  
u t il i ty  e x c h a n g e r
u p p e r  b o u n d  o f  t e m p e r a tu r e  d i f f e r e n c e  fo r  r ig h t  s id e  o f  h o t  
u t il i ty  e x c h a n g e r
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  fo r  le f t  s id e  p f  c o ld  
u t il i ty  e x c h a n g e r
u p p e r  b o u n d  o f  t e m p e r a tu r e  d i f f e r e n c e  fo r  r ig h t  s id e  o f  c o ld  
u t il i ty  e x c h a n g e r

/ /p a r a m e t e r  fo r  a n s w e r  v e r i f i c a t io n / /
z l ( i , j , k )  c o r r e c t  e x i s t e n c e  o f  m a t c h ( i . j )  a t s t a g e  k
z h u l ( j )  c o r r e c t  e x i s t e n c e  o f  h o t  u t i l i t y  fo r  c o ld  s t r e a m  j
z c u l ( i )  c o r r e c t  e x i s t e n c e  o f  c o ld  u t i l i t y  fo r  h o t  s tr e a m  i

d t l ( i , j , k )  c o r r e c t  te m p e r a tu r e  d i f f e r e n c e ( C )  fo r  m a t c h ( i . j )  at lo c a t io n  k
d t h u l  1 ( j )  c o r r e c t  te m p e r a tu r e  d i f f e r e n c e ( C )  fo r  l e f t  s id e  o f  h o t  u t i l i t y  e x

c h a n g e r
d th u r  1 ( j )  c o r r e c t  te m p e r a tu r e  d i f f e r e n c e ( C )  fo r  r ig h t  s id e  o f  h o t  u t i l i t y  e x

c h a n g e r
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d tc u l l ( i )  c o r r e c t  te m p e r a tu r e  d i f f e r e n c e ( C )  fo r  l e f t  s id e  o f  c o ld  u t i l i ty
e x c h a n g e r

d t c u r l ( i )  c o r r e c t  te m p e r a tu r e  d i f f e r e n c e ( C )  fo r  r ig h t  s id e  o f  c o l d  u t i l i ty
e x c h a n g e r

L M T D l ( i , j ,k )  
L M T D H U l  ๑

L M T D C U l ( i )

c o r r e c t  l o g  m e a n  t e m p e r a tu r e  d i f f e r e n c e  o f  m a t c h ( i . j )  a t s ta g e  k  
c o r r e c t  lo g  m e a n  t e m p e r a tu r e  d i f f e r e n c e  o f  h o t  u t i l i ty  
e x c h a n g e r  fo r  c o ld  s tr e a m  j
c o r r e c t  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  c o ld  u t i l i t y  

e x c h a n g e r  fo r  c o ld  s tr e a m  i

A R E A H X l ( i , j , k )
A R E A H U 1 0 )
A R E A C U l ( i )

c o r r e c t  a r e a  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  a t s t a g e  k  
c o r r e c t  a r e a  o f  h o t  u t i l i t y  e x c h a n g e r  o f  c o ld  s tr e a m  j 
c o r r e c t  a r e a  o f  c o ld  u t i l i t y  e x c h a n g e r  o f  h o t  s t r e a m  i

C o s t f i x l  c o r r e c t  f i x e d  c o s t
C o s t _ a r e a l  c o r r e c t  a r e a  c o s t
C o s t  u t i l i t y l  c o r r e c t  u t i l i t y  c o s t

T A C 1 c o r r e c t  to ta l  a n n u a l iz e d  c o s t

T O T _ A R E A
T O T ^ H U
T O T C U

to ta l  a r e a  o f  h e a t  e x c h a n g e r s  in c lu d in g  u t i l i t y  e x c h a n g e r s  
to ta l  h o t  u t i l i ty  
to ta l  c o ld  u t i l i ty

/ /O v e r a l l  h e a t  t r a n s fe r  c o e f f i c i e n t  c a l c u la t io n s / /  
ข ( บ )  =  l / ( l / H H ( i ) + l / H C ( j ) ) ;
U H U ( j )  =  l / ( l / H C ( j ) + l / H H U ) ;
U C U ( i )  = 1 / (  1 / H H ( i ) + 1 /H C U ) ;

V A R I A B L E S
t h ( i ,k )
t c ( j ,k )

t e m p e r a t u r e ( C )  o f  h o t  s t r e a m s  i a t lo c a t io n  k  
t e m p e r a t u r e ( C )  o f  c o ld - s t r e a m s  j  at lo c a t io n  k

q ( i j , k )
q h u ( j )
q c u ( i )

h e a t  lo a d ( k W )  o f  m a t c h ( i . j )  a t s t a g e  k  
h e a t  lo a d ( k W )  o f  h o t  u t i l i ty  fo r  c o ld  s tr e a m  j  
h e a t  lo a d ( k W )  o f  c o ld  u t i l i t y  fo r  h o t  s tr e a m  1

z ( i , j ,k )
z h u ( j )
z c u ( i )

e x i s t e n c e  o f  m a t c h ( i . j )  a t s t a g e  k  
e x i s t e n c e  o f  h o t  u t i l i t y  fo r  c o l d  s tr e a m  j 
e x i s t e n c e  o f  c o l d  u t i l i t y  fo r  h o t  s tr e a m  i

d t ( i , j ,k )
d t h u l( j )
d th u r (j)
d t c u l ( i )

te m p e r a tu r e  d i f f e r e n c e ( C )  fo r  m a t c h ( i . j )  a t l o c a t io n  k 
t e m p e r a tu r e  d i f f e r e n c e ( C )  f o r  l e f t  s id e  o f  h o t  u t i l i t y  e x c h a n g e r  
t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  r ig h t  s id e  o f  h o t  u t i l i ty  e x c h a n g e r  
te m p e r a tu r e  d i f f e r e n c e ( C )  fo r  l e f t  s id e  o f  c o l d  u t i l i t y  e x c h a n g e r
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d tc u r ( i)  t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  r ig h t  s id e  o f  c o ld  u t i l i t y  e x c h a n g e r

L M T D ( i , j ,k )  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  m a t c h ( i . j )  a t s t a g e  k
L M T D H U ( j )  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  h o t  u t i l i t y  e x c h a n g e r  fo r

c o ld  s tr e a m  j
L M T D C U ( i )  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  c o l d  u t i l i t y  e x c h a n g e r  fo r  

c o ld  s tr e a m  i

A R E A ( i , j ,k )
A R E A H U C i)
A R E A C U ( i )

a r e a  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  a t s t a g e  k  
a r e a  o f  h o t  u t i l i ty  e x c h a n g e r  o f  c o ld  s t r e a m  j 
a r e a  o f  c o ld  u t i l i ty  e x c h a n g e r  o f  h o t  s t r e a m  i

C o s t _ f ix
C o s t a r e a
C o s t u t i l i t y

f i x e d  c o s t  
a r e a  c o s t  
u t i l i t y  c o s t

T A C  to ta l  a n n u a l iz e d  c o s t

P O S I T I V E  V A R I A B L E S  q ( i , j ,k ) ,  q h u ( j ) ,  q c u ( i ) ,
d t ( i , j .k ) ,  d th u l(J ) , d th u r (j ) ,  d t c u l ( i ) ,  d tc u r ( i) ,
L M T D ( i , j ,k ) ,L M T D H U ( j ) ,L M T D C U ( i ) ,
A R E A ( i , j ,k ) ,A R E A H U ( j ) ,A R E A C U ( i )

B I N A R Y  V A R I A B L E S  z ( i j . k ) ,  z h u ( j ) ,  z c u ( i )  ;

/ /v a r ia b le  b o u n d in g / /

t h .u p ( i ,k )  =  T H I N ( i ) ;  
t h . lo ( i ,k )  =  T H O U T ( i ) ;  
t c .u p ( j ,k )  =  T C O U T C j);  
t c . l o ( j ,k )  =  T C I N ( j ) ;

q .u p ( i , j ,k ) $ s t a g e ( k )  =  m a x ( m in (  F C P H ( i ) * ( t h .u p ( i ,k ) -  
m a x ( t h d o ( i , k + l ) ?t c d o ( j ,k + l ) + E M A T ) )  5 F C P C ( j ) * ( m in ( t h .u p ( i ,k ) -  
E M A T ,t c .u p ( j ,k ) ) - t c d o ( j ,k + l ) )  )  , 0 ) $ (  ( t h .u p ( i ,k ) - t c . l o ( j ,k )  >== E M A T )  a n d  
( t h . u p ( i , k + l ) - t c . l o ( j . k + l )  > =  E M A T ) )  + 0 $ (  ( t h .u p ( i ,k ) - t c d o ( j ,k )  <  E M A T )  o r  
( t h . u p ( i , k + l ) - t c d o ( j , k + l )  <  E M A T ) )  ;

q h u .u p O ) =  m a x (  F C P C ( j ) * ( m in ( T H U I N ( j ) - E M A T ,T C O U T ( j ) ) -  
tc d o G  ' K l ' ) )  , 0 ) $ ( ( T H U I N 0 ) - T C O U T G )  > =  E M A T )  a n d  ( T H U O U T ( j ) -  
t c . lo G ,  K l ' )  > =  E M A T ) )  + 0 $ (  ( T H U I N G ) - T C O U T G )  <  E M A T )  o r  ( T H U O U T G ) -  
tc r lo G , K T )  <  E M A T ) )  ;



q c u .u p ( i )  =  m a x (  F C P H ( i) * ( t h .u p ( i , 'K L ') -
m a x ( T H O U T ( i ) ,T C U I N ( i ) + E M A T ) )  , 0 ) $ (  ( t h .u p ( i , 'K L ' ) - T C U O U T ( i )  > =  E M A T )  
a n d  ( T H O U T ( i ) - T C U I N ( i )  > =  E M A T ) )  + 0 $ (  ( t h .u p ( i , 'K L ’) - T C U O U T ( i )  <  E M A T )  
( T H O U T ( i ) - T C U I N ( i )  <  E M A T ) )  ;

z .u p ( i j ,k ) $ s t a g e ( k )  =  0 $ ( q .u p ( i , j ,k ) = 0 )  +  l $ ( q .u p ( i , j ,k )  n e  0 ) ;
z h u .u p ( i )  =  0 $ ( q h u .u p ( j )  = 0 )  +  l $ ( q h u .u p ( j )  n e  0 );
z c u .u p ( i )  =  0 $ ( q c u .u p ( i )  = 0 )  +  l $ ( q c u .u p ( i )  n e  0 ) ;

d t .u p ( i j ,k )  =  m a x ( E M A T ,( t h .u p ( i ,k ) - t c . lo ( j ,k ) ) ) ;  
d t . l o ( i j ,k )  =  E M A T ;
d th u l.u p C i) =  m a x ( E M A T ,T H U I N ( j ) - T C O U T ( j ) ) ;  
d t h u l. lo O )  =  E M A T  ;
d th u r .u p O ) =  m a x ( E M A T ,T H U O U T ( j ) - t c . ] o ( j , ’K l ,) ) ; 
d th u r .lo ( j )  =  E M A T ;
d t c u l .u p ( i )  =  m a x ( E M A T ,t h .u p ( i , 'K L ') - T C U O E f T ( i ) ) ;  
d t c u l . lo ( i )  = E M A T ;
d t c u r .u p ( i)  =  m a x ( E M A T ,T H O U T ( i ) - T C U I N ( i ) ) ;  
d tc u r .I o ( i )  =  E M A T ;

L M T D .u p ( i , j ,k ) $ s t a g e ( k )  =
( d t .u p ( i j ,k ) * d t .u p ( i , j ,k + l ) * ( d t .u p ( i , j ,k ) + d t .u p ( i , j ,k + l ) ) / 2 ) * * ( l / 3 ) ;  

L M T D .lo ( i , j ,k ) $ s t a g e ( k )  =
( d t . l o ( i , j ,k ) * d t . l o ( i , j ,k + l ) * ( d t . l o ( i , j ,k ) + d t d o ( i , j ,k + l ) ) / 2 ) * * ( l / 3 ) ;

L M T D H U .u p O )
( d t h u r .u p ( j ) * d t h u L u p ( j ) * ( d t h u r .u p ( i ) + d t h u E u p ( j ) ) /2 ) * * ( l /3 ) ;

L M T D H U .lo O )  .
( d t h u r . lo ( j ) * d t h u L lo ( j ) * ( d t h u r . lo ( i ) + d t h u E lo ( j ) ) /2 ) * * ( l /3 ) ;

L M T D C U .u p ( i )
( d t c u l .u p ( i ) * d t c u r .u p ( i ) * ( d t c u E u p ( i ) + d t c u r .u p ( i ) ) / 2 ) * * ( l / 3 ) ;

L M T D C U . lo ( i )
( d t c u k l o ( i ) * d t c u r . l o ( i ) * ( d t c u k l o ( i ) + d t c u r . l o ( i ) ) / 2 ) * * ( l / 3 ) ;

A R E A .u p ( i , j ,k ) $ s t a g e ( k )  =  q .u p ( i , j ,k ) /L M T D .l o ( i . j ,k ) / U ( i , j ) ;
A R E A H U .u p ( j )  =  q h u .u p ( j ) /L M T D H E f .lo ( i ) /E f H U ( j ) ;
A R E A C E I .u p ( i )  =  q c u .u p ( i ) /L M T D C E T .lo ( i ) /U C U ( i ) ;

/ / A s s i g n  b o u n d in g  t o  p a m a te r s  in  lo g ic a l  c o n s t r a in t / /  
G A M M A _ H X ( i , j ,k )  =  q .u p ( i , j ,k ) ;  
G A M M A ~ E lU ( j )  =  q h u .u p C i);  
G A M M A _ C E l( i )  =  q c u .u p ( i ) ;

T A U _ E I X ( i , j ,k )
t a l T h u l o )
t a u I h u r o )
TAUlcUL(i)
TAUlcUR(i)

=  - t h d o ( i ,k ) + t c .u p ( j ,k ) + d t . l o ( i , j ,k ) ;
=  - T H U I N ( j ) + T C O U T ( j ) + d t h u E lo ( j ) ;
= -THUOUT(j)+tc.up(j,'KT)+dthur.lo(j); 
=  - t h . lo ( i , ' K L ' ) + T C U O U T ( i ) + d t c u l . lo ( i ) ,  
=  - T H O U T ( i ) + T C U I N ( i ) + d t c u r . lo ( i ) ;
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/ /L a s t  s t a g e  f o r c in g  b o u n d / /  
q . f x ( i j , ’K L ')  = 0 ;
z . f x ( i , j , 'K L ')  = 0 ;
L M T D .f x ( i  j , 'K L ')  = 0 ;  
A R E A .f x ( i , j , 'K L ' )  = 0 ;

E Q U A T I O N S
O V E R A L L  H ( i )  o v e r a l l  e n e r g y  b a la n c e  o f  h o t  s tr e a m  i 
O V E R A L L _ C ( j )  o v e r a l l  e n e r g y  b a la n c e  o f  c o ld  s t r e a m  j

EBAL_H(i,k)
EBAL~C(j,k)_

e n e r g y  b a la n c e  o f  h o t  s tr e a m  i in  s t a g e  k  
e n e r g y  b a la n c e  o f  c o l d  s tr e a m  j  in  s t a g e  k

T I N  H ( i)  a s s ig n m e n t  in le t  te m p e r a tu r e  o f  h o t  s t r e a m  i
T I N ~ C ( j )  a s s ig n m e n t  in le t  te m p e r a tu r e  o f  c o ld  s t r e a m  j

M O N O T _ H ( i ,k )
MONOTlC(j,k)
M O N O T J I U ( j )
M O N O T ~ C U ( i )

m o n o t o n ie  in  te m p e r a tu r e  o f  h o t  s t r e a m  i a t l o c a t io n  k  
m o n o t o n ie  in  te m p e r a tu r e  o f  c o ld  s t r e a m  j at lo c a t io n  k  
m o n o t o n ie  in  o u t le t  te m p e r a tu r e  o f  c o ld  s tr e a m  j 
m o n o t o n ie  in  o u t le t  te m p e r a tu r e  o f  h o t  s tr e a m  i

E B A L _ H U ( j )  e n e r g y  b a la n c e  o f  h o t  u t i l i ty  o f  c o l d  s tr e a m  j
E B A L  C U ( i )  e n e r g y  b a la n c e  o f  c o ld  u t i l i ty  o f  h o t  s tr e a m  i

LOGIC_HX(i,j,k) 
LOGIC j!U (j)  
LOGIcIciJ(i)

l o g ic a l  c o n s tr a in t  t o  d e f in e  z  o f  m a t c h ( i . j )  a t s t a g e  k  
l o g i c a l  c o n s tr a in t  to  d e f in e  z h u  o f  c o l d  s tr e a m  j a t  s t a g e  k  
l o g ic a l  c o n s tr a in t  t o  d e f in e  z e u  o f  h o t  s tr e a m  i a t s t a g e  k

D T F E A S _ H X L ( i , j ,k )  te m p e r a tu r e  f e a s i b i l i t y  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )
a t l o c a t io n  k

D T F E A S _ H X R ( i , j ,k )  t e m p e r a tu r e  f e a s i b i l i t y  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )
a t l o c a t io n  k + 1

D T F E A S _ H U L ( j )  t e m p e r a tu r e  f e a s ib i l i t y  o f  h o t  u t i l i t y  o f  o u t le t  c o ld
s tr e a m  j

D T F E A S _ H U R ( j )  t e m p e r a tu r e  f e a s ib i l i t y  o f  h o t u t i l i t y  o f  in le t  c o ld  s tr e a m  j
D T F E A S C U L ( i )  te m p e r a tu r e  f e a s ib i l i t y  o f  c o ld  u t i l i t y  o f  in le t  h o t  s tr e a m  1

D T F E A S  C U R ( i )  t e m p e r a tu r e  f e a s ib i l i t y  o f  c o ld  u t i l i t y  o f  o u t le t  h o t  s tr e a m  i

L O G M T D ( i ,j ,k )
L O G M T D H U O )
L O G M T D C U ( i )

l o g  m e a n  te m p e r a tu r e  o f  m a t c h ( i . j )  a t s t a g e  k  
l o g  m e a n  t e m p e r a tu r e  o f  h o t  u t i l i t y  e x c h a n g e r  
l o g  m e a n  te m p e r a tu r e  o f  c o ld  u t i l i t y  e x c h a n g e r

A _ H X ( i , j ,k )
A J I U O )
A _ C U ( i )

a r e a  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  a t s t a g e  k  
a r e a  o f  h o t  u t i l i ty  e x c h a n g e r  o f  c o l d  s t r e a m  j 
a r e a  o f  c o l d  u t i l i ty  e x c h a n g e r  o f  h o t  s tr e a m  i



100

F I X C O S T  f ix e d  c o s t
A R E A C O S T  a r e a  c o s t
U T I L I T Y C O S T  u t i l i ty  c o s t

O B J  o b j e c t iv e  fu n c t io n  (to ta l  a n n u a l iz e d  c o s t )
5

O V E R A L L H ( i ) .. ( T H I N ( i )  - T H O U T ( i ) ) * F C P H ( i )  = e =  
s u m ( 0 ,k ) ,q ( i , j ,k ) ) + q c u ( i ) ;

