
CHAPTER II
LITERATURE REVIEW

H e a t  e x c h a n g e r  n e tw o r k  ( H E N )  d e s ig n  i s  a  k e y  a s p e c t  o f  c h e m ic a l  p r o c e s s  

d e s ig n .  P r e v io u s  r e s e a r c h  w o r k s  ( L in n h o f f  a n d  H in m a r s h ,  1 9 8 3 ;  F lo u d a s  e t  a h , 1 9 8 6 ;  

Y e e  a n d  G r o s s m a n n , 1 9 9 0 )  h a v e  m a in ly  b e e n  d ir e c t e d  to  d e v e l o p  m e t h o d s  fo r  th e  

g r a s s r o o t s  d e s i g n  o f  H E N ’s. H o w e v e r ,  d u r in g  t h e  p a s t  t w o  d e c a d e s ,  th e  r e tr o f it  o f  

e x i s t in g  H E N  h a s  b e c o m e  m o r e  im p o r ta n t  th a n  g r a s s r o o t s  d e s i g n .  B e c a u s e  it  g i v e s  a 

h ig h e r  p r a c t ic a l  d e s i g n e d  H E N  in  o r d e r  to  r e d u c e  s ig n i f i c a n t ly  th e  o p e r a t in g  c o s t s .
R e t r o f i t  m e t h o d s  c a n  b e  g r o u p e d  in to  th r e e  b r o a d  c a t e g o r i e s  w h i c h  a re  

t h e r m o d y n a m ic  b a s e d  a p p r o a c h e s  in c lu d in g  p in c h  a n a l y s i s ,  m a t h e m a t ic a l  

p r o g r a m m in g  m e t h o d s  a n d  a p p r o a c h e s  c o m b in in g  b o th  ( R e z a e i  a n d  S h a f i e i ,  2 0 0 9 ) .  
T h e  m a jo r  o b j e c t i v e s  o f  r e tr o f it  p r o b le m s  a r e  th e  r e d u c t io n  o f  t h e  u t i l i ty  

c o n s u m p t io n ,  th e  f u l l  u t i l i z a t io n  o f  th e  e x i s t in g  e x c h a n g e r s  a n d  i d e n t i f i c a t io n  o f  th e  

r e q u ir e d  s tr u c tu r a l m o d i f i c a t io n s .

R e tr o f i t  m e c h a n is m s :

•  A d d i t io n  o f  o n e  o r  m o r e  n e w  h e a t  e x c h a n g e r s  ( in  s e r i e s  o r  p a r a l le l )

•  R e l o c a t io n  o f  e x i s t in g  e x c h a n g e r s

•  A r e a  a d d it io n  to  e x i s t in g  h e a t  e x c h a n g e r s
A d d in g  a  s h e l l
E x c h a n g in g  th e  b a n k  o f  tu b e s  b y  o n e  m o r e  e f f i c i e n t  ( B r o w n  F in -  

t u b e ,  H o u s t o n ,  T X )

•  A r e a  r e d u c t io n  to  e x i s t in g  h e a t  e x c h a n g e r s

•  M o d i f y  p ip in g  o n  o n e  o r  b o th  s id e s  o f  th e  h e a t  e x c h a n g e r s

2.1 Pinch Analysis Methods

T j o e  a n d  L i n n h o f f  ( 1 9 8 6 ,  1 9 8 7 )  p r o p o s e d  t h e  f i r s t  P i n c h  r e t r o f i t  m e t h o d  b y

c a l c u l a t i o n  p r o c e d u r e  t o  d e t e r m i n e  t h e  a p p r o p r i a t e  m i n i m u m  t e m p e r a t u r e  a p p r o a c h

( A T ,n jn) a f t e r  r e t r o f i t  b y  c o n s i d e r i n g  t h e  e n e r g y  s a v i n g s ,  i n v e s t m e n t  c o s t ,  a n d  p a y b a c k
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p e r io d .  It i s  a  t e c h n o l o g y  b a s e d  o n  th e r m o d y n a m ic  p r in c ip le s  th a t  s e t s  e n e r g y  s a v in g s  

a n d  c o s t  ta r g e t s  p r io r  to  th e  d e s ig n  o f  a n  H E N . T h e  g o a l  o f  p in c h  a n a l y s i s  is  to  

m a x im i z e  th e  p r o c e s s - t o - p r o c e s s  h e a t  r e c o v e r y  a n d  m i n i m iz e  th e  u t i l i t y  r e q u ir e m e n ts  