O V E R A L L _ C ( j ) .. ( T C O U T ( j ) - T C I N ( j ) )  * F C P C (j )  = e =  
s u m ( ( i  ,k ) ,q ( i  j  ,k  ) ) + q  h  u (j ) ;

E B A L _ H ( i ,k ) $ s t a g e ( k )  
E B  A L _ C ( j  ,k ) $ s t a g e ( k )

.. ( t h ( i ,k ) - t h ( i ,k + l ) ) * F C P H ( i )  = e =  s u m ( j ,q ( i , j ,k ) ) ;  
.. ( t c ( j ,k ) - t c ( j ,k + 1 ) ) * F C P C ( j )  = e =  รนทา( i .q ( i , j ,k ) ) ;

T I N _ H ( i )  .. T H I N ( i )  = e =  t h ( i , 'K l ' ) ;
T I N ~ C ( j i  .. T C I N O )  = e =  tc ( j ,'K L ') ;

M O N O T  H ( i ,k ) $ s t a g e ( k )  
M O N O T ~ C ( j ,k ) $ s t a g e ( k )  
M O N O T  H U ( j )  
M O N O T l C U ( i )

.. t h ( i ,k )  = g =  t h ( i ,k + l ) ;  
.. t c ( j ,k )  = g =  t c ( j ,k + l ) ;

.. T C O U T ( j )  - g =  t c ( j , 'K l ' ) ;  
.. T H O U T ( i )  = 1 =  th (iV K L ');

E B A L _ H บ (j) (T C O U T G )  - t c ( j / K l ' ) ) * F C P C ( j )  = e =  q h u O );
E B A L C U ( i )  .. ( th ( i ,'K L ')  - T H O U T ( i ) ) * F C P H ( i )  = e =  q c u ( i ) ;

L O G I C _ H X ( i , j ,k ) $ s t a g e ( k )  .. q ( i , j ,k )  -  G A M M A _ H X ( i , j ,k ) * z ( i , j ,k )  = 1 =  0 ;
L O G I C  H บ ( i )  .. q h u ( j )  - G A M M A  H U ( i )  * z h u ( j )  = 1 =  0 ;
L O G I C ~ C U ( i )  .. q c u ( i )  - G A M M A  ~ C U ( i)  * z c u ( i )  = 1 =  0 ;

D T F E A S _ J d X L ( i , j ,k ) $ s t a g e ( k )  .. d t ( i , j ,k )  ' = 1 =  t h ( i ,k )  - t c ( j ,k )  + T A U _ H X ( i j , k )

D T F E A S _ H X R ( i , j ,k ) $ s t a g e ( k )  .. d t ( i , j ,k + l )  = 1 =  t h ( i , k + l ) - t c ( j . k + l  I
+ T A U _ H X ( i  , j , k + l ) * ( l - z ( i , j , k ) ) ;

D T F E A S  H U L ( j ) .. d th u lO ) =1=  T H U 1 N 0 )  - T C O U T ( j )  + T A U _ H U L ( j )  
* ( l - z h u ( j ) ) ;

D T F E A S H U R f j ) .. d th u r (j)  = 1 =  T H U O U T ( j )  - t c ( j , 'K l ' ) + T A U _ H U R ( j )  
* ( l - z h u ( j ) ) ;

D T F E A S C U L ( i ) .. d t c u l ( i )  = 1=  t h ( i , 'K L ' ) - T C U O U T ( i )  + T A U _ C U L ( i )  
* ( l - z c u ( i ) ) ;

D T F E A S C U R ( i ) .. d t c u r ( i)  = 1=  T H O U T ( i )  - T C U I N ( i )  + T A U _ C U R ( i )  
* ( l - z c u ( i ) ) ;

L O G M T D ( i , j ,k ) $ s t a g e ( k ) .. L M T D ( i , j ,k )  = e =
( d t ( i , j ,k ) * d t ( i , j ,k + l ) * ( d t ( i , j ,k ) + d t ( i , j ,k + l ) ) / 2 ) * * ( l / 3 ) ;



LOGMTDHUCi) .. LMTDHU(j) =e= (dthurO) *dthul(j) *(dthurG)
+dthul(j)) /2)* *(1/3);

LOGMTDCU(i) .. LMTDCU(i) =e= (dtcul(i) *dtcur(i) *(dtcul(i)
+dtcur(i)) /2)**(l/3);

A_HX(i,j,k)$stage(k)
AJIU(j)
A_CU(i)

.. AREA(i,j,k) *LMTD(i,j,k)*U(i,j) =e= q(i,j,k);

.. AREAHUO) *LMTDHUG) *UHU(j) -e= qhuG); 

.. AREACUO) *LMTDCU(i) *UCU(i) =e= qcu(i);
FIXCOST
AREACOST

UTILITYCOST

.. cost_fix =e= AF*(sum((i,j,k)$stage(k),CF*z(i,j,k)) 
sumG,CF*zhuG)) + sum(i,CF*zcu(i)));
AF*7sum((i,j,k)$stage(k),CA*AREA(i,j,k)))
+ AF*(sum(j,CA*AREAHUG)))
+ AF*(sum(i,CA*AREACU(i)));

.. cost utility =e= sumG,CHU*qhuG)) + 
sumG,CCU*qcu(i));

OBJ .. TAC =e= cost_fix + cost_area + cost utility;
model STAGEMODEL SINGLEPERIOD /all/;
option iterlim=le9; 
option domlim=0; 
option reslim=le8;
STAGEMODEL_SINGLEPERIOD.optfile=0;
solve STAGEMODEL SINGLEPERIOD using MINLP minimizing TAC;
display th.l,tc.l, 

z.l,zhu.l,zcu.l,
q.l,qhu.l,qcu.l,
AR F A 1 A R E A  HU 1 A R F A m  I 
dt. 1 ,dthur. 1 ,dthul. 1 ,dtcul. 1 ,dtcur. 1,5 
LMTD.l,SSx.
q.up,q.lo,qhu.up,qhu.lo,qcu.up,qcu.lo,
dt.up,dt.lo,dthul.lo,dthul.up, dthur.lo,dthur.up, dtcul.lo,dtcul.up, 
dtcur.lo,dtcur.up,
cost fix.l, cost_area.l, cost utility.1;



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.

B1 Model A
SETS

I hot streams /11*13/
J cold streams /J1*J4/
K index of stage or location /K1 *K4,KL/ //last number is no. of stages
stage(k)
HEN(i,J,k)
HEN_HOT(i,k)
HEN~COLD(j,k)
HUNEWHUG)
HUNEWlCUG)
CU(i)

all stages
define where HX exists
define where HX exists 2 dimensions for hot streams 
define where HX exists 2 dimensions for cold streams 
define where HU exists 
define where HU could have in cold stream 
define where c u  could have in cold stream 
define where c u  exists

//dynamic set for stage pointer 
stage(k) = yes; 
stage('KL') = no;

//dynamic set for existing HEN// <—  To fix topology
HEN(i,j,k) = no;
TABLE Z_OLD(i,j,k) Existing HX from original HEN of each period

K1 K2 K3
I1.J1 1.000 1.000 1.000
I1.J2 1.000 1
I1.J3 1.000
I3.J1 1.000 1.000
I3.J4 1.000

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

//dynamic set for existing Utility exchanger// <—  To fix topology
//hot utility
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H U G )  = n o ;
PARAMETER ZHU_OLD(j) Existing HU from original HEN of each period
loopG$(ZHU_OLD(j)= 1 ), HUG) = yes);
HUNEW_HU('J 1 ') = yes;
HUNEW~HU('J2') = yes;
HUNEW~CU('J4') = yes;

//cold utility 
CU(i) = no;
PARAMETER ZCU^OLDG) Existing c u  from original HEN of each period 
/II 1.000, 12 1.000,”  13 1.000/; 
loop(i$(ZCU_OLD(i)= 1 ), CU(i) = yes);

//define dynamic set for existing HEN but only 2 dimensions (for hot and cold)// 
HEN _HOT(i,k) = no;
HEN~COLDG,k) = no;
loop((i,j,k)$(HEN(i,j,k)). HEN_HOT(i,k) = yes); 
loop((i,j,k)$(HEN(i,j,k)), HEN~COLDG,k) = yes);

SCALARS
//Cost//

cA  per unit cost of heat exchanger area($ per unit) /641.7/
B exponent for area cost(dimensionless) /l/
CF fixed cost of heat exchangers per unit) /8333.3/
CHU per unit cost of hot utility($ per kW) /II 5.2/
e c u  fixed cost of heat exchangers per kW) / 1.3/
AF annualisation factor /0.2/

//other//
EMAT exchanger minimum approach temperature(C) /5/
HF1U heat transfer coefficient of hot utility(kW|(m2.C)) /2/
HCU heat transfer coefficient of cold utility(kW|(m2.C)) /1 /
TAU tau /5 00/
GAMMA gamma/le6/

PARAMETERS 
//Hot Streams//

THIN(i) inlet temperature of hot streams(C) 
/ Il 393
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12 160
13 354

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

12 40
13 60

/
//Cold Streams//

TCIN(j) inlet temperature of cold streams(C)
/ J1 72

J2 62 
J3 220 
J4 253

/
TCOUT(j) outlet temperature of cold streams(C)
/ J1 356

J2 210 
J3 370 
J4 284

/
//Heat Capacity Flowrates//

FCPH(i) heat capaity flowrates fo hot streams(C)
/ Il 201.6

12 185.1
13 137.4

/
FCPC(j) heat capaity flowrates fo cold streams(C) 
/ J1 209.4

J2 141.6 
J3 176.4 
J4 294.4

//Utility//
THUIN(i) inlet temperature of hot utility(C)
/ J1 400 -

J2 400 
J3 400 
J4 15

/
THUOUT(j) outlet temperature of hot utility(C)
/ J1 399

J2 399 
J3 399 
J4 20

/
TCUIN(i) inlet temperature of cold utility(C)
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/ II 15
12 15
13 15

/
TCUOUT(i) outlet temperature of cold utility(C) 
/ Il 20 

12 20  
13 20

//Heat transfer coefficieDt//
HH(i) heat capaity flowrates of hot streams(kW|(m2.C)) 
/ Il 2

12 2 
13 2

/
HC(j) heat capaity flowrates of cold streams(kW|(m2.C)) 
/ J1 1.5 

J2 1.5 
J3 2 
J4 2

/
//overall heat transfer coefficient//

บ(i,j) 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(i j.k) upper bound heat load for match (i.j)
GAMMA HU(j) 
GAMMA~Cบ(i)

upper bound heat load for hot utility 
upper bound heat load for cold utility

TAU_HX(ij„k)
TAlJJflJLO)
TAUHURfj)
TAUCUL(i)
TAU_CUR(i)

upper bound of temperature difference for heat exchanger 
upper bound of temperature difference for left side of hot 
utility exchanger
upper bound of temperature difference for right side of hot 
utility exchanger
upper bound of temperature difference for left side pf cold 
utility exchanger
upper bound of temperature difference for right side of cold 
utility exchanger

//Old value of variables from original HEN//



//Area//
TABLE AREA_OLD(i,j,k) old area from original HEN of each period 

K1 "  K2 K3 K4
I1.J1 680.055 166.126 751.970
I1.J2 1290.040 132.794
I1.J3 597.190
I3.J1 356.123 1470.846
I3.J4 324.859

PARAMETERS
AREAHU_OLD(j) old area of HU from original HEN 
/J3 256.025/
AREACU_OLDf i) old area of c u  from original HEN 
/II 117.036, 12 541.396, 13 97.762/

//Temperature//
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 
K1 ~~ K2 K3 K4 KL

original HEN

J1 365.000 255,334 216.175 72.000 72.000
J2 210.000 210.000 210.000 74.710 62.000
J3 272.717 272.717 220.000 220.000 220.000
J4 290.000 250.000 250.000 250.000 250.000

//Heat 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 
I1.J2 19075.844 1792.156
I1.J3 9246.623
I3.J1 4706.050 20158.011
I3.J4 12748.000
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PARAMETERS
QHEI_OLD(j) old heat load of HE1 from original HEN 
/J3 17063.377/
QCEf_OLD(i) old heat load of CEI from original HEN 
/II 4061.538. 12 23856.000, 13 3580.739/

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

K1 K2 K3 K4 KL
I1.J1 41.000 38.165 15.003 16.555
I1.J2 21..178 13.844 17.812
I1.J3 20.781 11.178
I3.J1 13.206 17.863 14.252
I3.J4 72.000 18.540

PARAMETERS
DTHUL_OLD(i) old left-side temperature differene of HU from original HEN 
/J3 30.000/
DTHUR_OLD(j) old right-side temperature differene of HU from original 
HEN
/J3 126 283/
DTCUL_OLD(i) old left-side temperature differene of c u  from original HEN 
/Il 59.8Ï2, 12 140.000, 13 66.252/
DTCUR OLD(i) old right-side temperature differene of c u  from original HEN 
/II 45.000, 12 25.000, 13 45.000/

//Log Mean Temperature Difference//
TABLE LMTD_OLD(i,j,k) old log mean temperature from original HEN

K1 K2 K3 K4
I1.J1 39.565 24.783 15.766
I1.J2 17.,252 15.745
I1.J3 15.484
I3.J1 15.417 15.989
I3.J4 39.242

PARAMETERS
LMTDHU_OLD(j) old log mean temperature of HU from original HEN 
/J3 66.647T
LMTDCU OLD(i) old log mean temperature of c u  from original HEN 
/II 52.055,”  12 66.096, 13 54.941/
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//Overall heat transfer coefficient calculations//
U(i,j) = l/(l/HH(i)+l/HC(j));
UHU(j)$(HU(i) or HUNEW_Hบ(j)) = l/(l/HC(j)+l/HHU); 
UHUG)$HUNEW_CU(j) = l/(l/HC(j)+l/HCU); //suppose it is cold utility 
UCU(i) = 1/(1 /HH(i)+1 /HCU);

VARIABLES
th(i,k)
tc(j,k)

temperature(C) of hot streams i at location k 
temperature(C) of cold streams j at location k

q(i,j,k) heat load(kW) of match(i.j) at stage k
qhu(j) heat load(kW) of hot utility for cold stream j
qcu(i) heat load(kW) of cold utility for hot stream i
zhu(j) addition of hot utility
zcu(i) addition of cold utility
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 
dtcur(i) temperature difference(C) for right side of cold utility exchanger
lmtd(i,j,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 i
area(i,j,k) area of heat exchanger 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
areahujadd(j) additional area of hot utility exchanger of cold stream j 
areacu_add(i) additional area of cold utility exchanger of hot stream 1

C ostfixadd  additional fixed cost from new utility 
Cost~area_add area cost 
Cost utility utility cost
tot area add total additional cost

POSITIVE VARIABLES q(i,j,k), qcu(i), / / qhu(j) 
dt(i,j,k), dthul(j), dthur(j), dtcul(i), dtcur(i), 
lmtd(i,j,k).lmtdhu(j),lmtdcu(i), 
areahu(j),areacu(i), 
areahu add(j), areacu add(i);
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BINARY VARIABLES zhuG), zcu(i);
//variable bounding//

th.up(i,k) = THIN(i); 
th.lo(i,k) = THOUT(i);
tc.up(j,k)$(HU(j) or HUNEW_HU(i)) = TCOUTG); //bound only exist HU 
tcdo0,k) = TCING);
q.up(i,j,kr)$stage(k) = max(min( FCPH(i)*(th.up(i,k)- 

max(thdo(i,k+l),tcdoG,k+l)+EMAT)) , FCPCG)*(min(th.up(i,k)- 
EMAT,tc.upG,k))-tc.loG,k+l)) ) 5 0)$( (th.up(i,k)-tc.loG,k) >= EMAT) and 
(th.up(i,k+l)-tc.loG,k+l) >= EMAT)) +0$( (th.up(i,k)-tc.loG,k) < EMAT) or 
(th.up(Lk+l)-tc.lo(j,k+l) < EMAT)) ;

//only for HUG) that exist hot utility 
qhu.upG)S(HUG) or HUNEWJRJG))

max( FCPCG)*(min(THUING)-EMAT,TCOUTG))-tcdoG,'Kl')) , 0)$((THUING)- 
TCOUTG) > - EMAT) and (THUOUTG)-tcdoG,'Kl') >= EMAT)) +0$( (THUING)- 
TCOUTG) < EMAT) or (THUOUTG)-tc.loG,,K l’) < EMAT)) ;

qhudoG)$(HUG) or HUNEW_HUG)) = 0; 
qcu.upG) = max( FCPÎd(i)*(th.up(i,'KL')- 

max(THOUT(i),TCUIN(i)+EMAT)) 5 0)$( (th.up(i,'KL')-TCUOUT(i) >= EMAT) 
and (THOUT(i)-TCUIN(i) >= EMAT)) +0$( (th.upG,'KL')-TCUOUT(i) < EMAT) or 
(THOUT(i)-TCUIN(i) < EMAT)) ;

qcudo(i) = 0;
dt.up(i,j,k) = max(EMAT,(th.up(i,k)-tcdoG,k))); 
dtdo(i,j,k) = EMAT;
dthul.upG)$(HUG) or HUNEW_HUG)) = max(EMAT,THUING)-TCOUTG)); 

//bound only exist HU
dthuldoG) = EMAT;
dthur.upG)$(HUG) or HUNEW HUG)) = max(EMAT,THUOUTG)- 

tcdoG,'Kl')); //bound only exist HU 
dthur.loG) = EMAT;
dtcul.upG) = max(EMAT,th.up(i,'KL')-TCUOUT(i)); 
dtculdo(i) = EMAT;
dtcur.up(i) = max(EMAT,THOUT(i)-TCUIN(i)); 
dtcurdo(i) = EMAT;
lmtd.up(i,j,k)$stage(k) =

(dtup(ij,k)*dt.up(ij,k+l)*(dt.upGj,k)+dt.up(i,j,k+l))/2)**(l/3); 
lmtddo(i,j,k)$stage(k) =

(dt.lo(i,j,k)*dt.lo(i,j,k+l )*(dt.Io(i j,k)+dt.lo(i j,k+l ))/2)* *( 1/3);
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lmtdhu.up(j)$(HU(j) or HUNEW_HU(j))
(dthur.up(j)*dthul.up(j)*(dthur.up(j)+dthul.up(j))/2)**(l/3); //bound only exist HU 

lmtdhudo(j) = (dthurdo(])*dthul.lo(j)*(dthurdo(j)+dthuUo(j))/2)**(l/3); 
lmtdcu.up(i) = (dtcul.up(i)*dtcur.up(i)*(dtcul.up(i)+dtcur.up(i))/2)**(l/3); 
lmtdcudo(i) = (dtculdo(i)*dtcur.lo(i)*(dtcul.Io(i)+dtcurdo(i))/2)**(l/3);
area up(i j  k)$stage(k) = q.up(i,j,k)/lmtd.lo(i,j k)/U(ij); 
areahu.up(j)$(HU(j) or HUNEW_HU(i)) = qhu.up(i)/lmtdhudo(i)/UHU(j);

//bound only exist HU
areacu.up(i) = qcu.up(i)/lmtdcu7lo(i)/UCU(i);

//Assign bounding to pamaters in logical constraint//
GAMMA_HX(i,j,k) = q.up(i,j,k);
GAMMA~HU(j)$(HU(j) or HUNEW_HU(j)) = qhu.up(j);
GAMMA JfU(j)$HUNEW_CU(j) = GAMMA;
GAMMA_CU(i) =qcu.up(i);
TAU_HX(i,j,k) = -th.lo(i,k)+tc.up(j,k)+dtdo(i,j,k);
TAffHUL(j)$(HU(j) or HUNEW_HU(j)) = -THUIN(i)+TCOUT(i)

+dthul.lo(i); //bound only exist HU
TAU_HUL(j)$HUNEW_Cบ(j) = TAU; //Arbitrary create a value
TAU~HUR(j)$(HU(j) or HUNEW_HU(i)) = -THUOUT(j)+tc.up(i,'Kl')

+dthurdo(j); //bound only exist HU
TAU_HUR(j)$HUNEW_CU(j) = TAU; //Arbitrary create a value
TAU~CUL(i) = -thdo(i,'KL')+TCUOUT(i)+dtcuLlo(i);
TAU~CUR(i) = -THOUT(i)+TCUIN(i)+dtcurdo(i);

//Last stage forcing bound// 
q.fx(i,j,'KL') = 0;
lmtd.fx(i,j,’KL') = 0;
area.fx(i.j,'KL') = 0;

//To force no q, area change where there is no existing HX//
q.fx(i,j,k)$(not HEN(ij.k)) = 0 ; -
area.fx(i,j,k)$(not HEN(i,j,k)) = 0;

//Fix area in the process-process HX//
area.fx(i,j,k)S(HEN(i,j,k)) = AREA_OLD(i,j,k); //and(not HENCI3','J3',’Kr))

//initial value for variables//
areahud(j) = AREAHUOLDG);
areacud(i) = AREACU_OLD(i);
areahu_addd(j) = 0;
areacu_addd(i) = 0;
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thj(i,k) = TH OLD(i.k);
tc.l(j,k) = TCjDLD(j,k);
q.l(i,j,k) = Q OLD(ij,k);
qhu.hj) = QHU OLD(j);
qcu.l(i) = QCUjOLD(i);
dtd(i,j,k) • = DT OLD(i,j,k);
dthul.lQ) = DTHUL OLD(j);
d thurJ0 = DTHUR.” OLD(j);
dtcuhl(i) = DTCUL OLD(i);
dtcurd(i) = DTCUff OLD(i);
lmtd.l(i,j,k) = LMTD OLD(i,j,k);
lmtdhud(j) = LMTDHU OLD0;
lmtdcu.l(i) = LMTDCU OLD(i);
zhu.l(j)$(not HU(j)) = 0; 
zcu.l(i)$(not CU(i)) = 0;

EQUATIONS
OVERALL_H(i) overall energy balance of hot stream i 
OVERALL_C(j) overall energy balance of cold stream j
EBAL_H(i,k) 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 i
TIN_C(j) assignment inlet temperature of cold stream j
MONOTJd(i,k) 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_HNOT(i,k) monotonie in temperature of hot stream i at location k

if no HX
MONOT_CNOT(j.k) monotonie in temperature of cold stream j at

location k if no HX
MONOT_HU(j) monotonie in outlet temperature of cold stream j
MONOT CU(i) monotonie in outlet temperature of hot stream i
EBAL_HU(j)
EBAlTcU(i)
E B A L J d U N E W _ C U ( j )
EBALJdUNOT(î)

energy balance of hot utility of cold stream j 
energy balance of cold utility of hot stream i 
energy balance of hot utility of cold stream j 
energy balance of cold utility of hot stream i

L O G I C _ H U N E W _ H U ( j )  logical constraint to define z h u  of cold stream j  at
stage k (hot utility)
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LOGIC_HUNEW_Cบ(j) logical constraint to define zhu of cold stream j at
stage k (cold utility)

LOGIC CU(i) logical constraint to define zcu of hot stream i at stage k

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

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

temperature feasibility of hot utility of outlet cold stream j 
temperature feasibility of hot utility of inlet cold stream j 
temperature feasibility of cold utility of inlet hot stream 1 
temperature feasibility of cold utility of outlet hot stream i

DTFEAS
DTFEAS
DTFEAS
DTFEAS

HUL(j)
HUR(j)
CUL(i)
CUR(i)

DTFEAS HUL_HUNEW HU(j) 
DTFEAS_HURHUNEW_HU(j) 
DTFEAS_HUL_HUNEW_CU(j) 
DTFEAS HUR HUNEW_CU(j)

temperature feasibility of new hot utility of 
outlet cold stream j
temperature feasibility of new hot utility of 
inlet cold stream j
temperature feasibility of new cold utility of 
outlet cold stream j
temperature feasibility of new cold utility of 
inlet cold stream j

DTFEAS_CULNOT(i) temperature feasibility of cold utility of inlet hot
stream i

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

LOGMTD(ij,k)
LOGMTDHU(j)
LOGMTDCU(i)

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

ADDIAREAHU1 (j) 
ADDIAREAJHU2(j) 
ADDIAREA~CU 1 (i) 
ADDIAREA~CU2(i)

additional area needed for hot utility 
force ADDAREA HU > 0 
additional area needed for cold utility 
force ADDAREA c u  > 0

A_HX(ij,k)
a I h u g )
A_HUNOTG)
A~CU(i)

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

area for cold utility for J 1 J2 
area of cold utility exchanger of hot stream i

OBJ objective function (total additional area)

OVERALL H(i) .. (THlN(i) -THOUT(i))*FCPH(i) =e=
sum((j,k),q(i,j,k))+qcu(i);
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O V E R A L L C G )  .. ( T C O U T ( j ) - T C I N ( j ) )  * F C P C ( j )  = e =
s u m ( ( i ,k ) ,q ( i , j ,k ) ) + q h u ( j ) ;

E B A L _ H ( i ,k ) $ H E N J H O T ( i ,k )  .. ( t h ( i ,k ) - t h ( i ,k + l ) ) * F C P H ( i )  = e =
s u m ( j ,q ( i , j ,k ) ) ;  / /d o  o n l y  e x i s t  H E N  

E B A L _ C ( i ,k ) $ H E N _ C O L D ( i ,k )  .. ( t c ( j ,k ) - t c ( j ,k + l ) ) * F C P C ( j )  = e =
um(i,q(i,j,k));

T I N  H ( i )  .. T H I N ( i )  = e =  t h ( i , 'K E ) ;
T I N T c G )  .. T C I N G )  = e =  t c ( j ,K L ' ) ;

M O N O T _ H ( i ,k ) $ H E N _ H O T ( i ,k )  .. t h ( i ,k )  = g =  t h ( i , k + l ) ;  / / i f H X
—>  m o n o t o n ie

M O N O T _ C G ,k ) $ H E N _ C O L D G ,k )  .. tc G ,k )  = g =  tc G ',k + l) ;
M O N O T ~ H N O T ( i ,k ) $ ( ( n o t  H E N _ H O T ( i ,k ) )  a n d  s t a g e ( k ) )  .. t h ( i ,k )  = e =  t h ( i ,k + l ) ;

M O N O T _ C N Q T ( j ,k ) $ ( ( n o t  H E N _ C O L D G ,k ) )  a n d  s t a g e ( k ) ) .. t c G ,k )  = e =  tc G ,k + 'l) ;

M O N O T _ H U G ) $ ( H U G )  o r  H U N E W  H U G ))  .. T C O U T G )  = g =  t c G ,’K l ’);
/ / i f H X  —>  m o n o t o n ie

M O N O T _ C U ( i ) $ C U ( i )  .. t h ( i , ’K L ')  = g =  T H O U T ( i ) ;

E B A L _ H U G ) $ ( H U G )  o r  H U N E W _ H U G ) )  .. ( T C O U T G )  - t c G ,’K l ' ) ) * F C P C G )
= e =  q h u G ); / /d o  o n ly  e x i s t  H E N

E B A L _ C U ( i ) $ C U ( i )  .. ( th ( i ,'K L ')  -  T H O U T ( i ) )  * F C P H ( i )  = e =  q c u ( i ) ;
e b a l I h u n e w _ c u g ) $ h u n e w _ c u g )  .. ( T C O U T G )  - t c G , ' K l ,) )* F C P C G )

E B A L _ C U N O T ( i ) $ ( n o t  C U ( i ) )  .. ( th ( i ,'K L ')  -  T H O U T ( i ) )  * F C P H ( i )  = e =  q c u ( i ) ;

L O G I C _ H U N E W _ H U G ) $ H U N E W _ H U G )  .. q h u G ) - G A M M A _ H U G )

L O G I C _ H U N E W _ C U G ) $ H U N E W _ C U G )  .. q h u ( j )  +  G A M M A _ H U G )
* z h u G )  = g =  0 ; / /c h a n g e  -  to  +  b e c a u s e  q h u  =  -

L O G I C _ C U ( i ) $ ( n o t  C U ( i ) )  .. q c u ( i )  - G A M M A  C U ( i )  * z c u ( i )  = 1 =  0 ;

D T F E A S _ H X L ( i , j ,k ) $ H E N ( i , j ,k )  .. d t ( i , j ,k )  = e =  th ( i .k )  - t c G ,k )  ;
/ / i f  e x i s t  H E N  —>  e q u a l

D T F E A S _ H X R ( i , j ,k ) $ H E N ( i , j ,k )  .. d t ( i , j ,k + l )  = e =  t h ( i ,k + l  )  - t c G -k + 1 ) ;  
D T F E A S ~ H U L ( j ) $ H U G )  .. d th u lG ) - e =  T H U I N G )  - T C O U T G )  ;
D T F E A S I h U R ( j) $ H U ( j)  .. d th u rG ) = e =  T H U O U T G ) - t c G , ' K l ');

/ / i f  e x i s t  u t i l i ty  - - >  e q u a l
D T F E A S _ C U L ( i ) $ C U ( i )  .. d t c u l ( i )  = e =  t h ( i / K L ’) - T C U O U T ( i )  ;
D T F E A S ~ C U R ( i ) $ C U ( i )  .. d t c u r ( i)  = e =  T H O U T ( i )  - T C U I N ( i )  ;
d t f e a s I h u l _ h u n e w _ h u g ) $ h u n e w _ h u g )  .. d th u lG ) = 1=  T H U I N G )  -

T C O U T G )  + T A U _ H U L G )  * ( l - z h u G ) ) ;  / / i f  n o  u t i l i t y  — >  u s e  T A U  a n d  b in a r y  
D T F E A S _ H U R _ H U N E W _ H U G ) $ H U N E W _ H U G )  .. d th u rG ) = 1 =  T H U O U T G )

- t c G ,K  1 ' ) + T A U _ H U R G )  * ( l - z h u G ) ) ;
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D T F E A S _ H U L _ H U N E W _ C บ ( j ) $ H U N E W _ C บ ( j )  .. d t h u l( j )  = 1 =  T C O U T G )  -
T H U I N ( j )  + T A U _ H U L ( j )  * ( l - z h u ( j ) ) ;  / / i f  n o  u t i l i t y  —>  u s e  T A U  a n d  b in a r y  
D T F E A S _ H U R _ H U N E W _ C U ( j ) $ H U N E W _ C U O )  .. d t h u r ( j )  = 1 =  t c ( j , ' K l ' )

- T H U O U T G ) + T A U H U R G )  * ( l - z h u ( j ) ) ;  
D T F E A S _ C U L N O T ( i ) $ ( n o t  C U ( i ) )  .. d t c u l ( i )  = 1 =  t h ( i / K L > T C U O U T ( i )

+ T A U _ C U L ( i )  * (  1 - z c u ( i ) ) ;
D T F E A S _ C U R N O T ( i ) $ ( n o t  C U ( i ) )  .. d t c u r ( ï)  = 1 =  T H O U T ( i )  - T C U I N ( i )

+ T A U _ C U R ( i )  * ( l - z c u ( i ) ) ;

L O G M T D ( i , j ,k ) $ H E N ( i , j ,k )  .. lm td ( i , j ,k )  = e =
( d t ( i , j ,k ) * d t ( i , j ,k + l ) * ( d t ( i , j ,k ) + d t ( i , j ,k + l ) ) / 2 ) * * ( l / 3 ) ;  / / o n l y  F1EN  

L O G M T D H U ( i )  .. lm td h u (j )  = e =  (d th u r (j )  * d t h u l ( j )  * (d th u r ( j )
+ d t h u l( j ) )  / 2 ) * * ( 1 / 3 ) ;

L O G M T D C U ( i )  .. lm t d c u ( i )  = e =  ( d t c u l ( i )  * d t c u r ( i )  * ( d t c u l ( i )
+ d t c u r ( i ) )  / 2 ) * * ( l / 3 ) ;

A _ F l X ( i , j ,k ) $ H E N ( i , j ,k )  .. a r e a ( i , j ,k )  * lm t d ( i , j ,k ) * U ( i , j )  = e =  q ( i , j ,k ) ;  / / o n l y  H E N  
A ~ H U ( j ) $ ( H U ( j )  o r  H L J N E W _ H U ( |) ) .. a r e a iiu O ) * lm t d h u ( j )  * U H U ( j )  = e =  q h u (j);  
A l H U N O T ( j ) S H U N E W _ C U Ô ) .. a r e a h u ( i)  H m td h u G )  * U H U 0 )  = e =  -q h u (j ) ;

A _ C U ( i )  .. a r e a c u ( i)  * lm t d c u ( i )  * U C U ( i )  = e =  q c u ( i ) ;

A D D I A R E A H U 1G ) 
A D D I A R E A J 1 U 2 G )  
A D D I  A R E A ~ C U  1 ( i )
a d d i a r e a ! c u 2 G )

.. a r e a h u  a d d G )  

.. a r e a h u _ a d d G )  

.. a r e a c u _ a d d ( i )  

.. a r e a c u _ a d d ( i )

= g =  a r e a h u G ) - A R E A H U  O L D G );
= g =  0 ;
= g =  a r e a c u ( i)  - A R E A C U  O L D ( i ) ;
= g = 0 ;

/ /O n l y  a r e a  p e n a lty
O B J  .. T O T _ A R E A _ A D D  = e =  s u m G ,a r e a h u _ a d d G ))  +

s u m ( i ,a r e a c u _ a d d ( i ) ) ;

m o d e l  S T A G E M O D E L  S I N G L E P E R I O D  /a l l / ;

o p t io n  i t e r l i m = l e 9 ;  
o p t io n  d o m l im = 0 ;  
o p t io n  r e s l i m = l e 8 ;
S T A G E M O D E L _ S I N G L E P E R I O D .o p t f i l e = 0 ;

s o l v e  S T A G E M O D E L  S I N G L E P E R I O D  u s in g  M I N L P  m i n i m iz in g  
T O T A R E A A D D ;



d i s p l a y  th . l j t c . l ,  
q . l ,q h u . l ,q c u . l ,  
z h u . l ,  z c u . l ,
a r e a . l ,a r e a h u . l ,a r e a c u .l ,
d t . l ,d t h u l . l ,d t h u r . l ,d t c u l . l ,d t c u r . l ,
l m t d . l , lm t d h u . l , lm t d c u . l ,
t o t _ a r e a _ a d d . l ,
a r e a d o ,a r e a .u p ,a r e a h u .lo ,a r e a h u .u p ,a r e a c u .lo ,a r e a c u .u p ,
q .u p ,q . lo ,q h u .u p ,q h u d o ,q c u .u p ,q c u . lo
d t .u p ,d t . l o ,d t h u l . l o ,d t h u l .u p ,  d th u r .lo ,d th u r .u p , d t c u l . lo ,d t c u l .u p ,  
d t c u r . lo ,d t c u r .u p
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B2 Model B

S E T S
1 h o t  s t r e a m s  / 1 1 * 1 3 /
J c o l d  s t r e a m s  /J 1 * J 4 /
K  in d e x  o f  s t a g e  o r  lo c a t io n  /K 1  * K 4 ,K L /  / / l a s t  n u m b e r  i s  n o .  o f  s t a g e s

s t a g e ( k )
H E N ( i j , k )
H E N _ H O T ( i ,k )  
H E N ~ C O L D ( j ,k )  d
H U ( j y
C U ( i )

a ll s t a g e s
d e f in e  w h e r e  H X  e x i s t s
d e f in e  w h e r e  H X  e x i s t s  2  d i m e n s io n s  fo r  h o t  s t r e a m s  
e f i n e  w h e r e  H X  e x i s t s  2  d i m e n s io n s  f o r  c o ld  s tr e a m s  
d e f in e  w h e r e  H U  e x i s t s  
d e f in e  w h e r e  c u  e x i s t s

/ /d y n a m i c  s e t  f o r  s t a g e  p o in t e r  
s t a g e ( k )  =  y e s ;  
s t a g e ( 'K L ')  =  n o ;

/ /d y n a m i c  s e t  f o r  e x i s t i n g  H E N / /  < —  T o  f i x  t o p o l o g y  

H E N ( i , j ,k )  =  n o ;

T A B L E  Z _ O L D ( i , j ,k )  E x i s t in g  H X  fr o m  o r ig in a l  H E N  o f  e a c h  p e r io d
K 1 K 2 K 3  K 4

I1 .J 1 1 .0 0 0 1 .0 0 0 1 .0 0 0
I 1 .J 2
I 1 .J 3 1 .0 0 0

.0 0 0  1 .0 0 0

1 3 .J 1 
1 3 .J 4 1 .0 0 0

1 .0 0 0 1 .0 0 0

l o o p ( ( i , j ,k ) $ ( Z _ O L D ( i , j ,k ) = l  ). H E N ( i  j , k )  =  y e s ) ;

/ /d y n a m i c  s e t  fo r  e x i s t i n g  U t i l i t y  e x c h a n g e r / /  < —  T o  f ix  t o p o l o g y
/ /h o t  u t i l i t y  

H U ( j )  =  n o ;
P A R A M E T E R  Z H U _ O L D ( j )  E x i s t in g  H U  fr o m  o r ig in a l  H E N  o f  e a c h  p e r io d

l o o p ( j $ ( Z H U _ O L D ( j ) = l ) ,  H U ( j )  - y e s ) ;

/ / c o l d  u t i l i t y  
C U ( i )  =  n o ;
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P A R A M E T E R  Z C U  O L D ( i )  E x is t in g  c u  fr o m  o r ig in a l  H E N  o f  e a c h  p e r io d  
/ I I  1 .0 0 0 ,  12 1 .0 0 0 ,”  13 1 .0 0 0 / ;  
l o o p ( i $ ( Z C U _ O L D ( i ) = l  ) , C U ( i )  =  y e s ) ;

/ / d e f i n e  d y n a m ic  s e t  f o r  e x i s t in g  H E N  b u t o n ly  2  d im e n s io n s  ( f o r  h o t  a n d  c o l d ) / /  
H E N _ H O T ( i ,k )  =  n o ;
TH EN” c O L D (j  ,k) =  n o ;  
l o o p ( ( i , j ,k ) $ ( H E N ( i , j ,k ) ) .  H E N _ H O T ( i ,k )  =  y e s ) ;  
l o o p ( ( i , j ,k ) $ ( H E N ( i , j ,k ) ) ,  HEN”cOLD(j,k) =  y e s ) ;