o f  a  s y s t e m  ( T e x a s  A & M  U n iv e r s i t y ,  2 0 0 5 ) .  T h e  m e t h o d o lo g y  lo c a t e s  s p e c i f i c  

r e g io n s  w i t h in  a n  e x i s t in g  n e t w o r k  w h e r e  p r o c e s s  c h a n g e  w i l l  r e s u lt  in  a  r e d u c t io n  o f  

th e  o v e r a l l  e n e r g y  r e q u ir e m e n ts  o f  th e  s y s t e m .  L o c a t in g  t h e s e  r e g io n s  p r io r  to  a c tu a l  
r e tr o f it  d e s ig n  a l l o w s  th e  e n g in e e r  to  a p p ly  th e  p h y s ic a l  c o n s t r a in t s  o f  th e  s y s t e m  

w it h  th e  t h e o r e t ic a l  ta r g e ts  t o  d e s i g n  th e  m o s t  e c o n o m i c a l  s o lu t io n .  T h e  m e t h o d o lo g y  

i s  d i s c u s s e d  n e x t .

2 .1 .1  S t r e a m  D a ta
O f t e n  th e  o r ig in a l  p r o c e s s  w i l l  b e  i l lu s tr a t e d  in  a  p r o c e s s  f l o w - s h e e t  

s u c h  a s  in  F ig u r e  2 .1 .  H o w e v e r ,  th e  m e t h o d o lo g y  is  b e t t e r  a p p l ie d  i f  t h e  s t r e a m s  a re  

a r r a n g e d  in to  a  g r id  d ia g r a m . In  th is  d ia g r a m , th e  h o t  s t r e a m s  c o o l  f r o m  le f t  to  r ig h t  

w h i l e  th e  c o ld  s t r e a m s  h e a t  fr o m  r ig h t  to  l e f t .  E x c h a n g e r  m a t c h e s  a re  i l lu s tr a t e d  b e 
t w e e n  s p e c i f i c  h o t  a n d  c o ld  s t r e a m s . T h e  h o t  u t i l i ty  e x c h a n g e r s  ( h e a t e r s )  a re  lo c a t e d  

o n  th e  fa r  l e f t  o f  th e  c o ld  s t r e a m s ,  a n d  th e  c o ld  u t i l i t y  e x c h a n g e r s  ( c o o l e r s )  a re  lo c a t 
e d  o n  th e  fa r  r ig h t  o f  th e  h o t  s t r e a m s . T h e  u t i l i t ie s  e x c h a n g e  h e a t  w i t h  th e  p r o c e s s  

s t r e a m s  w h e n  h e a t  tr a n s fe r  b e t w e e n  p r o c e s s  s t r e a m s  i s  n o t  p o s s i b l e  o r  n o t  e c o n o m i c  

( S h e n o y  a n d  U d a y ,  1 9 9 5 ) .  T h e  s tr e a m s  a re  a r r a n g e d  in t o  th is  t y p e  o f  d ia g r a m  b e 
c a u s e  it w i l l  b e  u s e f u l  la te r  in  th e  m e t h o d o lo g y .  A n  e x a m p l e  o f  g r id  d ia g r a m  i s  i l l u s 
tr a te d  in  F ig u r e  2 .2 .

Figure 2.1 C r u d e  f r a c t io n a t io n  u n it .
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Figure 2 .2  A n  e x a m p l e  o f  g r id  d ia g r a m .

S p e c i f i c  t h e r m o d y n a m ic  d a ta  i s  r e q u ir e d  fr o m  th e  s t r e a m s  to  p e r fo r m  

th e  p in c h  m e t h o d o lo g y .  T h e s e  in c lu d e  th e  s u p p ly  t e m p e r a tu r e  o f  e a c h  s tr e a m  (T in ) 

°c, th e  ta r g e t  te m p e r a tu r e  o f  e a c h  s tr e a m  (Tout) °c, th e  m a s s  f l o w  ra te  ( F )  in  k g / s ,  
a n d  th e  s p e c i f i c  h e a t  ( C p )  in  k J /k g -° C . T h e  h e a t  c a p a c i t y  f l o w  r a te  ( F C p )  in  kw/°c 
c a n  th e n  b e  c a lc u la t e d  b y  E q u a t io n  1.

FC p = F  x C p  ( 1 )

T h e  s e c o n d  p r o p e r ty  th a t  n e e d s  to  b e  c a lc u la t e d  i s  th e  e n t h a lp y  c h a n g e  o f  e a c h  

s tr e a m  g iv e n  b y  E q u a t io n  2 .