S C A L A R S

/ / C o s t / /
C A p e r  u n it  c o s t  o f  h e a t  e x c h a n g e r  a r e a ($  p e r  u n it ) / 6  4 1 . 7 /
B e x p o n e n t  fo r  a r e a  c o s t ( d i m e n s io n l e s s ) ฌ
C F f i x e d  c o s t  o f  h e a t  e x c h a n g e r ( $  p e r  u n it ) / 8 3 3 3 .3 /

C H U p e r  u n it  c o s t  o f  h o t  u t i l i t y ( $  p e r  k W ) / 1 1 5 .2 /
e c u p e r  u n it  c o s t  o f  c o ld  u t i l i t y (ร  p e r  k W ) / 1 .3 /

A F a n n u a l is a t io n  fa c to r / 0 . 2 /

/ /o t h e r / /
E M A T  e x c h a n g e r  m in im u m  a p p r o a c h  t e m p e r a t u r e ( C )  / 5 /

H H U  h e a t  tr a n s fe r  c o e f f i c i e n t  o f  h o t  u t i l i t y ( k W |( m 2 .C ) )  / 2 /
H C U  h e a t  tr a n s fe r  c o e f f i c i e n t  o f  c o l d  u t i l i t y ( k W |( m 2 .C ) )  / ! /

P A R A M E T E R S  
/ /H o t  S t r e a m s / /

T H I N ( i )  in l e t  t e m p e r a tu r e  o f  h o t  s t r e a m s ( C )
/  I l  3 9 3

12 1 6 0  
13 3 5 4

/
T H O U T ( i )  o u t l e t  t e m p e r a tu r e  o f  h o t  s t r e a m s ( C )  
/  I l  6 0

12 4 0
13 6 0

/
/ /C o l d  S t r e a m s / /

T C I N ( j )  in l e t  t e m p e r a tu r e  o f  c o ld  s t r e a m s ( C )
/  J1 7 2



118

J2 6 2
J3 2 2 0
J4 2 5 3

/
T C O U T ( j )  o u t l e t  t e m p e r a tu r e  o f  c o ld  s t r e a m s ( C )
/  J1 3 5 6

J 2  2 1 0  
J3 3 7 0  
J 4  2 8 4

/
/ /H e a t  C a p a c i t y  F lo w r a t e s / /

F C P H ( i )  h e a t  c a p a i t y  f lo w r a t e s  f o  h o t  s t r e a m s ( C )
/  I l  2 0 1 . 6

12 1 8 5 .1
13 1 3 7 .4

/
F C P C ( j )  h e a t  c a p a i t y  f lo w r a t e s  f o  c o ld  s t r e a m s ( C )
/  J1 2 0 9 . 4

J2  1 4 1 .6  
J3 1 7 6 .4  
J 4  2 9 4 . 4

/ / U t i l i t y / /
T H U I N ( j )  in le t  t e m p e r a tu r e  o f  h o t  u t i l i t y ( C )
/  J1 4 0 0

J2  4 0 0  
J3 4 0 0  
J 4  4 0 0

/
T H U O U T f j )  o u t l e t  te m p e r a tu r e  o f  h o t  u t i l i t y ( C )

. /  J1 3 9 9
J 2  3 9 9  
J3 3 9 9  
J 4  3 9 9

/
T C U I N ( i )  in l e t  t e m p e r a tu r e  o f  c o ld  u t i l i t y ( C )
/  I l  15

12 15
13 15

/
T C U O U T ( i )  o u t l e t  te m p e r a tu r e  o f  c o ld  u t i l i t y ( C )
/  I l  2 0

12 2 0  
13 2 0

/
/ /H e a t  tr a n s fe r  c o e f f i c i e n t / /

H H ( i )  h e a t  c a p a i t y  f lo w r a t e s  o f  h o t  s t r e a m s ( k W |( m 2 .C ) )
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/  I l  2
12 2  
13 2

/
H C ( j )  h e a t  c a p a i t y  f lo w r a t e s  o f  c o ld  s t r e a m s ( k W |( m 2 .C ) )
/  J1 1 .5

J 2  1 .5  
J3 2  
J 4  2

/
/ / o v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t / /

บ ( i , j )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  fo r  m a t c h ( i . j )
U H U ( j )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  fo r  c o ld  s t r e a m ( j )  a n d  h o t  u t i l i ty
U C U ( i )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  f o r  h o t  s t r e a m ( i )  a n d  c o ld  u t i l i ty

/ /u p p e r  b o u n d  fo r  l o g i c a l  c o n s t r a in t s / /
- G A M M A _ H X ( i , j ,k )  u p p e r  b o u n d  h e a t  lo a d  f o r  m a tc h  ( i . j )

G A M M A _ H บ (j )  
G A M M A ~ C U ( i )

u p p e r  b o u n d  h e a t  lo a d  fo r  h o t  u t i l i ty  
u p p e r  b o u n d  h e a t  lo a d  fo r  c o ld  u t i l i ty

T A U _ H X ( i , j ,k )
t a l T h u l o )

T A U H U R O )

T A U _ C U L ( i )

T A U C U R ( i )

u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u t i l i ty  e x c h a n g e r
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u t i l i ty  e x c h a n g e r
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u t il i ty  e x c h a n g e r
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u t il i ty  e x c h a n g e r

fo r  h e a t  e x c h a n g e r  
f o r  l e f t  s id e  o f  h o t

fo r  r ig h t  s id e  o f  h o t

fo r  le f t  s id e  p f  c o ld

f o r  r ig h t  s id e  o f  c o ld

/ /O ld  v a lu e  o f  v a r ia b le s  fr o m  o r ig in a l  H E N / /

/ /A r e a / /
T A B L E  A R E A _ O L D ( i , j ,k )  o ld  a r e a  fr o m  o r ig in a l  H E N  o f  e a c h  p e r io d  

K 1 K 2  K 3  K 4

I1 .J 1  6 8 0 .0 5 5  1 6 6 .1 2 6  7 5 1 .9 7 0
I 1 .J 2  1 2 9 0 .0 4 0  1 3 2 .7 9 4
I 1 .J 3  5 9 7 . 1 9 0
1 3 .J 1 3 5 6 .1 2 3  1 4 7 0 .8 4 6
I 3 .J 4  3 2 4 .8 5 9

P A R A M E T E R S
A R E A H U _ O L D ( j )  o ld  a rea  o f  H U  fr o m  o r ig in a l  H E N
/J 3  2 5 6 . 0 2 5 /
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A R E A C U _ O L D ( i )  o ld  a r e a  o f  c u  fr o m  o r ig in a l  H E N  
/ I I  1 1 7 .0 3 6 ,  12 5 4 1 .3 9 6 ,  13 9 7 .7 6 2 /

/ /T e m p e r a t u r e / /
T A B L E  T H _ O L D ( i ,k )  o ld  h o t  te m p e r a tu r e  fr o m  o r ig in a l  H E N

K 1 K 2  K 3 K 4 K L

11 4 0 6 .0 0 0 2 9 3 .4 9 8 2 3 1 .1 7 8 8 8 .5 5 5 7 9 .8 1 2
12 1 6 0 .0 0 0 1 6 0 .0 0 0 1 6 0 .0 0 0 1 6 0 .0 0 0 1 6 0 .0 0 0
13 3 6 2 .0 0 0 2 6 8 .5 4 0 2 3 4 .0 3 8 8 6 .2 5 2 8 6 .2 5 2

T A B L E  T C _ O L D ( j ,k )  o ld  c o ld  te m p e r a tu r e  fr o m  o r ig in a l  H E N
K 1 K 2  K 3 K 4 K L -

J1 3 6 5 .0 0 0 2 5 5 .3 3 4 2 1 6 .1 7 5 7 2 .0 0 0 7 2 .0 0 0
J 2 2 1 0 .0 0 0 2 1 0 . 0 0 0 ' 2 1 0 .0 0 0 7 4 .7 1 0 6 2 .0 0 0
J3 2 7 2 .7 1 7 2 7 2 .7 1 7 2 2 0 .0 0 0 2 2 0 . 0 0 0 2 2 0 .0 0 0
J 4 2 9 0 .0 0 0 2 5 0 .0 0 0 2 5 0 .0 0 0 2 5 0 . 0 0 0 2 5 0 .0 0 0

/ /H e a t  lo a d / /
T A B L E  Q _ O L D ( i , j ,k )  o ld  h e a t  lo a d  fr o m  o r ig in a l  H E N  

K 1 K 2  K 3  K 4

I1 .J 1  2 3 0 6 2 . 8 5 2  3 5 2 8 .9 5 9  1 0 1 6 2 .0 2 8  
I 1 .J 2  1 9 0 7 5 .8 4 4  1 7 9 2 .1 5 6
I 1 .J 3  9 2 4 6 .6 2 3
I3 .J 1  4 7 0 6 . 0 5 0  2 0 1 5 8 .0 1 1
I 3 .J 4  1 2 7 4 8 .0 0 0

P A R A M E T E R S
Q H U _ O L D ( j )  o ld  h e a t  lo a d  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  1 7 0 6 3 .3 7 7 /
Q C U _ O L D ( i )  o ld  h e a t  lo a d  o f  c u  fr o m  o r ig in a l  H E N  
/ I I  4 0 6 1 .5 3 8 ,  12 2 3 8 5 6 .0 0 0 ,  13 3 5 8 0 . 7 3 9 /

/ /T e m p e r a t u r e  D i f f e r e n c e / /
T A B L E  D T _ O L D ( i , j ,k )  o ld  te m p e r a tu r e  d i f f e r e n e  fr o m  o r ig in a l  H E N  

K f  K 2  K 3  K 4  K L

I1 .J 1  4 1 . 0 0 0  3 8 .1 6 5  1 5 .0 0 3  1 6 .5 5 5
I 1 .J 2  2 1 .1 7 8  1 3 .8 4 4  1 7 .8 1 2
I 1 .J 3  2 0 .7 8 1  1 1 .1 7 8
I3 .J 1  1 3 .2 0 6  1 7 .8 6 3  1 4 .2 5 2
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I 3 .J 4  7 2 . 0 0 0  1 8 .5 4 0

P A R A M E T E R S
D T H U L _ O L D ( j )  o ld  l e f t - s i d e  te m p e r a tu r e  d i f f e r e n e  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  3 0 . 0 0 0 /

D T H U R _ O L D ( j )  o ld  r ig h t - s id e  t e m p e r a tu r e  d i f f e r e n e  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  1 2 6  2 8 3 /
D T C U L  O L D ( i )  o ld  l e f t - s i d e  te m p e r a tu r e  d i f f e r e n e  o f  c u  f r o m  o r ig in a l  H E N  
/ I l  5 9 . 8 Ï 2 ,  12 1 4 0 .0 0 0 ,  13 6 6 .2 5 2 /
D T C U R _ O L D ( i )  o ld  r ig h t - s id e  t e m p e r a tu r e  d i f f e r e n e  o f  c u  f r o m  o r ig in a l  H E N  
/ I l  4 5 .0 0 0 ,  12 2 5 .0 0 0 ,  13 4 5 .0 0 0 /

/ / L o g  M e a n  T e m p e r a tu r e  D i f f e r e n c e / /
T A B L E  L M T D _ O L D ( i , j ,k )  o ld  lo g  m e a n  te m p e r a tu r e  fr o m  o r ig in a l  H E N

K 1 K 2 K 3  K 4

I1 .J1 3 9 .5 6 5 2 4 .7 8 3 1 5 .7 6 6
I1 .J 2 17.,2 5 2  1 5 .7 4 5
I1 .J 3 1 5 .4 8 4
I3 .J1 1 5 .4 1 7 1 5 .9 8 9
I3 .J 4 3 9 .2 4 2

P A R A M E T E R S
L M T D H U _ O L D ( j )  o ld  l o g  m e a n  t e m p e r a tu r e  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  6 6 .6 4 7 /”
L M T D C U  O L D ( i )  o ld  l o g  m e a n  te m p e r a tu r e  o f  c u  f r o m  o r ig in a l  H E N  
/ I I  5 2 .0 5 5 ,”  12 6 6 .0 9 6 ,  13 5 4 .9 4 1 /
5

/ /O v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  c a lc u la t io n s / /
บ ( บ )  =  1 /(1  / H H ( i ) + l / H C ( j ) ) ;
U H L J (j) ^  l / ( l / H C ( i ) + l / H H U ) ;
U C U ( i )  =  l / ( l / H H ( i ) + l / H C U ) ;

V A R I A B L E S
t h ( i ,k )  t e m p e r a t u r e ( C )  o f  h o t  s t r e a m s  i a t lo c a t io n  k  
t c ( j ,k )  t e m p e r a t u r e ( C )  o f  c o ld  s t r e a m s  j at l o c a t io n  k

q ( i , j ,k )  h e a t  lo a d ( k W )  o f  m a t c h ( i . j )  a t s t a g e  k  
q h u ( j )  h e a t  lo a d ( k W )  o f  h o t  u t i l i t y  fo r  c o ld  s t r e a m  j
q c u ( i )  h e a t  lo a d ( k W )  o f  c o ld  u t i l i t y  fo r  h o t  s tr e a m  i

d t ( i , j ,k )  t e m p e r a tu r e  d i f f e r e n c e ( C )  f o r  m a t c h ( i . j )  a t lo c a t io n  k
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d t h u l( i )  t e m p e r a tu r e  d i f f e r e n c e ( C )  f o r  le f t  s id e  o f  h o t  u t i l i t y  e x c h a n g e r  
d th u r (j)  t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  r ig h t  s id e  o f  h o t  u t i l i t y  e x c h a n g e r  
d t c u l ( i )  t e m p e r a tu r e  d i f f e r e n c e ( C )  f o r  l e f t  s id e  o f  c o ld  u t i l i ty  e x c h a n g e r  
d t c u r ( i)  t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  r ig h t  s id e  o f  c o ld  u t i l i t y  e x c h a n g e r

lm t d ( i , j ,k )  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  m a t c h ( i . j )  at s t a g e  k
lm t d h u ( j )  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  h o t  u t i l i t y  e x c h a n g e r  fo r  c o ld

s tr e a m  j
lm t d c u ( i )  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  c o l d  u t i l i t y  e x c h a n g e r  fo r  c o ld  

s tr e a m  i

a r e a ( i , j ,k )  a r e a  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  a t s t a g e  k  
a r e a h u (j )  a r e a  o f  h o t  u t i l i t y  e x c h a n g e r  o f  c o ld  s t r e a m  j  
a r e a c u ( i)  a r e a  o f  c o l d  u t i l i ty  e x c h a n g e r  o f  h o t  s t r e a m  1

to t  lsq r  e r r o r  to ta l  le a s t  sq u a r e  err o r

P O S I T I V E  V A R I A B L E S  q ( i , j ,k ) ,  q h u ( j ) ,  q c u ( i ) ,
d t ( i , j ,k ) ,  d t h u l( j ) ,  d th u r (j) , d t c u l ( i ) ,  d tc u r ( i) ,  
lm t d ( i , j ,k ) , lm t d h u ( j ) , lm t d c u ( i ) ,  
a r e a ( i , j ,k ) ,a r e a h u ( j ) ,a r e a c u ( i )  
a r e a _ a d d ( i , j ,k ) ,  a r e a h u _ a d d ( j ) ,  a r e a c u  a d d ( i) ;

/ /v a r ia b le  b o u n d in g / /

t h .u p ( i ,k )  =  T H I N ( i ) ;
t h . lo ( i ,k )  =  T H O U T ( i ) ;
t c .u p ( j ,k )  =  T C O U T C i);
t c . l o ( j ,k )  =  T C I N ( j ) ;

q .u p ( i , j ,k ) $ s t a g e ( k )  =  m a x ( m in (  F C P H ( i ) * ( t h .u p ( i ,k ) -  
m a x ( t h . l o ( i ,k + l ) , t c . l o ( j , k + l ) + E M A T ) )  , F C P C ( j ) * ( m in ( t h .u p ( i ,k ) -  
E M A T , t c .u p ( j ,k ) ) - t c . l o ( j ,k + l ) )  )  , 0 ) $ ( - ( t h .u p ( i ,k ) - t c . lo ( j ,k )  > =  E M A T )  a n d  
( t h . u p ( i , k + l ) - t c . l o ( j , k + l )  > =  E M A T ) )  + 0 $ (  ( t h .u p ( i .k ) - t c . lo ( j ,k )  <  E M A T )  o r  
( t h .u p ( i ,k + 1 ) - t c .  lo ( j  , k + 1 )  <  E M A T ) )  ;

q h u .u p ( j )  =  m a x (  F C P C ( j ) * ( m in ( T H U I N ( j ) - E M A T ,T C O U T ( j ) ) -
t c . l o ( j , ' K l ' ) )  , 0 ) $ ( ( T H U I N 0 ‘) - T C O U T ( j )  > =  E M A T )  a n d  ( T H U O U T O ) -  
t c d o ( j ,  K l ' )  > =  E M A T ) )  + 0 $ (  ( T H U I N ( j ) - T C O U T ( j )  <  E M A T )  o r  ( T H U O U T ( j ) -  
t c . l o ( j , ' K l ' )  <  E M A T ) )  ;

q c u .u p ( i )  =  m a x (  F C P H ( i ) * ( t h .u p ( i , 'K L ') -
m a x ( T H O U T ( i ) ,T C U I N ( i ) + E M A T ) )  , 0 ) $ (  ( t h .u p ( i , ’K L ' ) - T C U O U T ( i )  > =  E M A T )  
a n d  ( T H O U T ( i ) - T C U I N ( i )  > =  E M A T ) )  + 0 $ (  ( t h .u p ( i / K L ' ) - T C U O U T ( i )  <  E M A T )  o r  
( T H O U T ( i ) - T C U I N ( i )  <  E M A T ) )  ;
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d t.u p Ç ij k )
d t l o ( i j , k )
d t h u l .u p ( j )
d t h u l . l o ( i )
d th u r .u p ( j )
d th u r .lo ( j )
d t c u l .u p ( i )
d t c u l . lo ( i )
d t c u r .u p ( i )
d t c u r . lo ( i )