A H  = FC p X A T  ( 2 )

O n c e  th e  e n t h a lp y  c h a n g e  i s  c a lc u la t e d ,  e v e r y  s tr e a m  c a n  b e  p lo t t e d  o n  a  te m p e r a tu r e  

e n th a lp y  d ia g r a m . E a c h  s tr e a m  w i l l  b e  a  c o m b in a t io n  o f  s t r a ig h t - l in e  s e g m e n t s  w ith  

s lo p e s  b e in g  th e  r e c ip r o c a l  o f  th e  h e a t  c a p a c i t y  f l o w  ra te  w h i c h  r e p r e s e n t  th e  

te m p e r a tu r e  in t e r v a ls  fo r  th e  h o t  a n d  c o ld  s t r e a m s  ( S h e n o y  a n d  U d a y ,  1 9 9 5 ) .  F lo t  

s tr e a m s  w i l l  th e n  b e  c o m b i n e d  to  c r e a te  o n e  c u r v e  c a l le d  th e  h o t  c o m p o s i t e  c u r v e ,  
w h i l e  th e  c o ld  s t r e a m s  a re  c o m b in e d  t o  c r e a te  th e  c o l d  c o m p o s i t e  c u r v e .  F ig u r e  2 .3  

d e m o n s t r a t e s  h o w  a  h o t  c o m p o s i t e  c u r v e  (r ig h t )  i s  d e v e lo p e d  f r o m  th e  s tr a ig h t  l in e  

s e g m e n t s  o f  e a c h  h o t  s tr e a m  ( l e f t )  in  a  n e tw o r k .
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2 .1 .2  C o p o s i t e  C u r v e s  a n d  ATmin
T h e  h o t  a n d  c o ld  c o m p o s i t e  c u r v e s  p r o v id e  th e  m in im u m  e n e r g y  

ta r g e ts  fo r  a  p r o c e s s  ( L in n h o f f ,  1 9 9 8 ) .  T h e  h o t  c o m p o s i t e  c u r v e  is  c r e a te d  b y  f ir s t  

a r r a n g in g  a l l  o f  th e  h o t  s tr e a m  te m p e r a tu r e s  in  a s c e n d i n g  o r d e r  a n d  th e n  c a lc u la t in g  

th e  s u m  o f  th e  F C p  v a lu e s  in  e a c h  in te r v a l  a c c o r d in g ly .  T h e  e n t h a lp y  r e q u ir e m e n t  fo r  

e a c h  in te r v a l  is  c a lc u la t e d  b y  E q u a t io n  2  u s in g  t h e  t e m p e r a t u r e s  fo r  th e  a p p r o p r ia te  

in te r v a l .  P lo t t in g  th e  c u m u la t iv e  e n t h a lp y  fo r  e a c h  in te r v a l  v e r s u s  th e  te m p e r a tu r e  

in te r v a ls  s h o w s  th e  h o t  c o m p o s i t e  c u r v e .  T h e  c o ld  c o m p o s i t e  c u r v e  i s  d e v e lo p e d  in  

a n  id e n t ic a l  m a n n e r . F o r  h e a t  tr a n s fe r  to  o c c u r  fr o m  th e  h o t  s t r e a m s  to  th e  c o ld  

s t r e a m s , th e  h o t  c o m p o s i t e  c u r v e  m u s t  l ie  a b o v e  th e  c o l d  c o m p o s i t e  c u r v e  ( T e x a s  

A & M  U n iv e r s i t y .  " N e tw o r k  P in c h  A n a ly s i s ."  2 2 . ) .  T h e  e n t h a lp y  r e g io n  w h e r e  th e  

h o t  a n d  c o ld  c o m p o s i t e  c u r v e s  o v e r la p  is  w h e r e  p r o c e s s - t o - p r o c e s s  h e a t  e x c h a n g e  

c a n  o c c u r ;  th e  r e g i o n s  th a t  d o  n o t  o v e r la p  w i l l  r e q u ir e  u t i l i t y  s t r e a m s  t o  s a t is f y  th e  

n e c e s s a r y  h e a t  e x c h a n g e .  T h u s , th e  g o a l  o f  p in c h  t e c h n o l o g y  i s  to  m a x im i z e  th is  

p r o c e s s - t o - p r o c e s s  h e a t  e x c h a n g e  a n d  m i n i m iz e  th e  u t i l i t y  r e q u ir e m e n t s .  A n  e x a m p le  

o f  a  h o t  a n d  c o ld  c o m p o s i t e  c u r v e  i s  d i s p la y e d  in  F ig u r e  2 .4 .