=  m a x ( E M A T ,( t h .u p ( i ,k ) - t c . lo ( j ,k ) ) ) ;
=  E M A T ;
=  m a x ( E M A T ,T H U I N ( j ) - T C O U T ( j ) ) ;
=  E M A T ;
=  m a x ( E M A T ,T H U O U T ( j ) - t c . l o ( j , 'K  1 '));  
=  E M A T ;
=  m a x ( E M A T ,t h .u p ( i , 'K L ' ) - T C U O U T ( i ) ) ;  
=  E M A T ;
=  m a x ( E M A T ,T H O U T ( i ) - T C U I N ( i ) ) ;
=  E M A T ;

lm t d .u p ( i , j ,k ) $ s t a g e ( k )  =
( d U i p ( i , j ,k ) * d t .u p ( i , j ,k + l ) * ( d t .u p ( i , j ,k ) + d t .u p ( i , j ,k + l ) ) / 2 ) * * ( l / 3 ) ;  

l m t d . l o ( i , j ,k ) $ s t a g e ( k )  =
( d t . l o ( i j , k ) * d t . l o ( i j , k + l ) * ( d t . l o ( i , j , k ) + d t . l o ( i j , k + l ) ) / 2 ) * * ( l / 3 ) ;  

lm t d h u .u p ( j )  =  ( d t h u r .u p ( j ) * d t h u l .u p ( j ) * ( d t h u r .u p ( j ) + d t h u l .u p ( j ) ) /2 ) * * ( l /3 ) ;
lm t d h u . lo ( j )  =  ( d t h u r . lo ( j ) * d t h u l . lo ( j ) * ( d t h u r . l o ( j ) + d t h u l . lo ( j ) ) /2 ) * * ( l /3 ) ;
lm t d c u .u p ( i )  =  ( d t c u l .u p ( i ) * d t c u r .u p ( i ) * ( d t c u l .u p ( i ) + d t c u r .u p ( i ) ) / 2 ) * * ( l /3 ) ;
l m t d c u . lo ( i )  =  ( d t c u l . l o ( i ) * d t c u r . l o ( i ) * ( d t c u l . l o ( i ) + d t c u r . l o ( i ) ) / 2 ) * * ( l / 3 ) ;

a r e a .u p ( i , j ,k ) $ s t a g e ( k )  =  q .u p ( i . j ,k ) / l m t d . l o ( i , j ,k ) / U ( i , j ) ;  
a r e a h u .u p ( i )  =  q h u .u p ( j ) / lm t d h u .lo ( j ) /U E I U ( j ) ;
a r e a c u .u p ( i )  =  q c u .u p ( i ) / lm t d c u . l o ( i ) /U C U ( i ) ;

/ / A s s i g n  b o u n d in g  to  p a m a te r s  in  lo g ic a l  c o n s t r a in t / /  
G A M M A _ H X ( i , j ,k )  =  q .u p ( i ,j ,k ) ;  
G A M M A _ H U ( j )  =  q h u .u p ( j ) ;  
G A M M A _ C U ( i )  =  q c u .u p ( i ) ;

T A U _ H X ( i , j ,k )
t a u ” h u l ( j)
T A U ~ H U R ( i )
T A U ~ C U L ( i )
T A U ~ C U R ( i )

=  - t h . lo ( i ,k ) + t c .u p ( j ,k ) + d t . lo ( i , j ,k ) ;
=  - T H U I N ( j ) + T C O U T ( j ) + d t h u l . l o ( j ) ;
=  - T H U O U T ( j ) + t c .u p ( i , 'K T ) + d t h u r . lo ( j ) ;  
=  - t h . l o ( i , ' K L ) + T C U O U T ( i ) + d t c u l . l o ( i ) ,  
=  - T H O U T ( i ) + T C U I N ( i ) + d t c u r . lo ( i ) ;

/ /L a s t  s ta g e  f o r c i n g  b o u n d //
q . f x ( i , j , 'K L ')  = 0 ;
lm t d .f x ( i , j , 'K L ')  = 0 ;
a r e a .f x ( i , j , 'K L ')  = 0 ;
a r e a _ a d d .f x ( i , j ?'K L ') = 0 ;

/ /T o  f o r c e  n o  q ,  a r e a  c h a n g e  w h e r e  th e r e  i s  n o  e x i s t in g  H X / /  
q .f i ( ( i , j ,k ) $ ( n o t  H E N ( i , j ,k ) )  =  0 ;
a r e a ^ a d d .f x ( i , j ,k ) $ ( n o t  H E N ( i , j ,k ) )  =  0 ;
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/ / in i t ia l  v a lu e  fo r  v a r ia b le s / /
a r e a d ( i  ,j ,k ) =  A R E A  O L D ( i ,j ,k ) ;
a r e a h u .I ( j ) =  A R E A ~ H U  O L D G );
a r e a c u .l ( i ) =  A R E A C U j O L D G ) ;

t h . l ( i ,k ) =  T H  O L D ( i ,k ) ;
t c . l ( j ,k ) =  T C j O L D ( j ,k ) ;

q d ( i , j ,k ) =  Q  O L D ( i j ,k ) ;
q h u .l ( j ) =  Q~HU O L D 0 ;
q c u . l ( i ) =  Q C U ~ O L D ( i ) ;

d t . l ( i , j ,k ) =  D T  O L D ( i ,j ,k ) ;
d t h u l . l ( j ) =  D T H U L  O L D G );
d th u r .l( j ) =  D T H U R -  O L D G );
d t c u l . l ( i ) =  D T C U L  O L D ( i ) ;
d t c u r . l ( i ) =  D T C U R ~ O L D ( i ) ;

lm t d . l ( i , j ,k ) =  L M T D  O L D ( i j ,k ) ;
lm td h u .lG ) =  L M T D H U  O L D G );
lm t d c u . l ( i ) =  L M T D C U  _ O L D ( i) ;

E Q U A T I O N S
O V E R A L L  H ( i )  o v e r a l l  e n e r g y  b a la n c e  o f  h o t  s tr e a m  i 
O V E R A L L C G )  o v e r a l l  e n e r g y  b a la n c e  o f  c o ld  s t r e a m  j

E B A L _ H ( i ,k )  e n e r g y  b a la n c e  o f  h o t  s tr e a m  i in  s t a g e  k  
E B A L _ C ( j ,k )  e n e r g y  b a la n c e  o f  c o l d  s tr e a m  j in  s t a g e  k

T I N  H G ) a s s ig n m e n t  in le t  t e m p e r a tu r e  o f  h o t  s t r e a m  i
T I N _ C ( j )  a s s ig n m e n t  in le t  t e m p e r a tu r e  o f  c o ld  s t r e a m  j

M O N O T  H ( i ,k )  
M O N O T ~ C ( j ,k )  
M O N O T ~ H N O T ( i ,k )

M O N O T C N O T f j . k )

m o n o t o n ie  in  te m p e r a tu r e  o f  h o t  s tr e a m  i a t lo c a t io n  k  
m o n o t o n ie  in  t e m p e r a tu r e  o f  c o l d  s tr e a m  j a t l o c a t io n  k  
m o n o t o n ie  in  te m p e r a tu r e  o f  h o t  s t r e a m  i a t lo c a t io n  k 
i f  n o  H X
m o n o t o n ie  in  te m p e r a tu r e  o f  c o l d  s tr e a m  j a t lo c a t io n  
k i f  n o  H X

M O N O T H U G )  m o n o t o n ie  in  o u t le t  te m p e r a tu r e  o f  c o l d  s t r e a m  j  
M O N O T _ C U ( i )  m o n o t o n ie  in  o u t le t  te m p e r a tu r e  o f  h o t  s tr e a m  i 
M O N O T _ H U N O T ( j )  m o n o t o n ie  in  o u t le t  te m p e r a tu r e  o f  c o l d  s tr e a m  j  i f  n o  H X  
M O N O T _ C U N O T ( i )  m o n o t o n ie  in  o u t le t  t e m p e r a tu r e  o f  h o t  s tr e a m  i i f  n o  H X

E B A L _ H U ( j )  e n e r g y  b a la n c e  o f  h o t  u t i l i t y  o f  c o l d  s tr e a m  j
E B A L  C U ( i )  e n e r g y  b a la n c e  o f  c o ld  u t i l i t y  o f  h o t  s t r e a m  1
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D T F E A S _ H X L ( i , j ,k )

D T F E A S _ H X R ( i , j ,k )

D T F E A S H U L G )

te m p e r a tu r e  f e a s ib i l i t y  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  
at lo c a t io n  k
te m p e r a tu r e  f e a s ib i l i t y  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  
a t lo c a t io n  k + 1

te m p e r a tu r e  f e a s ib i l i t y  o f  h o t  u t i l i t y  o f  o u t le t  c o ld
s tr e a m  j

D T F E A S H U R G )  te m p e r a tu r e  f e a s ib i l i t y  o f  h o t  u t i l i ty  o f  in le t  c o ld  s tr e a m  j 
D T F E A S _ C U L ( i )  te m p e r a tu r e  f e a s ib i l i t y  o f  c o ld  u t i l i ty  o f  in le t  h o t  s tr e a m  i 
D T F E A S _ C U R ( i )  t e m p e r a tu r e  f e a s ib i l i t y  o f  c o ld  u t i l i ty  o f  o u t le t  h o t  s tr e a m  i

L O G M T D ( i ,j ,k )
L O G M T D H U O )
L O G M T D C U G )

lo g  m e a n  te m p e r a tu r e  o f  m a t c h ( i . j )  a t s t a g e  k  
l o g  m e a n  te m p e r a tu r e  o f  h o t  u t i l i ty  e x c h a n g e r  
l o g  m e a n  te m p e r a tu r e  o f  c o ld  u t i l i ty  e x c h a n g e r

A _ H X ( i j , k )
a I h u o )
A _ C U ( i )

a r e a  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  a t s t a g e  k 
a r e a  o f  h o t  u t i l i ty  e x c h a n g e r  o f  c o ld  s t r e a m  j 
a r e a  o f  c o ld  u t i l i t y  e x c h a n g e r  o f  h o t  s t r e a m  i

O B J o b j e c t i v e  f u n c t io n  (to ta l  a d d it io n a l  a rea )

O V E R A L L  H ( i)  .. ( T H I N ( i )  - T H O U T ( i ) ) * F C P H ( i )  = e =
s u m ( ( j ,k ) ,q ( i , j ,k ) ) + q c u ( i ) ;

O V E R A L L _ C ( j )  .. ( T C O U T ( j ) - T C I N ( j ) )  * F C P C ( j )  = e =
s u m ( ( i ,k ) ,q ( i j ,k ) ) + q h u ( j ) ;

E B A L _ H ( i ,k ) $ H E N  H O T ( i .k )  .. ( t h ( i ,k ) - t h ( i ,k + l ) ) * F C P H ( i )  ^ =
s u m ( j ,q ( i , j ,k ) ) ;  / /d o  o n l y  e x i s t  H E N  

E B A L _ C ( j ,k ) $ H E N _ C O L D ( j .k )  .. ( t c ( j ,k ) - t c O ,k + l ) ) * F C P C G )  = e =
s u m ( i ,q ( i , j ,k ) ) ;

T I N _ H ( i )  .. T H l N ( i )  = e =  t h ( i , ’K l ' ) ;
T I N ~ C ( j )  .. T C I N O )  = e =  t c ( j , ’K L ');

M O N O T _ H ( i ,k ) $ H E N _ H O T ( i ,k )  .. t h ( i ,k )  = g =  t h ( i , k + l ) ;
/ / i f  F IX  —>  m o n o t o n ie

M O N O T _ C ( j ,k ) $ H E N _ C O L D ( j .k )  .. t c ( j ,k )  = g =  t c G ,k + l ) ;
M O N O T ~ H N O T ( i ,k ) $ ( ( n o t  H E N _ H O T ( i ,k ) )  a n d  s t a g e ( k ) )  .. t h ( i ,k )  = e =  t h ( i ,k + l ) ;

/ / i f  n o  H X  —>  e q u a l
M O N O T _ C N O T G ,k ) $ ( ( n o t  H E N _ C O L D G ,k ) )  a n d  s t a g e ( k ) )  .. t c G ,k )  = e =  t c G ,k + l ) ;

M O N O T _ H U G ) $ H U G )  .. T C O U T G )  = g =  tc G ,’K l ' ) ;  / / i f  H X - >  m o n o t o n ie  
M O N O T ~ C U ( i ) $ C U ( i )  .. t h ( i ; K L ' )  = g =  T H O U T ( i ) ;
M O N O T ~ H U N O T G ) $ ( n o t  H U G ))  -  T C O U T G )  = e =  t c G /K E ) ;  / / i f  n o  H X  ~ >  e q u a l  
M O N O T ~ C U N O T ( i ) $ ( n o t  C U ( i ) )  .. th ( i ,'K L ')  = e =  T H O U T ( i ) ;
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E B A L _ H บ ( j ) $ H U ( j )  .. ( T C O U T O )  - t c G ,’K l ' ) ) * F C P C G )  = e =  q h u G );
/ / d o  o n l y  e x i s t  H E N

E B A L _ C U ( i ) $ C U ( i )  .. ( th ( i ,'K L ')  -  T H O U T ( i ) )  * F C P H ( i )  = e =  q c u ( i ) ;

D T F E A S _ H X L ( i , j ,k ) $ H E N ( i , j ,k )  .. d t ( i , j ,k )  = e =  t h ( i ,k )  - t c ( j ,k )  ; 
D T F E A S ~ H X R ( i j ,k ) $ H E N ( i ,J ,k )  .. d t ( C j ,k + l )  = e =  t h ( i , k + l ) - t c ( j , k + l ) ;  
D T F E A S ~ H U L ( j ) $ H U G )  .. d th u lG ) = e =  T H U I N G )  -T C O U T G )  ;
D T F E A S J J U R ( j ) $ H U ( j )  .. d th u rG ) = e =  T H U O U T G )  - t c ( j , 'K  1’);

/ / i f  e x i s t  H E N  a n d  n o  T A U
D T F E A S _ C U L ( i ) $ C U ( i )  .. d t c u l ( i )  = e =  th G ,’K L ’) - T C U O U T ( i )  ;
D T F E A S ~ C U R ( i ) $ C U ( i )  .. d t c u r ( i)  = e =  T H O U T ( i )  - T C U I N ( i )  ;

L O G M T D ( i , j ,k ) $ H E N ( i , j ,k )  .. lm t d ( i , j ,k )  = e =  
( d t ( i , j ,k ) * d t ( i , j , k + l ) * ( d t ( i , j , k ) + d t ( i j , k + l ) ) / 2 ) * * ( l / 3 ) ;  / / o n ly  H E N  
L O G M T D H U G ) $ H U G ) .. lm td h u G ) = e =  (d thu rG -) * d th u lG ) * (d th u r G )

+ d th u lG ) )  / 2 ) * * ( l / 3 ) ;
L O G M T D C U ( i ) $ C U ( i ) .  .. lm t d c u ( i )  = e =  ( d t c u l ( i )  * d tc u r ( i )

* ( d t c u l ( i ) + d t c u r ( i ) )  / 2 ) * * ( 1 /3 ) ;

A _ H X ( i , j ,k ) $ H E N ( i , j ,k )  .. a r e a ( i j ,k )  * lm t d ( i , j .k ) * U ( i , j )  = e =  q ( i ,j ,k ) ;

A _ H U G ) $ H U G )  .. a r e a h u G ) ฯ m td h u G ) * U H U G )  = e =  q h u G );
A _ C U ( i ) $ C U ( i )  .. a r e a c u ( i)  * lm t d c u ( i )  * U C U ( i )  =e=  q c u ( i ) ;

/ / l e a s t  s q u a r e  er r o r
O B J  .. T O T  L S Q R  E R R O R  = e =

s u m ( ( i , j ,k ) $ H E N ( i , j ,k ) ,p o w e r ( a r e a ( i , j ,k ) - A R E A _ O L D ( i , j ,k ) ,2 ) )  
+  s u m G $ H U G ) ,p o w e r ( a r e a h u ( j ) - A R E A H U _ O L D G ) ,2 ) )
+  s u m ( i $ C U ( i ) ,p o w e r ( a r e a c u ( i ) - A R E A C U _ O L D ( i ) ,2 ) ) ;

m o d e l  S T A G E M O D E L _ S I N G L E P E R I O D  /a l l / ;

o p t io n  i t e r l i m = l e 9 ;  
o p t io n  d o m l i m = 0 ;  
o p t io n  r e s l i m = l e 8 ;
S T A G E M O D E L _ S I N G L E P E R I O D .o p t f i l e = 0 ;

s o lv e  S T A G E M O D E L  S I N G L E P E R I O D  u s in g  N L P  m in im iz in g  
T O T L S Q R E R R O R ; -



d is p la y  t h . l j t c . l ,  
q . l ,q h u . l ,q c u . l ,  
a r e a . l ,a r e a h u .l ,a r e a c u .l ,  
d t . l ,d t h u l . l ,d t h u r . l ,d t c u l . l ,d t c u r . l ,  
lm t d . l , lm t d h u . l , lm t d c u . l ,  
t o t_ ls q r _ e r r o r . l



1 2 8

B 3  M o d è l e

S E T S
I h o t  s t r e a m s /I I  * 1 3 /
J c o ld  s t r e a m s เท * ]  A!
K  i n d e x  o f  s t a g e  o r  lo c a t io n  /K 1  * K 4 ,K L /  / / l a s t  n u m b e r  i s  n o . o f  s t a g e s

s t a g e ( k ) a ll  s t a g e s
H E N ( i , j ,k ) d e f in e  w h e r e  H X  e x i s t s
H E N  H O T ( i ,k ) d e f in e  w h e r e  H X  e x i s t s  2  d i m e n s io n s  fo r  h o t  s tr e a m s
H E N _ C O L D ( j .k ) d e f in e  w h e r e  H X  e x i s t s  2  d i m e n s io n s  fo r  c o ld  s tr e a m s
H u o y d e f in e  w h e r e  H U  e x i s t s
C U ( i ) d e f in e  w h e r e  c u  e x i s t s

/ /d y n a m ic  s e t  f o r  s t a g e  p o in t e r  
s t a g e ( k )  =  y e s ;  
s t a g e ( 'K L ')  =  n o ;

/ /d y n a m ic  s e t  f o r  e x i s t in g  H E N / /  < —  T o  f i x  t o p o l o g y

H E N ( i , j ,k )  =  n o ;

T A B L E  Z _ O L D ( i , j ,k )  E x i s t in g  M X  fr o m  o r ig in a l  H E N  o f  e a c h  p e r io d  
K 1 K 2  K 3  K 4

I1.J1  
I 1 .J 2  
I1 .J 3  
13 .J 1 
I 3 .J 4

1 .0 0 0  1 .0 0 0  1 .0 0 0
1 .0 0 0  1 .0 0 0

1 .0 0 0  , 0 0 0
1 .0 0 0

l o o p ( ( i j , k ) $ ( Z _ O L D ( i j , k ) = l ) ,  H E N ( i j , k )  =  y e s ) ;

/ /d y n a m ic  s e t  f o r  e x i s t in g  U t i l i t y  e x c h a n g e r / /  < —  T o  f i x  t o p o l o g y
/ /h o t  u t i l i t y  

H U ( j )  =  n o ;
P A R A M E T E R  Z H U _ O L D ( j )  E x i s t in g  H U  fr o m  o r ig in a l  H E N  o f  e a c h  p e r io d

l o o p ( j $ ( Z H U _ O L D ( j ) =  1 ) ,  H U G )  =  y e s ) ;

/ / c o l d  u t i l i t y  
C U ( i )  =  n o ;
P A R A M E T E R  Z C U  O L D ( i )  E x i s t in g  c u  fr o m  o r ig in a l  H E N  o f  e a c h  p e r io d  
/ I I  1 .0 0 0 ,  12 l . o o o r  13 1 .0 0 0 / ;  
l o o p ( i $ ( Z C U _ O L D ( i ) = l ) ,  C U ( i )  =  y e s ) ;
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/ /d e f i n e  d y n a m ic  s e t  fo r  e x i s t i n g  H E N  b u t o n ly  2  d i m e n s io n s  ( fo r  h o t  a n d  c o l d ) / /  
H E N H O T ( i . k )  =  n o ;
H E N ~ C O L D ( j ,k )  =  n o ;
l o o p « i j , k ) $ ( H E N ( i , j ,k ) ) ,  H E N _ H O T ( i ,k )  =  y e s ) ;  
l o o p ( ( i , j ,k ) $ ( H E N ( i , j ,k ) ) ,  H E N ~ C O L D ( j .k )  =  y e s ) ;