Figure 2.3 C o n s t r u c t io n  o f  C o m p o s i t e  C u r v e s  ( T e x a s  A & M  U n iv e r s i t y .  " N e tw o r k  

P in c h  A n a ly s i s ."  2 2 . ) .

T h e  p o in t  b e t w e e n  th e  h o t  a n d  c o l d  c o m p o s i t e  c u r v e s  th a t h a s  th e  

s h o r t e s t  v e r t ic a l  d i s t a n c e  i s  th e  m in im u m  t e m p e r a tu r e  d i f f e r e n c e ,  A T min, a n d  i s  c a l le d  

th e  p in c h  p o in t .  T h e  s ig n i f i c a n c e  o f  th e  p in c h  i s  th a t  d i f f e r e n t  ATmin v a lu e s  

c o r r e s p o n d  to  d i f f e r e n t  p r o c e s s - t o - p r o c e s s  h e a t  tr a n s fe r  a m o u n t s  in  th e  s y s t e m ;  a t a  

c e r ta in  ATmin, a  m a x im u m  p r o c e s s - t o - p r o c e s s  h e a t  e x c h a n g e  w i l l  o c c u r  a n d  th u s
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d e c r e a s e  th e  a m o u n t  o f  e x c e s s  h e a t in g  a n d  c o o l i n g  u t i l i t y  th a t  m u s t  b e  in c o r p o r a te d  

to  s a t i s f y  th e  s y s t e m .  It a ls o  d e m o n s t r a t e s  h o w  c l o s e  th e  t w o  c u r v e s  c a n  g e t  w it h o u t  

v io l a t i n g  th e  s e c o n d  la w  o f  t h e r m o d y n a m ic s  ( T e x a s  A & M  U n i v e r s i t y .  " N e tw o r k  

P in c h  A n a ly s i s ."  2 3 . ) .  In  a  h e a t  e x c h a n g e r  n e t w o r k ,  th e  o u t p u t  te m p e r a tu r e  o f  a  c o ld  

s tr e a m  in  a n  e n t h a lp y  in te r v a l  o r  e x c h a n g e r  c a n n o t  b e  h o t t e r  th a n  th e  in p u t  

te m p e r a tu r e  o f  th e  h o t  s tr e a m , a n d  th e  o u tp u t  te m p e r a tu r e  o f  th e  h o t  s tr e a m  c a n n o t  b e  

c o o le r  th a n  th e  in p u t  te m p e r a tu r e  o f  th e  c o l d  s tr e a m . T h e  p in c h  s e p a r a t e s  th e  p r o c e s s  

in to  t w o  s e c t i o n s .  A b o v e  th e  p in c h  th e r e  i s  a  h e a t  s in k  w h i c h  r e q u ir e s  h e a t  fr o m  a h o t  

u t i l i t y  a n d  a  h e a t  s o u r c e  b e l o w  th e  p in c h  th a t  r e j e c t s  h e a t  to  a  c o l d  u t i l i t y ,  a s  c a n  b e  

s e e n  in  F ig u r e  2 .5 .  T h e s e  s e c t i o n s  m u s t  b e  a n a ly z e d  s e p a r a t e ly  in  th e  p in c h  

m e t h o d o lo g y .

Figure 2.4  A n  e x a m p l e  o f  a  h o t  a n d  c o l d  c o m p o s i t e  c u r v e .
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Figure 2.5 S in k  a n d  S o u r c e  S e p a r a te d  a t P in c h .

I f  a  a m o u n t  o f  h e a t  i s  t r a n s fe r r e d  fr o m  a b o v e  th e  p in c h  to  b e l o w  th e  

p in c h ,  th u s  in c r e a s in g  th e  h e a t  in  th e  s o u r c e  a  u n i t s ,  th e n  th e  s in k  a b o v e  th e  p in c h  

m u s t  a d d  a  u n it s  o f  h e a t  t o  r e s to r e  b a la n c e  in  th e  s y s t e m .  T h i s  s i t u a t io n  is  i l lu s tr a te d  

in  F ig u r e  8 . T h i s  h e a t  tr a n s fe r  a c r o s s  th e  p in c h  i s  c a l le d  c r o s s - p i n c h  h e a t  tr a n s fe r  a n d  

r e s u lt s  in  a n  in c r e a s e  in  b o th  th e  h o t  a n d  c o ld  u t i l i t i e s  b y  th e  a m o u n t  o f  h e a t  

tr a n s fe r r e d  a c r o s s  th e  p in c h .  T o  a v o id  e x c e s s  u t i l i t ie s ,  th r e e  R i le s  m u s t  b e  s a t is f i e d  to  

e n s u r e  m in im u m  e n e r g y  ta r g e t s  fo r  th e  p r o c e s s :