S C A L A R S

/ /C o s t / /
C A p e r  u n it  c o s t  o f  h e a t  e x c h a n g e r  a r e a ($  p e r  u n it ) / 6 4 1 . 7 /
B e x p o n e n t  fo r  a r e a  c o s t ( d i m e n s io n l e s s ) ณ
C F f ix e d  c o s t  o f  h e a t  e x c h a n g e r ( $  p e r  u n it ) !8 3 3 3 .3 /

C H U p e r  u n it  c o s t  o f  h o t  u t i l i t y ( $  p e r  k W ) / 1 1 5 .2 /
e c u f ix e d  c o s t  o f  h e a t  e x c h a n g e r ( $  p e r  k W ) / 1 .3 /

A F a n n u a l is a t io n  fa c to r / 0 . 2 /

/ /o t h e r / /
E M A T e x c h a n g e r  m in im u m  a p p r o a c h  t e m p e r a tu r e (C ) / 5 /  '

H H U  h e a t  tr a n s fe r  c o e f f i c i e n t  o f  h o t  u t i l i t y ( k W |( m 2 .C ) )  / 2 /
H C U  h e a t  tr a n s fe r  c o e f f i c i e n t  o f  c o ld  u t i l i t y ( k W |( m 2 .C ) )  / ! /

P A R A M E T E R S  
/ /H o t  S t r e a m s / /

T H I N ( i )  in le t  t e m p e r a tu r e  o f  h o t  s t r e a m s ( C )
/  I l  3 9 3

12 1 6 0  
13 3 5 4

/
T H O U T ( i )  o u t le t  t e m p e r a tu r e  o f  h o t  s t r e a m s ( C )  
/  I l  6 0

12 4 0
13 6 0

/
/ /C o l d  S t r e a m s / /

T C I N 0 ) in le t  t e m p e r a tu r e  o f  c o ld  s t r e a m s ( C )
/  J1 7 2

J 2 6 2
- J3 2 2 0

J 4
/

2 5 3

T C O U T ( j )  o u t le t  t e m p e r a tu r e  o f  c o ld  s t r e a m s ( C )
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/ J1 3 5 6
J 2 2 1 0
J3 3 7 0
J 4 2 8 4

/
/ /H e a t  C a p a c i t y  F lo w r a t e s / /

F C P H ( i )  h e a t  c a p a i t y  f lo w r a t e s  f o  h o t  s t r e a m s ( C )
/  I l  ' 2 0 1 .6

12 1 8 5 .1
_ I 3  1 3 7 .4

/
F C P C ( j )  h e a t  c a p a i t y  f lo w r a t e s  f o  c o ld  s t r e a m s ( C )
/  J1 2 0 9 .4

J 2  1 4 1 .6  
J3  1 7 6 .4  
J 4  __ 2 9 4 .4

/ /U t i l i t y  / /
T H U I N ( j )  in le t  t e m p e r a tu r e  o f  h o t  u t i l i t y ( C )
/  J1 4 0 0

J 2  4 0 0  
.13 4 0 0
J 4  4 0 0

/
T H U O U T f j )  o u t le t  t e m p e r a tu r e  o f  h o t  u t i l i t y ( C )
/  J1 3 9 9

J 2  3 9 9  
J 3  3 9 9  
J 4  3 9 9

/
T C U I N ( i )  in le t  t e m p e r a tu r e  o f  c o ld  u t i l i t y ( C )
/  I l  15

โ2 15
13 15

/
T C U O U T ( i )  o u t le t  te m p e r a tu r e  o f  c o ld  u t i l i t y ( C )
/  I l  2 0

12 2 0  
13 2 0

/
/ /H e a t  tr a n s fe r  c o e f f i c i e n t / /

H H ( i )  h e a t  c a p a it y  f lo w r a t e s  o f  h o t  s t r e a m s ( k W |( m 2 .C ) )
/  I l  2

12 2  
13 2

/
H C ( j )  h e a t  c a p a it y  f lo w r a t e s  o f  c o l d  s t r e a m s ( k W |( m 2 .C ) )
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/ J1 1 .5
J2 1 .5
J3 2
J 4 2

/
/ /o v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t / /

บ ( i , j )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  fo r  m a t c h ( i . j )
U H U ( j )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  fo r  c o ld  s t r e a m ( j )  a n d  h o t  u t i l i t y
U C U ( i )  O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  fo r  h o t  s t r e a m ( i )  a n d  c o l d  u t i l i t y

/ /u p p e r  b o u n d  fo r  l o g i c a l  c o n s t r a in t s / /
G A M M A _ H X ( i , j ,k )  u p p e r  b o u n d  h e a t  lo a d  f o r  m a tc h  ( i . j )
G A M M A _ H  บ ( j )  
G A M M A ~ C U ( i )

u p p e r  b o u n d  h e a t  lo a d  fo r  h o t  u t i l i ty  
u p p e r  b o u n d  h e a t  lo a d  f o r  c o ld  u t i l i ty

T A U _ H X ( i , j ,k )
t a i T h u l g )

T A U _ H U R ( j )

T A U C U L ( i )

T A U C U R ( i )

u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u t i l i t y  e x c h a n g e r
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u t i l i t y  e x c h a n g e r
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u t i l i t y  e x c h a n g e r
u p p e r  b o u n d  o f  te m p e r a tu r e  d i f f e r e n c e  
u t i l i t y  e x c h a n g e r

f o r  h e a t  e x c h a n g e r  
f o r  l e f t  s id e  o f  h o t

f o r  r ig h t  s id e  o f  h o t

f o r  l e f t  s id e  p f  c o ld

fo r  r ig h t  s id e  o f  c o ld

/ /O ld  v a lu e  o f  v a r ia b le s  f r o m  o r ig in a l  H E N / /

/ /A r e a / /
T A B L E  A R E A _ O L D ( i , j ,k )  o ld  a r e a  fr o m  o r ig in a l  H E N  o f  e a c h  p e r io d  

'  K 1 ~  K 2  K 3  K 4

I1 .J 1  6 8 0 .0 5 5  1 6 6 .1 2 6  7 5 1 .9 7 0
I 1 .J 2  1 2 9 0 .0 4 0  1 3 2 .7 9 4
I 1 .J 3  5 9 7 . 1 9 0
I3 .J 1  3 5 6 .1 2 3  1 4 7 0 .8 4 6
I 3 .J 4  3 2 4 .8 5 9

P A R A M E T E R S
A R E A H U _ O L D ( j )  o ld  a rea  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  2 5 6 . 0 2 5 /
A R E A C U  O L D ( i )  o ld  a rea  o f  c u  fr o m  o r ig in a l  H E N  
/ I I  1 1 7 .0 3 6 ,  12 5 4 1 . 3 9 6 ,  13 9 7 .7 6 2 /



1 3 2

/ /T e m p e r a t u r e / /
T A B L E  T H _ O L D ( i ,k )  o ld  h o t  te m p e r a tu r e  f r o m  o r ig in a l  H E N

K 1 K 2  K 3 K 4 K L

11 4 0 6 . 0 0 0 2 9 3 .4 9 8 2 3 1 .1 7 8 8 8 .5 5 5 7 9 .8 1 2
12 1 6 0 .0 0 0 1 6 0 .0 0 0 1 6 0 .0 0 0 1 6 0 .0 0 0 1 6 0 .0 0 0
13 3 6 2 .0 0 0 2 6 8 .5 4 0 2 3 4 .0 3 8 8 6 .2 5 2 8 6 .2 5 2

T A B L E  T C _ O L D ( j ,k )  o ld  c o ld  te m p e r a tu r e  f r o m  o r ig in a l  H E N
K 1 K 2  K 3 K 4 K L

J1 3 6 5 .0 0 0 2 5 5 .3 3 4 2 1 6 .1 7 5 7 2 .0 0 0 7 2 .0 0 0
J 2 2 1 0 .0 0 0 2 1 0 .0 0 0 2 1 0 .0 0 0 7 4 .7 1 0 6 2 .0 0 0
J3 2 7 2 .7 1 7 2 7 2 .7 1 7 2 2 0 .0 0 0 2 2 0 .0 0 0 2 2 0 .0 0 0
J 4 2 9 0 .0 0 0 2 5 0 .0 0 0 2 5 0 .0 0 0 2 5 0 .0 0 0 2 5 0 .0 0 0

/ /H e a t  l o a d / /
T A B L E  Q _ O L D ( i , j ,k )  o ld  h e a t  lo a d  fr o m  o r ig in a l  H E N  

K 1 K 2  K 3  K 4

I1 .J 1  2 3 0 6 2 . 8 5 2  3 5 2 8 .9 5 9  1 0 1 6 2 .0 2 8  
I 1 .J 2  1 9 0 7 5 .8 4 4  1 7 9 2 .1 5 6
I 1 .J 3  9 2 4 6 .6 2 3
1 3 -J 1 4 7 0 6 . 0 5 0  2 0 1 5 8 .0 1 1
I 3 .J 4  1 2 7 4 8 .0 0 0

P A R A M E T E R S
Q H U _ O L D ( j )  o ld  h e a t  lo a d  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  1 7 0 6 3 .3 7 7 /
QCU O L D ( i )  o ld  h e a t  lo a d  o f  c u  fr o m  o r ig in a l  H E N  
/ I I  4 0 6 1 .5 3 8 ,  12 2 3 8 5 6 .0 0 0 ,  13 3 5 8 0 .7 3 9 /

/ /T e m p e r a t u r e  D i f f e r e n c e / /
T A B L E  D T _ O L D ( i , j ,k )  o ld  te m p e r a tu r e  d i f f e r e n e  fr o m  o r ig in a l  H E N  

K l ~  K 2  K 3  K 4  K L

I1 .J 1  4 1 .0 0 0  3 8 .1 6 5  1 5 .0 0 3  1 6 .5 5 5
I 1 .J 2  2 1 .1 7 8  1 3 .8 4 4  1 7 .8 1 2
I 1 .J 3  2 0 .7 8 1  1 1 .1 7 8
I3 .J 1  1 3 .2 0 6  1 7 .8 6 3  1 4 .2 5 2
I 3 .J 4  7 2 .0 0 0  1 8 .5 4 0
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P A R A M E T E R S
D T H U L _ O L D ( j )  o ld  l e f t - s id e  te m p e r a tu r e  d i f f e r e n e  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  3 0 . 0 0 0 /

D T H U R _ O L D ( j )  o ld  r ig h t - s id e  te m p e r a tu r e  d i f f e r e n e  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  1 2 6  2 8 3 /
D T C U L _ O L D ( i )  o ld  l e f t - s id e  te m p e r a tu r e  d i f f e r e n e  o f  c u  f r o m  o r ig in a l  HEN 
/ I I  5 9 . 8 ใ 2 ,  12 1 4 0 .0 0 0 ,  13 6 6 .2 5 2 /
D T C U R  O L D ( i )  o ld  r ig h t - s id e  te m p e r a tu r e  d i f f e r e n e  o f  c u  f r o m  o r ig in a l  HEN 
/ I I  4 5 . 0 0 0 ,  12 2 5 . 0 0 0 ,  13 4 5 . 0 0 0 /

/ / L o g  M e a n  T e m p e r a tu r e  D i f f e r e n c e / /
T A B L E  L M T D O L D ( i , j ,k )  o ld  l o g  m e a n

K 1 K 2  K 3  K 4

I1 .J1 3 9 .5 6 5 2 4 .7 8 3  1 5 .7 6 6
I 1 .J 2 1 7 .2 5 2  1 5 .7 4 5
I 1 .J 3 1 5 .4 8 4
I3 .J 1 1 5 .4 1 7  1 5 .9 8 9
I 3 .J 4 3 9 .2 4 2

P A R A M E T E R S
L M T D H U _ O L D ( j )  o ld  lo g  m e a n  te m p e r a tu r e  o f  H U  fr o m  o r ig in a l  H E N  
/J 3  6 6 .6 4 7 /”
L M T D C U  O L D ( i )  o ld  lo g  m e a n  te m p e r a tu r e  o f  c u  fr o m  o r ig in a l  H E N  
/ I I  5 2 .0 5 5 ,”  12 6 6 . 0 9 6 ,  13 5 4 .9 4 1 /
5

/ /O v e r a l l  h e a t  tr a n s fe r  c o e f f i c i e n t  c a lc u la t io n s / /
บ ผ )  =  l / ( l / H H ( i ) + l / H C ( j ) ) ;
U H U ( j )  =  l / ( l / H C ( j ) + l / H H U ) ;
U C U ( i )  =  l / ( l / H H ( i ) + l / H C U ) ;

V A R I A B L E S
t h ( i ,k )  t e m p e r a tu r e (C )  o f  h o t  s tr e a m s  i a t lo c a t io n  k  
t c ( j ,k )  t e m p e r a t u r e ( C )  o f  c o ld  s tr e a m s  j a t l o c a t io n  k

q ( i , j ,k )  h e a t  lo a d ( k W )  o f  m a t c h ( i . j )  a t s t a g e  k  
q h u ( j )  h e a t  lo a d ( k W )  o f  h o t  u t i l i ty  fo r  c o l d  s tr e a m  j
q c u ( i )  h e a t  l o a d ( k W )  o f  c o ld  u t i l i ty  fo r  h o t  s tr e a m  i

d t ( i , j ,k )  t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  m a t c h ( i . j )  a t lo c a t io n  k  
d t h u l( j )  t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  l e f t  s id e  o f  h o t  u t i l i t y  e x c h a n g e r  
d th u r ( j )  t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  r ig h t  s id e  o f  h o t  u t i l i t y  e x c h a n g e r  
d t c u l ( i )  t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  le f t  s id e  o f  c o ld  u t i l i t y  e x c h a n g e r
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d t c u r ( i )  t e m p e r a tu r e  d i f f e r e n c e ( C )  fo r  r ig h t  s id e  o f  c o ld  u t i l i t y  e x c h a n g e r

l m t d ( i , j ,k )  l o g  m e a n  t e m p e r a tu r e  d i f f e r e n c e  o f  m a t c h ( i . j )  a t s t a g e  k
lm t d h u ( j )  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  h o t  u t i l i ty  e x c h a n g e r  fo r  c o ld

s tr e a m  j
I m t d c u ( i )  l o g  m e a n  te m p e r a tu r e  d i f f e r e n c e  o f  c o ld  u t i l i t y  e x c h a n g e r  fo r  c o ld  

s t r e a m  i

a r e a ( i , j ,k )  a r e a  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  a t s ta g e  k  
a r e a h u ( j )  a r e a  o f  h o t  u t i l i ty  e x c h a n g e r  o f  c o l d  s tr e a m  j 
a r e a c u ( i )  a r e a  o f  c o ld  u t i l i ty  e x c h a n g e r  o f  h o t  s tr e a m  i

a r e a _ a d d ( i j ,k )
a r e a h u _ a d d ( j )
a r e a c u a d d ( i )

a d d it io n a l  a r e a  o f  h e a t  e x c h a n g e r  o f  m a t c h ( i . j )  a t s t a g e  k  
a d d it io n a l  a r e a  o f  h o t  u t i l i ty  e x c h a n g e r  o f  c o l d  s tr e a m  j 
a d d it io n a l  a r e a  o f  c o ld  u t i l i ty  e x c h a n g e r  o f  h o t  s tr e a m  i

to t  a r e a  a d d  t o t a l  a d d it io n a l  a r e a  n e e d e d

P O S I T I V E  V A R I A B L E S  q ( i j , k ) ,  q h u ( j ) ,  q c u ( i ) ,
d t ( i , j ,k ) ,  d t h u l( j ) ,  d th u r (j ) ,  d t c u l ( i ) ,  d t c u r ( i ) ,
l m t d ( i , j ,k ) , lm t d h u ( j ) , lm t d c u ( i ) ,  
a r e a ( i , j ,k ) ,a r e a h u ( j ) ,a r e a c u ( i )  
a r e a _ a d d ( i , j ,k ) ,  a r e a h u  a d d ( j ) ,  a r e a c u _ a d d ( i ) ;

/ /v a r ia b le  b o u n d in g / /

t h .u p ( i ,k )  =  T H I N ( i ) ;
t h . l o ( i ,k )  =  T H O U T ( i ) ;  
t c .u p ( i ,k )  =  T C O U T ( j ) ;
t c . l o ( j ,k )  =  T C I N ( j ) ;

q .u p ( i , j ,k ) $ s t a g e ( k )  =  m a x ( m in (  F C P H ( i ) * ( t h .u p ( i ,k ) -  
m a x ( t h . l o ( i ,k + l ) , t c d o ( j , k + l ) + E M A T ) )  , F C P C ( j ) * ( m in ( t h .u p ( i ,k ) -  
E M A T ,t c .u p ( j ,k ) ) - t c . l o ( j ,k + l ) )  )  , 0 ) $ (  ( t h .u p ( i ,k ) - t c . lo ( j ,k )  > =  E M A T )  a n d  
( t h . u p ( i , k + l ) - t c . l o ( j , k + l )  > =  E M A T ) )  + 0 $ (  ( t h .u p ( i ,k ) - t c . l o ( j ,k )  <  E M A T )  o r  
( t h .u p ( i , k + l ) - t c . l o ( j , k + l )  <  E M A T ) )  ;

q h u .u p ( j )  =  m a x (  F C P C ( j ) * ( m in ( T H U I N ( i ) - E M A T ,T C O U T ( j ) ) -
t c . l o ( j , ' K l ' ) )  , 0 ) $ ( ( T F I U I N 0 ) - T C O U T ( j )  > =  E M A T )  a n d  ( T H U O U T O ) -  
t c . l o j j / K l ’)  > =  E M A T ) )  + 0 $ (  ( T H U I N ( j ) - T C O U T G )  <  E M A T )  o r  ( T H U O U T ( j ) -  
t c . l o G ,K T )  <  E M A T ) )  ;

q c u .u p ( i )  =  m a x (  F C P H ( i ) * ( t h .u p ( i , 'K L ’) -
m a x ( T H O U T ( i ) ,T C U I N ( i ) + E M A T ) )  , 0 ) $ (  ( t h .u p ( i , 'K L ' ) - T C U O U T ( i )  > =  E M A T )  
a n d  ( T H O U T ( i ) - T C U I N ( i )  > =  E M A T ) )  + 0 $ (  ( t h .u p G /K L 'l - T C U O U T G )  <  E M A T )  o r  
( T H O U T ( i ) - T C U I N ( i )  <  E M A T ) )  ;
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d t .u p ( i , j ,k )  =  m a x ( E M A T ,( t h .u p ( i ,k ) - t c .I o ( j ,k ) ) ) ;  
d t . lo ( i , j ,k )  =  E M  A T ;
d t h u l.u p G )  =  m a x ( E M A T ,T H U I N ( j ) - T C O U T ( j ) ) ;  
d t h u l . l o ( j )  =  E M  A T ;
d th u r .u p O ) =  m a x ( E M A T ,T H U O U T ( i ) - t c . l o G , ' K l ' ) ) ;  
d t h u r . lo ( j )  = E M A T ;
d t c u l .u p G )  =  m a x ( E M A T ,t h .u p ( i , 'K L ' ) - T C U O U T ( i ) ) ;  
d t c u l . l o ( i )  =  E M A T  ;
d t c u r .u p ( i )  =  m a x ( E M A T ,T H O U T ( i ) - T C U I N ( i ) ) ;  
d t c u r . lo ( i )  = E M A T ;

lm t d .u p ( i , j ,k ) $ s t a g e ( k )  =
( d t .u p ( i , j ,k ) * d t .u p ( i , j ,k + l  ) * ( d t .u p ( i , j ,k ) + d t .u p ( i , j ,k + l ) ) / 2 ) * * ( l / 3 ) ;  

l m t d . l o ( i , j .k ) $ s t a g e ( k )  =
( d t . l o ( i , j , k ) * d t . l o ( i , j , k + l ) * ( d t . l o ( i , j , k ) + d t . l o ( i , j , k + l ) ) / 2 ) * * ( l / 3 ) ;  

lm td h u .u p G )  =
( d t h u r .u p G ) * d t h u l .u p G ) * ( d t h u r .u p G ) + d t h u l .u p ( i ) ) /2 ) * * ( l /3 ) ;

lm t d h u .lo G )  =  ( d t h u r . lo ( j ) * d t h u l . lo ( j ) * ( d t h u r . l o ( j ) + d t h u l . l o ( j ) ) /2 ) * * ( l /3 ) ;
I m t d c u .u p ( i )  =