1 )  H e a t  c a n n o t  b e  tr a n s fe r r e d  a c r o s s  th e  p in c h .
2 )  T h e r e  c a n  b e  n o  e x te r n a l  c o o l i n g  a b o v e  th e  p in c h  ( o n l y  h o t  u t i l i ty  

c a n  b e  u s e d ) .
3 )  T h e r e  c a n  b e  n o  e x te r n a l  h e a t in g  b e l o w  t h e  p in c h  ( o n l y  c o l d  u t i l i ty  

c a n  b e  u s e d ) .

I f  a n y  o f  t h e s e  r u le s  a re  d i s o b e y e d ,  th e n  c r o s s - p in c h  h e a t  tr a n s fe r  w i l l  o c c u r ,  th u s  

r e q u ir in g  a  g r e a te r  a m o u n t  o f  e n e r g y  th a n  th e  p r o c e s s  ta r g e t . In  a  r e tr o f it  s i t u a t io n ,  
o b e y i n g  t h e s e  r u le s  c o r r e c t s  a n y  e x c h a n g e r s  th a t  c u r r e n t ly  u n d e r g o  c r o s s - p in c h  h e a t  

tr a n sfe r  ( L in n h o f f ,  1 9 9 8 ) .  A n a l y z i n g  th e  s e c t i o n  a b o v e  a n d  b e l o w  th e  p in c h  

s e p a r a te ly  e l i m i n a t e s  c r o s s - p in c h  h e a t  tr a n s fe r . T h e  p in c h  s e p a r a t e s  th e  p r o c e s s  in to  a
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h e a t  s in k  ( a b o v e  th e  p in c h )  a n d  a  h e a t  s o u r c e  ( b e l o w  t h e  p in c h ) .  F ig u r e  2 .5  a n d  2 .6  

s h o w  th e  s o u r c e / s in k  a n d  c r o s s  p in c h  h e a t  tr a n s fe r  ( L in n h o f f ,  1 9 9 8 ) .

Figure 2.6 C r o s s  p in c h  h e a t  tr a n sfe r .

T o  lo c a t e  th e  p in c h  te m p e r a tu r e ,  th e  ATmin i s  a d d e d  t o  e v e r y  c o l d  s tr e a m  te m p e r a tu r e ,  
s h i f t in g  th e  c o l d  c o m p o s i t e  c u r v e  u p  to  t o u c h  th e  h o t  c o m p o s i t e  c u r v e .  A n  e n e r g y  

b a la n c e  ( E q u a t io n  3 )  i s  th e n  d o n e  o v e r  e a c h  s h i f t e d  te m p e r a tu r e  in te r v a l .

A H , =■ I
{ C o l d S t  r e a m s

F Cp c -  ๅ[ 1 FC
H o t S t r e a m s  J

( 3)

T h e  s u r p lu s  h e a t  i s  t h e n  c a s c a d e d  d o w n  th e  in t e r v a ls  in  o r d e r  fo r  h e a t  r e c o v e r y  to  

ta k e  p la c e  b e t w e e n  in t e r v a ls .  T h e  m in im u m  a m o u n t  o f  h e a t  r e q u ir e d  f r o m  th e  h o t  

u t i l i t y  i s  a d d e d  to  th e  f ir s t  in te r v a l  a n d  c a s c a d e d  d o w n .  T h e  p in c h  is  l o c a t e d  a t th e  

te m p e r a tu r e  w h e r e  th e  h e a t  f l o w  i s  z e r o  ( S m it h .  2 0 0 5 ) .
F r o m  th e  h o t  a n d  c o l d  c o m p o s i t e  c u r v e s ,  a  g r a n d  c o m p o s i t e  c u r v e  is  

d e v e lo p e d .  It i l lu s t r a t e s  t h e  te m p e r a tu r e  in t e r v a ls  in  w h i c h  h e a t  s u p p ly  a n d  d e m a n d  

o f  th e  p r o c e s s  a b o v e  a n d  b e l o w  th e  p in c h  o c c u r . M o r e o v e r ,  it s h o w s  th e  lo c a t io n s  o f  

th e  p r o c e s s - t o - p r o c e s s  h e a t  tr a n s fe r , th e  p r o c e s s  s in k s ,  a n d  th e  p r o c e s s  s o u r c e s  

( S h e n o y  a n d  U d a y .  1 9 9 5 ) .  It i s  c r e a te d  b y  s h i f t in g  th e  c o l d  c o m p o s i t e  c u r v e  to w a r d s  

th e  h o t  c o m p o s i t e  c u r v e  b y  a n  in c r e m e n t  e q u a l  to  th e  A T mjn a n d  th e n  p lo t t in g  th e  

d i f f e r e n c e  b e t w e e n  t h e  h e a t  f l o w s  o f  b o th  c u r v e s  v e r s u s  t e m p e r a tu r e .  F ig u r e  2 .7  is  an
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e x a m p le  o f  g r a n d  c o m p o s i t e  c u r v e  a n d  i l lu s tr a t e s  th e  m i n i m u m  h o t  a n d  c o l d  u t i l i t ie s ,  
th e  p in c h  te m p e r a tu r e ,  a n d  t h e  p r o c e s s - t o - p r o c e s s  h e a t  e x c h a n g e  l o c a t io n s .

Figure 2.7 G r a n d  C o m p o s i t e  C u r v e .

2 .1 .3  S u p e r ta r g e t in g
T h e  n e x t  s t e p  in  th e  r e tr o f it  p r o c e s s  a f te r  t h e  c o m p o s i t e  c u r v e s  h a v e  

b e e n  c r e a te d  i s  to  c a lc u la t e  th e  o p t im u m  A T m,ท v a lu e  b a s e d  o n  w h i c h  v a lu e  p r o v id e s  

th e  m o s t  e c o n o m i c a l  d e s i g n .  T o  d o  th is ,  th e  to ta l  n e t w o r k  a r e a  a n d  th e  u t i l i ty  

r e q u ir e m e n ts  fo r  th e  r e tr o f it  n e t w o r k  a re  c a lc u la t e d  fo r  e a c h  ATmin v a lu e .  T h e n  th e  

c o s t s  o f  th e  a r e a  a n d  e n e r g y  r e q u ir e m e n ts  a r e  c a lc u la t e d  a n d  t h e  o p t im u m  v a lu e  is  

d e te r m in e d .  T h i s  s e c t i o n  d e s c r ib e s  in  d e ta il  th e  s u p e r t a r g e t in g  p r o c e s s .

2.1.3.1 A rea  Targeting
In  o r d e r  to  d e t e r m in e  th e  to ta l  n e t w o r k  r e tr o f i t  a rea  fo r  

v a r io u s  ATmin v a lu e s ,  it i s  n e c e s s a r y  to  u n d e r s ta n d  th e  th e o r y  b e h in d  h o w  p in c h  

t e c h n o l o g y  c a l c u l a t e s  th e  a r e a . F ig u r e  2 .8  i l lu s t r a t e s  th e  e n e r g y  v e r s u s  a r e a  p lo t  fo r  a 

t y p ic a l  H E N  r e tr o f it  p r o c e s s .  P o in t  X  r e p r e s e n t s  th e  c u r r e n t  h e a t  e x c h a n g e r  a r e a  fo r  

th e  to ta l  s y s t e m  a s  w e l l  a s  th e  e n e r g y  r e q u ir e m e n t s .  T h e  c u r v e  r e p r e s e n t s  th e  

o p t im u m  d e s ig n  c u r v e  f o r  th e  H E N  i f  it w e r e  d e v e lo p e d  f o r  a  g r a s s r o o t s  s it u a t io n .
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F o r  a  g r a s s r o o t s  d e s ig n  w i t h  th e  s a m e  e n e r g y  r e q u ir e m e n t s ,  p o in t  c  w o u ld  

c o r r e s p o n d  to  t h e  r e q u ir e d  a rea ; l ik e w i s e ,  i f  o u r  e x i s t in g  n e t w o r k  w e r e  a  g r a s s r o o t s  

d e s i g n  a n d  h a d  th e  s a m e  a m o u n t  o f  a r e a , p o in t  A  w o u ld  c o r r e s p o n d  to  th e  r e q u ir e d  

e n e r g y .  T h e  o p t im u m  g r a s s r o o t s  d e s ig n  w o u l d  m i n i m iz e  th e  c o s t s  o f  b o th  a r e a  a n d  

e n e r g y  a n d  w o u l d  th u s  h a v e  a  lo c a t io n  n e a r  p o in t  B  ( T e x a s  A & M  U n iv e r s i t y .  
" N e tw o r k  P in c h  A n a ly s i s ."  1 2 2 ) .  T h e  g o a l  o f  th e  r e tr o f it  p r o c e s s  i s  to  in c r e a s e  e n e r g y  