( d t c u l .u p ( i ) * d t c u r .u p ( i ) * ( d t c u l .u p ( i ) + d t c u r .u p ( i ) ) /2 ) * * ( l / 3 ) ;
l m t d c u . lo ( i )  =  ( d t c u l . l o ( i ) * d t c u r . l o ( i ) * ( d t c u l . l o ( i ) + d t c u r . l o ( i ) ) / 2 ) * * ( l / 3 ) ;

a r e a .u p ( i , j ,k ) $ s t a g e ( k )  =  q .u p ( i , j ,k ) / lm t d . lo ( i , j ,k ) /U ( i , j ) ;  
a r e a h u .u p G )  =  q h u .u p G ) / lm td h u .lo G ) /E I H U G );
a r e a c u .u p ( i )  =  q c u .u p ( i ) / lm t d c u . l o ( i ) /U C U ( i ) ;

/ / A s s i g n  b o u n d in g  to  p a m a te r s  in  l o g ic a l  c o n s t r a in t / /  
G A M M A _ H X ( i , j ,k )  =  q .u p ( i , j ,k ) ;  
G A M M A H U G )  =  q h u .u p G );  
G A M M A C U ( i )  =  q c u .u p ( i ) ;

T A U _ H X ( i , j ,k )
t a u I h u l g )
t a l T h u r g )
T A U ~ C U L ( i)
T A U ~ C U R ( i )

=  - t h . lo ( i ,k ) + t c .u p G ,k ) + d t . lo ( i , j ,k ) ;
=  -T H U I N G ) + T C O U T G  ) + d t h u l . 10  G ) ; -  
=  - T H U O U T G ) + t c .u p G , 'K l ’)+ d th u r .lo G ) ;  
=  - t h . lo ( i , ' K L ' ) + T C U O U T ( i ) + d t c u l . l o ( i ) ,  
=  - T H O U T ( i ) + T C U I N ( i ) + d t c u r . lo ( i ) ;

/ /L a s t  s t a g e  f o r c i n g  b o u n d / /  
q . f x ( i j , - K L ’)  = 0 ;  
lm t d .f x ( i , j , 'K L ')  = 0 ;
a r e a .f x ( i , j , 'K L ')  = 0 ;
a r e a _ a d d .f x ( i , j , 'K L ’) = 0 ;

/ /T o  f o r c e  n o  q ,  a r e a  c h a n g e  w h e r e  th e r e  i s  n o  e x i s t in g  H X / /  
q .f x ( i , j ,k ) $ ( n o t  H E N ( i , j ,k ) )  =  0 ;
a r e a _ a id d .f x ( i , j ,k ) $ ( n o t  H E N ( i , j ,k ) )  =  0 ;
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/ / in i t ia l  v a lu e  f o r  v a r ia b le s / /
a r e a . l ( i , j ,k )  =  A R E A _ O L D ( i , j ,k ) ;
a r e a h u .lO )  =  A R E A H U _ O L D ( j ) ;
a r e a c u . l ( i )  =  A R E A C U O L D ( i ) ;

a r e a _ a d d .l ( i , j ,k )  =  0 ;  
a r e a h u _ a d d .l ( j )  =  0 ;

• a r e a c u a d d . l ( i )  =  0 ;

t h . l ( i ,k )
t c . l ( j ,k )

=  T H  O L D ( i ,k ) ;  
=  T C j O L D ( j ,k ) ;

q . l ( i , j ,k )
q h u .h j )
q c u . l ( i )

=  Q  O L D ( i j ,k ) ;  
=  Q H U  O L D O );  
=  Q C U j O L D ( i ) ;

d t . l ( i , j ,k )
d t h u l . l f j )
d t h u r .h j )
d t c u l . l ( i )
d t c u r . l ( i )

=  D T  O L D ( i , j ,k ) ;
=  D T H U L  O L D (j ) ;  
=  D T H U R -  O L D ( j );  
=  D T C U L ’ O L D ( i) ;  
=  D T C U R ~ O L D ( i ) ;

lm t d . l ( i , j ,k )
lm t d h u . l ( i )
l m t d c u . l ( i )

=  E M T D  O L D ( i ,j ,k ) ;  
=  L M T D H U  O L D ( j ) ;  
=  L M T D C U _ O L D ( i ) ;

E Q U A T I O N S
O V E R A L L _ H ( i )  o v e r a l l  e n e r g y  b a la n c e  o f  h o t  s tr e a m  i 
O V E R A L L _ C ( j )  o v e r a l l  e n e r g y  b a la n c e  o f  c o l d  s tr e a m  j

E B A L  H ( i ,k )  
E B A L  C ( j .k )

e n e r g y  b a la n c e  o f  h o t  s tr e a m  i in  s t a g e  k  
e n e r g y  b a la n c e  o f  c o ld  s t r e a m  j in  s ta g e  k

T I N  H ( i )
t i n I c o )

a s s i g n m e n t  in le t  t e m p e r a tu r e  o f  h o t  s tr e a m  i 
a s s i g n m e n t  in le t  te m p e r a tu r e  o f  c o l d  s tr e a m  j

M O N O T _ H ( i ,k )  m o n o t o n ie  in  te m p e r a tu r e  o f  h o t  s tr e a m  i a t  l o c a t io n  k 
M O N O T _ C ( j .k )  m o n o t o n ie  in  te m p e r a tu r e  o f  c o ld  s tr e a m  j  a t l o c a t io n  k 
M O N O T _ E T N O T (i ,k )  m o n o t o n ie  in  te m p e r a tu r e  o f  h o t  s tr e a m  i a t l o c a t io n  k

i f  n o  H X
M O N O T _ C N O T ( j ,k )  m o n o t o n ie  in  t e m p e r a tu r e  o f  c o ld  s t r e a m  j a t l o c a t io n

k i f  n o  H X

M O N O T J H U ( j )  m o n o t o n ie  in  o u t le t  t e m p e r a tu r e  o f  c o ld  s tr e a m  j  
M O N O T C U ( i )  m o n o t o n ie  in  o u t le t  t e m p e r a tu r e  o f  h o t  s t r e a m  i 
M O N O T H U N O T f j )  m o n o t o n ie  in  o u t le t  t e m p e r a tu r e  o f  c o ld  s t r e a m  j i f  n o  H X
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MONOT CUNOT(i) monotonie in outlet temperature of hot stream i if no HX
EBAL_Hบ(j) energy balance of hot utility of cold stream j
EBALCU(i) energy balance of cold utility of hot stream i
DTFEAS_HXL(ij,k)
DTFEAS_HXR(i,j,k)
DTFEAS_HUL(j)
DTFEAS_HUR(j)
DTFEASCUL(i)
DTFEAS~CUR(i)

temperature feasibility of heat exchanger of match(i.j) 
at location k
temperature feasibility of heat exchanger of match(i.j) 
at location k+1
temperature feasibility of hot utility of outlet cold 
stream j

temperature feasibility of hot utility of inlet cold stream j 
temperature feasibility of cold utility of inlet hot stream 1 

temperature feasibility of cold utility of outlet hot 
stream i

LOGMTD(i,j,k) log mean temperature of match(i.j) at stage k
LOGMTDEIU(j) log mean temperature of hot utility exchanger
LOGMTDCU(i) log mean temperature of cold utility exchanger
ADDIAREA_HXl(i,j,k) additional area needed for heat exchanger 
ADDIAREA~HX2(i,j,k) force ADDAREA HX > 0 
ADDIAREA HU1 (j) additional area needed for hot utility 
ADDIAREAJdU2(j) force ADDAREA HU > 0 
ADDIAREA CUl(i) additional area needed for cold utility 
ADDIAREA~CU2(i) force ADDAREA CU > 0
A_HX(i,j,k) area of heat exchanger of match(i.j) at stage k 
A_HU(j) area of hot utility exchanger of cold stream j
A_CU(i) area of cold utility exchanger of hot stream i
OBJ objective function (total additional area)

OVERALL H(i) .. (THIN(i) -THOUT(i))*FCPH(i) =e=
sum((j,lk),q(i,j,k))+qcu(i);

OVERAEL_C(j) .. (TCOUT(j)-TCIN(j)) *FCPC(j) =e=
sum((i,k),q(ij,k))+qhu(j);

EBAL_H(i,k)$HEN_HOT(i,k) .. (th(i,k)-th(i,k+l))*FCPH(i) =e= รนเท(j,q(ij,k));
//do only exist HEN

EBAL_C(j,k)$HEN_COLD(j,k) .. (tc(j,k)-tcO,k+l))*FCPC(j) =e= sum(i,q(ij,k));
TIN_H(i) .. THIN(i) =e= th(i,'Kl’);
TINlcO) .. TCIN(j) =e= tc(j, KL');



> 
> 

> 
> 

> 
bb

bb
b 

๐
๐

5๐
๐

> 
> 

> 
> 

> 
pa 

pa 
pa 

pa 
pa 

๒
๒

๒
๒

๒
 

> 
> 

> 
> 

> 
1๒ 

1๒ 
L

L
L

 
0 

0๐
๐

๐
 

G
 

c
 

5
 

5
 

X

^ 
^ 

o 
o

G 
0 

"0 
^ 

0 
0 

0๐
๐2

: 
c^

cc
cg

พ 
พ 

ร 
0 

m
••

ะ
: 

G
P

 
ร? re ร? O c

ร
 

P
 

'r
- ๒

I
I

.
if 

if
a. 

G. 
๐- 

a. 
~ 

Q- 
๐.

 9
- 

๐. 
ทุ

O.
 'โะ

'. G
? O

. เร้
ร้

> b 5 > ฐ ๒ > 7T 0> ๐ G Z 7?

P 
พ

> ๒

TO O

> ๒ ๒ > O G '๐ ๒ ๐

II TO
P 

>
1, C

L 1
Il ๐

. 10
 

TO 
O 

๐
II

Il G
! ๒

O
P Ê

o
P 

II 0
3* T

O พ
I

I > ร ๒ > X C I ๐ ๒ ๐ O.

ทุ P 1 ร? a. O. ?โ' era ทุ่ P ?โ'

> 
> 

> 
r 

1๒
1๒

Q
II

G 
ex

 
G 

G 
0

Q
I5

 
G 

ç 
£5 

0.
0 

๐ 
'-'

0 
m Z TT

fô O C
. o

.P 
e?

â 
ฐ่

P 
P

ะr O
. 

ç c
P.

--N 
_̂1

* 
* —

 
3 

3 
I

r*
- 

รุ๒
 

CL
 

Cl
 

Cl
 

ท 
ะr 

r *
<—๗ 

r— 
'—๗

.
0.

0.
 V

ทุ 
ri 1

ท
JO 

X? 
O

I
t

s

^ 
0 

๐' 3_ G m Z

๐ ๐ O ร Hุ ๐ Q G 0 Q G

๐ O ร Hุ ๐ X a 0. 0> ๐ ç <o.

§■ 
3* 

§• 
3

o 
s.

 3
- ๒

 
3 

ทุ 
c 

ะr
^

£
q

C
พ

' O
. พ

' O
.

K
? 

Il 
K

J 
II

0 
n 0

 ไเ 
* 

11 
*

1
|

1
 lî

iO C 
- * D- o c •๒ * ql ท-,►- O c

Cl
UJ

C "5 0. * Cl

๐ ๐ ๐ ร Hุ ๐ 0 G ๐ m Z รุ! Vr» ๐. 0 
—

0 
3

& 
£

0 
พ

G-
 n

i
0 

11
0 + ๐. ๒ +

๒ 
§* ^

0 ïîl O
. ๐

 พ
0 

m 
'*■ 

Z

๐ 
๐

๐๐
๐'

๐
m

m
H 

H
H 

H 
H 

H
bd

bd
๒ 

๒
๒

๒
๒

๒
>

>
๒ 

๒
๒

๒
๒

๒
r1

r
> 

>
> 

> 
> 

>
'o

1
MW

๒ 
C/3 

๒ 
๒

๐
'o

'o
'๐

๐'
๐'

๐
G

C o.
G 

G
C 

C 
X 

X
f jO'i

๒ 
๒

^ 
r^

f
O G

๐ G
0 

G O 
O

5 g 
* V#

3
0.

๐. 
ร-

ท 
O

C 
c.

ท 
๐

s
i

g
 S

 

I
v T 
Q 

H 
G

g
 

§
ริ 

รุ
9 

H

ç 
G 

๒ 
ÿ

O. 
O. 

๐๐
0

 0
 

พ
 

๒
 

Z 
Z

ร
 พ

I
l 

P* 
e-

0.
0 

£; +" 0
๒ G H ๐ ๐ c

ils
 I

2. 
h

S 
i 

I 
๒

il i
ll 

I
pl

i” 
f

H > G

๒ O ๐ Ç & O O. * ๒ O
►ปี̂

 3
 

T 
a 

O 
๐ O

.
I

t
v; 

ท 
ท 

il -°.
1
||

๐ Z ๐ H
๐ Z ๐ H

๐ Z ๐ H
I. 

II
.๐ Z ๐ H

O 
๐

O 
๐

ce 0 
G O 
๐ 

0 
G

9
 

9
H 

H 
0.

0
O 

๐
Q 

๐ 
ะ 

ะ 
G 

G
30

 c
 H

W
'T

 t
 8

_ 
ริ 

G 
ะ 

O 
G 

H
ilï? 11

3: Ils 0 
o. 

2 
0 

0 
0

H y
? 

X
 

2
๐พ le G 

G 3 ๐ ๐ X V ทุ Z c ๐

G X V 3 ๐ 5 5 ๐ 5

๐ 5 ๐ r 0 Z Q H O. V พ 0 ๐ 8 m Z 1 o ๐ ๒ ๐ o. V ร? 3 ๐. P TO พ 0

2 
2 

๐ 
๐ 

รุ 
?

Q 
Q

r
r

1
1

:๒ 
{/î

0 
m I' fs -r 
๒

๒
 

b
I

ç
1 

0
G ๐ H 0 ร? 3 ๐. Ç/3 ร' 

•
TO A 

ç
0 

0 
G 

V TO

๐ Z ๐ H ëo ๐ m Z I G ๐ H 0 r-M’ ££• 0 J TO
0 

G 
0 

ร 
๐ A

!
0 

g ^
 0

 X
 'รุ:

ไ
ร

 «
I

T
 

ï 
X

 1
1

7T +
V 3

o. 
v 3

r 
5

 r III
๐ ร ๐ิ ๐ 3# o'

OJ oo



139

//least square
//OBJ .. TAC =e=

sum((i,j,k)$(HEN(i,j,k)) , power(AREAHX(i,j,k)-AREAOLD(i,j,k),2) ) 
+ sum(j$(HU(j)), power(AREAHU(i)-AREAHUOLD(j),2) )
+ sum(i$(CU(i)), power(AREACU(i)-AREACUOLD(i),2) );

//penalty only increased area
OBJ .. TOT AREA ADD =e=

sum((i,j,k)$HEN(i,j,k),area_add(i,j,k))
+ sum(j$HU(j),areahu_add(j))
+ sum(i$CU(i),areacu_add(i));

model STAGEMODEL SINGLEPERIOD /all/;
option iterlim=le9; 
option domlim=0; 
option reslim=le8;
STAGEMODEL_SINGLEPERIOD.optfile=0;
solve STAGEMODEL SINGLEPERIOD using NLP minimizing 
TOTAREAADD;
display th.l,tc.l. 

qd,qhu.l,qcu.l, 
area. 1, areahu. 1, ar eacu. 1, 
dt.l,dthuld,dthur.l,dtcul.l,dtcur.l,lmtd.l,lmtdhud,lmtdcu.l,
to tareaadd.l,
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A p p e n d ix  c  S o u r c e  C o d e  o f  S im u lt a n e o u s  M I N L P  M u lt ip e r io d  M o d e l

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

SETS
I hot streams 
J cold streams 
K index of stage or location 
p period of operaion

/11*13/
เท * ] M  
/K1 *K4,KL/ 
/P1*P3/

//last number is no. of stages

//dynamic sets//
stage(k) all stages
stage(k) = yes; stage('KL') = no;

SCALARS
//Cost//

CA
CF

per unit cost of heat exchanger area($ per unit) 
fixed cost of heat exchanger($ per unit)

/641.7/
/8333.3/

CHU
e c u

per unit cost of hot utility(ร per kW) 
fixed cost of heat exchangers per kW)

/115.2/
/1.3/

AF annualisation factor /0.2/
//other//

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)) /!/
5

Streams//
TABLE THIN(i,p) inlet temperatures of hot stream i in period p(C)

PI P2 P3
II 393 406 420
12 160 160 160
13 354 362 360

TABLE THOUT(i,p) outlet temperatures of hot stream i in period p(C)
PI P2 P3

II 60 60 60
12 40 40 40
13 60 60 60
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//Cold Streams//
TABLE TCIN(j,p) inlet temperatures of cold stream j in period p(C)

PI P2 P3
J1 72 72 72
J2 62 62 62
J3 220 220 220
J4 253 250 249

TABLE TCOUT(j,p) outlet temperatures of cold stream j in period p(kW|K)
PI P2 P3

J1 356 365 373
J2 210 210 210
J3 370 370 370
J4 284 290 286

//Heat Capacity Flowrates//
TABLE FCPH(i,p) heat capaity flowrates of hot stream i in period p(kW|K)

PI P2 P3
11 201.6 205.0 208.5
12 185.1 198.8 175.2
13 137.4 136.4 134.1
5TABLE FCPC(j,p) heat capaity flowrates of cold stream j in period p(kW|K)

PI P2 P3
J1 209.4 210.3 211.1
J2 141.6 141.0 140.5
J3 176.4 175.4 174.5
J4 294.4 318.7 271.2

//Utility//
TABLE THUIN(j,p) inlet temperature of hot utility for cold stream j in period p(C)