s a v in g s  a n d  d e c r e a s e  to ta l  c o s t  b y  m o v in g  X  to w a r d s  th e  ta r g e t  c u r v e .  A s  th e  ATmin is  

d e c r e a s e d ,  th e  e n e r g y  r e q u ir e m e n ts  w i l l  d e c r e a s e  w h i l e  th e  r e q u ir e d  a r e a  fo r  th e  

s y s t e m  w i l l  in c r e a s e .  G o i n g  b e lo w  th e  c u r v e  i s  n o t  f e a s i b l e  b e c a u s e  a  r e tr o f it  c a n n o t  

b e  b e t te r  th a n  th e  ta r g e te d  g r a s s r o o t s  d e s ig n .  I f  p o s s i b l e ,  th e  r e tr o f it t e d  d e s i g n  s h o u ld  

r e u s e  a n d  id e a l ly  im p r o v e  th e  u s e  o f  e x i s t in g  a rea ; h o w e v e r ,  i f  th is  i s  n o t  f e a s i b l e  o r  

n o t  e c o n o m i c ,  a r e a  a d d it io n  to  th e  n e tw o r k  w i l l  b e  c o n s id e r e d  t o  d e c r e a s e  th e  to ta l  
e n e r g y  r e q u ir e m e n ts  a n d  f in d  th e  o p t im u m  s o lu t io n .  A s  a  r e s u lt ,  a  r e tr o f it  d e s ig n  

t h e o r e t ic a l ly  h a s  fo u r  p o s s i b l e  o p t io n s  to  c o n s id e r .

Uksfy path

F i g u r e  2 .8  A r e a  v s .  E n e r g y  r e q u ir e m e n t  d ia g r a m  fo r  t y p ic a l  n e t w o r k  ( T e x a s  A & M  

U n iv e r s i t y .  " N e tw o r k  P in c h  A n a ly s i s ."  1 2 3 .) .
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F i g u r e  2 .9  F o u r  p o s s i b l e  o p t io n  o f  d o in g  r e tr o f it  ( T e x a s  A & M  U n iv e r s i t y .  " N e tw o r k  
P in c h  A n a ly s i s ."  1 2 3 .) .

I f  th e  e x i s t in g  d e s i g n  m o v e s  in  th e  d ir e c t io n  o f  th e  d a rk  b lu e  

a r r o w  (u p  a n d  to  th e  r ig h t ) ,  th e n  th e  e n e r g y  a n d  a r e a  r e q u ir e m e n t s  w i l l  b o th  in c r e a s e ;  

f in d in g  a  m o r e  e c o n o m i c a l  s o lu t io n  in  th is  m a n n e r  i s  h ig h ly  u n l ik e l y .  I f  th e  e x i s t in g  

d e s ig n  f o l l o w s  th e  p in k  a r r o w  ( d o w n  a n d  to  th e  r ig h t ) ,  th e n  w e  w i l l  b e  d e c r e a s in g  

a r e a  b u t in c r e a s in g  e n e r g y ;  t h e o r e t i c a l ly ,  a  m o r e  o p t im a l  d e s i g n  c o u l d  b e  lo c a t e d  h e r e  

b u t th e  p u r p o s e  o f  p in c h  t e c h n o l o g y  i s  to  r e d u c e  e n e r g y  r e q u ir e m e n t s  a n d  in c r e a s e  

th e  u s e  o f  a r e a . T h e r e f o r e ,  th is  r e g io n  w i l l  b e  r e j e c t e d .  T h u s ,  w e  h a v e  th e  t w o  a r r o w s  

p o in t in g  t o  th e  l e f t  t o  c o n s id e r .  P in c h  t e c h n o l o g y  r e c o m m e n d s  n o t  ig n o r in g  a r e a  th a t  

h a s  a lr e a d y  b e e n  i n v e s t e d  a n d  s o  a s s u m e s  th a t th e  g r e e n  a r r o w  ( d o w n  a n d  to  th e  l e f t )  

w i l l  n o t  b e  e c o n o m i c a l .  F o r  n o w ,  w e  w i l l  f o l l o w  th is  r e c o m m e n d a t io n  a n d  a s s u m e  

p in c h  t e c h n o l o g y  i s  c o r r e c t .  H o w e v e r ,  th is  is  a  l im i t a t io n  o f  p in c h  a n d  w e  w i l l  try  to  