PI P2 P3
J1 400 400 400
J2 400 400 400
J3 400 400 400
J4 400 400 400
5TABLE THUOUT(j,p) outlet temperature of hot utility for cold stream j in

period p(C)
PI P2 P3

J1 399 399 399
J2 399 399 399
J3 399 399 399
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J4 399 399 399
TABLE TCUIN(i,p) inlet temperati 

period p(C)
PI P2 P3

11 15 15 15
12 15 15 15

■ 13 15 15 15
TABLE TCUOUT(i,p) outlet tempe 

period p(C)
PI P2 P3

11 20 20 20
12 20 20 20
13 20 20 20

PARAMETERS 
//Heat transfer coefficient//

HH(i) heat capaity flowrates of hot streams(kW|(m2.C))
/ Il 2

12 2 
13 2

/
HC(j) heat capaity flowrates of cold streams(kW|(m2.C)) 
/ J1 1.5

J2 1.5.
J3 2 
J4 2

/
//Duration of each period//

DOP(p) duration of each period 
/ PI 4 

P2 4
P3 4

/
//Total duration//

TOP total duration of all period
//overall heat transfer coefficient//

บ(i.j) 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//



1 4 3

GAMMA_HX(i,j,k,p) upper bound heat load for match (i.j) for period p 
GAMMA^Hบ(j,p) upper bound heat load for hot utility for period p
GAMMA_CU(i.p) upper bound heat load for cold utility for period p
TAU_HX(i,j,k.p)
TAU_HUL(j,p)
TAU_HUR(j,p)
TAU_CUL(i.p)
TAU_CUR(Lp)

upper bound of temperature difference for heat exchanger 
for period p
upper bound of temperature difference for left side of hot 
utility exchanger for period p
upper bound of temperature difference for right side of hot 
utility exchanger for period p
upper bound of temperature difference for left side pf cold 
utility exchanger for period p
upper bound of temperature difference for right side of cold 
utility exchanger for period p

//Overall heat transfer coefficient calculations// 
บ(บ) = l/(l/HH(i)+l/HC(j));
บHU(j) = 1/(1 /HC(j)+l /HHU);
UCU(i) = l/(l/HH(i)+l/HCU);

//TOP calculation//
TOP = sum(p,DOP(p));

VARIABLES
th(i,k,p) temperature(C) of hot streams i at location k for period p 
tc(j,k,p) temperature(C) of cold streams j at location k for period p
q(i,j,k,p) heat load(kW) of match(i.j) at stage k for period p 
qhufj.p) heat load(kW) of hot utility for cold stream j for period p
qcu(i,p) heat load(kW) of cold utility for hot stream i for period p
z(i,j,k) existence of match(i.j) at stage k 
zhu(j) existence of hot utility for cold stream j
zcu(i) existence of cold utility for hot stream i
dt(i,j,k,p) temperature difference(C) for match(i.j) at location k for period p
dthul(j,p) temperature difference(C) for left side of hot utility exchanger

for period p
dthur(j,p) temperature difference(C) for right side of hot utility exchanger 

for period p
dtcul(i,p) temperature difference(C) for left side of cold utility exchanger 

for period p
dtcur(i,p) temperature difference(C) for right side of cold utility exchanger 

for period p
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lmtdhu(j,p)
lmtdcu(i,p)

lmtd(i,j,k,p) log mean temperature difference of match(i.j) at stage k for 
period p
log mean temperature difference of hot utility exchanger for 
cold stream j for period p
log mean temperature difference of cold utility exchanger for 
cold stream i for period p

area(i,j,k,p) area of heat exchanger of match(i.j) at stage k for period p
areahu(j,p) area of hot utility exchanger of cold stream j for period p
areacu(i,p) area of cold utility exchanger of hot stream i for period p
area_max(i,j,k) maximum area of heat exchanger of match(i.j) at stage k for 

all period
areahu_max(j) maximum area of hot utility exchanger of cold stream j for all 

period
areacu max(i) maximum area of cold utility exchanger of hot stream i for all 

period
cost_fix 
cost area

fixed cost 
area cost

cost utility utility cost 
TAC total annualized cost

POSITIVE VARIABLES q(i,j,k,p), qhu(j,p), qcu(i,p),
dt(i,j,k,p), dthul(j,p), dthur(j,p), dtcul(i,p), dtcur(i,p),
LMTD(i,j,k,p), LMTDHU(j,p), LMTDCU(i.p),
AREAHX(i,j,k,p), AREAHUG,pX AREACU(i.p)
AREAHX_max(i,j,k), AREAHUmaxG), AREACU_max(i);

BINARY VARIABLES z(i,j,k), zhuG), zcu(i) ;
//variable bounding//

th.up(i,k,p) = THING,p); 
th.lo(i,k,p) = THOUT(ip);
tc.upG,k,p) = t c o u t g t );
tc.loG,k,p) -  TCING,p);
q.up(i,j,k,p)$stage(k) = max(min( FCPH(i,p)*(th.up(i,k,p)- 

max(th.lo(i,k+l,p),tc.lo(j,k+l,p)+EMAT)) , FCPCG,p)*(min(th.up(i,k,p)- 
EMAT,tc.upG,k,p))-tc.loG,k+l,p)) ) , 0)$( (th.up(i,k,p)-tc.loG,k,p) >= EMAT) and 
(th.up(i,k+l,p)-tc.loG,k+l,p) > - EMAT)) +0$( (th.up(i,k,p)-tc.loG,k,p) < EMAT) 
or (th.up(i,k+l,p)-tc.loG,k+Ep) < EMAT)) ;
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qhu.up(j,p) =max( FCPC(j,p)*(min(THUIN(j,p)-EMAT,TCOUT(j,p))- 
tc.lo(j,'Kl',p)) , 0)$((THUIN(j,p)-TCOUT(j,p) > -  EMAT) and (THUOUT(j,p)- 
tc.lo(j,'Kl',p) >= EMAT)) +0$( (THUIN(j,p)-TCOUT(j,p) < EMAT) or 
(THUOUT(j,p)-tc.lo(i,'Kl',p) < EMAT)) ;

qcu.up(üp) = max( FCPH(i,p)*(th.up(i,'KL',p)- 
max(THOUT(i,p),TCUIN(i,p)+EMAT)) , 0)$( (th.up(i,'KL',p)-TCUOUT(i,p) >= 
EMAT) and (THOUT(i,p)-TCUIN(i,p) >= EMAT)) +0$( (th.up(i,'KL,,p)- 
TCUOUT(i,p) < EMAT) or (THOUT(i,p)-TCUIN(i,p) < EMAT)) ;
z.up(i,j,k)$stage(k) = 0$( sum(p, q.up(i,j,k,p)) =0) + 1$( sum(p, q.up(i,j,k,p)) ne 0); 

zhu.upO) = 0$( sum(p, qhu.up(j,p) ) =0) + 1$( sum(p, qhu.up(j,p) ) ne 0);
zcu.up(i) =-Q$( sum(p, qcu.up(i,p) ) =0) + 1$( sum(p, qcu.up(i,p) ) ne 0);
dt.up(i,j k,p)
dt lo(i,j,k.p)
dthul.up(],p)
dthul.lo(j,p)
dthur.up(j,p)
dthur.lo(j,p)
dtcul.up(i,p)
dtcul.lo(i,p)
dtcur.up(i,p)
dtcur.lo(i,p)

= max(EMAT,(th.up(i,k-P)-tc.lo(j,k.p)));
= EMAT;
= max(EMAT,THUIN(j,p)-TCOUT(j,p));
= EMAT;
= max(EMAT,THUOUT(j,p)-tc.lo(j.'Kl ’,p)); 
= EMAT;
= max(EMAT,th.up(i,'KL',p)-TCUOUT(i,p)); 
= EMAT;
= max(EMAT,THOUT(i,p)-TCUIN(i,p));
= EMAT;

lmtd.up(i,j,k,p)$stage(k) =
(dt.up(i,j,k,p)*dt.up(i,j,k+l ,p)*(dt.up(i,j,k,p)+dt.up(i J,k—1 ,p))/2)**( 1/3); 

lmtd.lo(i,j,k,p)$stage(k) =
(dt'lo(ij,k,p)*dt.lo(i,j,k+l,p)*(dt.lo(ij,k,p)+dt.lo(i,j,k+l,p))/2)*Hc(l/3); 

lmtdhu.up(j,p) =
(dthur.up(j.p)*dthul.up(j,p)*(dthur.up(j,p)+dthul.up(j,p))/2)**(l/3); 

lmtdhu.lo(j,p) =
(dthur.lo(j,p)*dthul.lo(j,p)*(dthur.lo(j,p)+dthul.lo(j,p))/2)**(l/3); 

lmtdcu.up(i,p) -
(dtcul.up(i,p)*dtcur.up(i,p)*(dtcul.up(i,p)+dtcur.up(i,p))/2)**(l/3); 

lmtdcu.lo(i,p) =
(dtcul.lo(i,p)*dtcur.lo(i,p):|:(dtcul.lo(i,p)+dtcur.lo(i,p))/2)**(l/3);

area.up(ij k,p)$stage(k)= q.up(i,j,k,p)/LMTD.lo(i,j,k,p)AJ(i,j); 
areahu.up(j,p) = qhu.up(j,p)/LMTDFlU.lo(i,p)/UHU(j);
areacu.up(kp) = qcu.up(i,p)/LMTDCU.lo(i,p)/UCU(i);

//Assign bounding to pamaters in logical constraint// 
GAMMA_HX(i,j,k,p) = q up(i,j k,p); 
GAMMA_HU(j,p) = qhu.up(j,p); 
GAMMA_CU(i,p) = qcu.up(i,p);
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TAUJfUL(j,p)
TAUJIUR(j,p)
TAU~CUL(i,p)
TAlTcUR(i’p)

TAU_HX(i,j,k,p) = -th.lo(i,k,p)+tc.up(j,k,p)+dt.lo(i,j,k,p);
= -THUIN(j,p)+TCOUT(j,p)+dthul.lo(j,p);
= -THUOUT(j,p)+tc.up(j,,Kr,p)+dthur.lo(),p); 
= -th.lo(i,'KL',p)+TCUOUT(i,p)+dtcul.lo(i,p); 
= -THOUT(i,p)+TCUIN(i,p)+dtcur.lo(i,p);

//Last stage forcing bound// 
q.fx(ij,’KL’,p) -0;
z.fx(i,j,'KL') =0;
lmtd.fx(i,j,'KL',p) =0; 
area.fx(i,j,'KL',p) =0;

EQUATIONS
OVERALL_H(i,p) overall energy balance of hot stream i for period p
OVERALL_C(j,p) overall energy balance of cold stream j for period p
EBAL_H(i,k,p) energy balance of hot stream i in stage k for period p 
EBAL_C(j,k.p) energy balance of cold stream j in stage k for period p
TIN_H(i,p) assignment inlet temperature of hot stream i for period p
TIN_C(j,p) assignment inlet temperature of cold stream j for period p

MONOT_H(i,k.p)
MONOT_C(j,k.p) 
MONOT HU(j,p) 
MONOT_CU(i,p)

monotonie in temperature of hot stream i at location k 
for period p
monotonie in temperature of cold stream j at location k 
for period p
monotonie in outlet temperature of cold stream j for 
period p
monotonie in outlet temperature of hot stream i for 
period p

EBAL_HU(j,p) 'energy balance of hot utility of cold stream j for period p 
EBAL_CU(i,p) _ energy balance of cold utility of hot stream i for period p
LOGlC_HX(i,j,k,p) logical constraint to define z of match(i j) at stage k for

period p
LOGIC_HU(j,p) logical constraint to define zhu of cold stream j at stage

k for period p
LOGIC_CU(i,p) logical constraint to define zeu of hot stream i at stage k

for period p
DTFEAS_HXL(i,j,k,p) temperature feasibility of heat exchanger of match(i.j)

at location k for period p
DTFEAS_HXR(i,j,k,p) temperature feasibility of heat exchanger of match(i.j)

at location k+1 for period p
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DTFEAS_HUL(j,p) temperature feasibility of hot utility of outlet cold 
stream j for period p

DTFEAS_HUR(j,p) temperature feasibility of hot utility of inlet cold 
stream j for period p

DTFEAS_CUL(i,p) temperature feasibility of cold utility of inlet hot 
stream i for period p

DTFEAS_CUR(i,p) temperature feasibility of cold utility of outlet hot 
stream i for period p

LOGMTD(i,j,k,p) Jog mean temperature of match(i.j) at stage k for period p 
LOGMTDHU(j,p) log mean temperature of hot utility exchanger for period p 
LOGMTDCU(kp) log mean temperature of cold utility exchanger for period p

A_HX(i,j,k,p) area of heat exchanger of match(i.j) at stage k for period p
A_HU(j,p) area of hot utility exchanger of cold stream j for period p
A_CU(i,p) area of cold utility exchanger of hot stream 1 for period p
AMAX_HX(i,j,k,p) maximum area of heat exchanger of match(i.j) at 

stage k for all period
AMAX_Hบ(j,p) maximum area of hot utility-exchanger of cold stream j 

for all period
AMAX_CU(i,p) maximum area of cold utility exchanger of hot stream i 

for all period
FIXCOST
ARFArn^T
UTILITYCOST

fixed cost 
area cost 
utility cost

OBJ objective function (total annualized cost)

OVERALL _H(i,p) .. (THIN(i,p) -THOUT(i,p))*FCPH(i,p) =e= 
sum((i,k),q(ij,k,p))+qcu(i,p);

OVERALL C(j,p) .. (TC OUT (j ,p)-TC IN (j ,p)) *FCPC(j,p) =e=
sum((i,k),q(i,j,k,p))+qhu(j,p);

EBAL_FI(i,k,p)$stage(k) .. (th(i,k,p)-th(i,k+l,p))*FCPH(i,p) =e= 
sum(j,q(i,j,k,p));

EBAL_C(j,k,p)$stage(k) .. (tc(j,k,p)-tc(j,k+l,p))*FCPC(j,p) =e= 
sum(i,q(i,j,k,p));

TIN H(i,p) .. THIN(i,p) =e= th(i,'Kl',p);
TINC(j,p) .. TCIN(j,p) =e= tc(j,’KL',p);
MONOT_H(i,k,p)$stage(k) .. th(i,k,p) =g= th(i,k+l,p);
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MONOTjiUG,p)
MONOT~CU(i,p)
MONOT_C(j,k,p)$stage(k) .. tc(j,k,p) =g= tcG,k+l,p); 

TCOUT(j p) -g= tcG/Kl’,p); 
THOUT(i,p) =1= th(i,'KL',p);

EBAL_HUG,P) .. (TCOUTG,p) - tcG,'Kl’,p))*FCPCG,p) =e= qhuG,p);
EBAL~CU(i,p) .. (th(i,'KL’.p) - THOUT(i,p))*FCPH(i,p) =e= qcu(i,p);
LOGIC_HX(i,j,k,p)$stage(k) .. q(i,j,k,p) - GAMMA_HX(i,j,k,p)*z(i,j,k) =1= 0; 
LOGIC~HUG,p) ■■ qhuG.p) - GAMMA_HUG,p) *zhiuj) =1= 0;
LOGIC_CU(i,p) .. qcu(i,p) - GAMMA_CU(ùp) *zcu(i) =1= 0;
DTFEAS_HXL(i,j,k,p)$stage(k) .. dt(i,j,k,p) =1= th(i,k,p) -tcG,k,p)

+TAU_HX(i,j k,p) *(l-z(i,j,k));
DTFEAS_HXR(i,j,k,p)$stage(k) .. dt(i,j,k+l,p) =1= th(i,k+l,p)-tcG,k+l,p)

+TAU_HX(i,j,k+l ,p)*( 1 -z(i,j,k));
.. dthuio.p) =1= THUIN(j,p) -TCOUTG,p)

+TAU_HULG,p) *(l-zhu(j));
.. dthurGTp) -1- THUOUT(j,p)

- tcG.'Kl ,p)+TAU_HURG,p) *(l-zhuG));
.. dtcul(i,p) =1- thG/KL\pETCUOUTG,p)

+TAU_CUL(i,p) *(l-zcu(i));
.. dtcur(iTp) =1= THOUT(i,p) -TCUIN(i,p)

+TAU_CUR(i,p) *( 1 -zcu(i));

DTFEAS HULG,p) 
DTFEAS_HURG,p) 
DTFEAS_CUL(i,p) 
DTFEAS_CUR(i,p)

LOGMTD(i,j,k,p)$stage(k) .. lmtd(i,j,k,p) =e=
(dt(ij,k,p)*dt(ij,k+l,p)*(dt(ij,k,p)+dt(ij,k+l,p))/2)**(l/3); 

LOGMTDFfUG’P) .. lmtdhuG,p) -e= (dthurG.p) *dthulG,p) *(dthurG,p)
+dthulG,p)) /2)**(1/3);

LOGMTDCU(i,p) .. lmtdcu(i.p) =e= (dtcul(i,p) *dtcur(i,p) *(dtcul(i,p)
+dtcur(i,p)) /2)**(l/3);

A_HX(i.j,k,p)$stage(k)
aI h u g -p )
A_CU(i.p)

.. area(i,j k,p) *lmtd(i,j,k,p)*U(i,j) =e= q(i,j,k,p);

.. areahuG,p) *lmtdhuG,p) *UF1UG) =e= qhuG,p); 
.. areacu(i,p) *lmtdcu(i.p) *UCU(i) =e= qcu(i,p);

AMAX_HX(i,j,k,p)
AMAXJUJG-p)
AMAX~CU(i,p)

.. area_max(i,j,k) =g= area(i,j,k,p); 

.. areahumaxG) =g= areahuG,p); 

.. areacu max(i) =g= areacu(i,p);
F1XCOST .. cost_fix =e= AF*(sum((i.j,k)Sstage(k),CF*z(i,j,k))

+ sumG,CF*zhuG)) + sum(i,CF*zcu(i))); 
AREACOST .. cost_area =e=

AF*(sum((i,j,k)$stage(k),CA*area_max(i,j,k)))
+ AF*(sumG,CA*areahu_maxG)))
+ AF*(sum(i,CA*areacu_max(i)));
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UTILITYCOST .. cost utility =e=
sum(p,DOP(p)/TOP*(sum(j,CHU*qhu(j,p))))
+ sum(p,DOP(p)/TOP*(sum(i,CCU*qcu(i,p))));

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

model STAGEMODELSINGLEPERIOD /all/;
option iterlim=le9; 
option domlim=0; 
option reslim=le8;
STAGEMODEL_SINGLEPERIOD.optfile=0;
solve STAGEMODELSINGLEPERIOD using M1NLP minimizing TAC;
display th.Ktc.l, 

z.l,zhu.l,zcu.l, 
q.l,qhu.l,qcu.l, 
area.l.areahu.l.areacu.l, 
areajTiax. 1 .areahumax. 11areac Umax. 1, 
dt.l,dthur.l,dthul.l,dtcul.l,dtcur.l, 
lmtd.l, lmtdhu.l, lmtdcu.l 
cost_fix.l, cost area.l, cost utility.l, TAC.l
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