im p r o v e  u p o n  it la te r . T h e r e f o r e ,  w e  w i l l  a s s u m e  th a t  th e  l ig h t  b lu e  a r r o w  (u p  a n d  to  

th e  l e f t )  w i l l  b e  th e  d ir e c t io n  w e  m o v e  to  r e tr o f it  t h e  H E N .
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2 .1 .3 .2  Vertical H eat Transfer
B e f o r e  w e  c a n  d e t e r m in e  th e  m o s t  e c o n o m i c a l  t r a d e - o f f

b e t w e e n  e n e r g y  a n d  a r e a  r e q u ir e m e n t s ,  w e  n e e d  to  a c t u a l ly  d e v e lo p  th e  g r a s s r o o t s  

d e s i g n  c u r v e .  T h is  c u r v e  w i l l  b e  th e  b a s i s  f o r  o u r  r e tr o f it t e d  d e s ig n .  T o  d o  th is ,  
v e r t ic a l  h e a t  t r a n s fe r  is  u s e d .  E s s e n t ia l l y ,  fo r  e a c h  ATmin v a lu e  th a t  w e  c h o o s e  to  

a n a ly z e  fo r  o u r  c u r r e n t  p r o c e s s ,  w e  w i l l  h a v e  a n  id e a l  m in im u m  h o t  a n d  c o ld  u t i l i ty  

r e q u ir e m e n t .  T h e  h o t  a n d  c o l d  c o m p o s i t e  c u r v e s  i n c lu d in g  th e  u t i l i t y  s t r e a m s  c a n  b e  

d iv id e d  in to  e n t h a lp y  in te r v a ls  a s  in  F ig u r e  2 . 1 0 . T h e  e n t h a lp y  r e g io n s  w h e r e  th e  h o t  

a n d  c o ld  c o m p o s i t e  c u r v e s  o v e r la p  r e p r e s e n t  p r o c e s s - t o - p r o c e s s  h e a t  e x c h a n g e r s ;  

c o n v e r s e ly ,  th e  r e g i o n s  o f  n o  o v e r la p  c o r r e s p o n d  to  u t i l i t y  e x c h a n g e r s .  T h e  to ta l  
n e t w o r k  a r e a  w i l l  b e  c a lc u la t e d  a s s u m in g  th a t h e a t  is  t r a n s fe r r e d  v e r t i c a l ly  fr o m  th e  

h o t  c o m p o s i t e  c u r v e  to  th e  c o ld  c o m p o s i t e .  B y  a s s u m in g  th a t  th e r e  is  n o  h e a t  tr a n sfe r  

a c r o s s  v e r t ic a l  e n t h a lp y  r e g io n s ,  w e  c a n  d e t e r m in e  A id e a l  b y  c a l c u la t in g  th e  a rea  

r e q u ir e d  fo r  e a c h  s e p a r a te  e n t h a lp y  r e g io n  a n d  s u m m in g  t h e m  w it h  E q u a t io n  4 .

F i g u r e  2 .1 0  V e r t i c a l  h e a t  tr a n s fe r  a r e a  in t e r v a ls  ( T e x a s  A & M  U n iv e r s i t y .  " N e tw o r k  
P in c h  A n a ly s i s ."  1 2 3 .) .

(4 )
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W h e r e  q jk  i s  th e  s tr e a m  d u ty  o n  h o t  s tr e a m  i in  e n t h a lp y  in te r v a l  k , qj k i s  th e  s tr e a m  

d u ty  o n  c o l d  s tr e a m  j in  e n t h a lp y  in te r v a l  k , h | a n d  hj a re  t h e  f i lm  tr a n s fe r  c o e f f i c i e n t s  

fo r  h o t  s tr e a m  i a n d  c o l d  s tr e a m  j, a n d  ATLMk is  th e  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  

fo r  in te r v a l  k . T o  c a lc u la t e  t h e  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 ,  E q u a t io n  5  is  u s e d .

A T  = A 7 "LM ATC

In
A  T C J

( 5)

T h e  a r e a s  fo r  th e  u t i l i t y  e x c h a n g e r s  w i l l  n o t  b e  c a l c u la t e d  at t h is  s t a g e  o f  th e  

r e tr o f it t in g  p r o c e s s  b e c a u s e  th e ir  d u t ie s  a re  g o in g  t o  b e  r e d u c e d  la te r  w h e n  th e  

o v e r a l l  n e t w o r k  c h a n g e s  a re  m a d e . F u r th e r m o r e , b e c a u s e  th e  s p e c i f i c s  o f  th e  

r e tr o f it t e d  d e s i g n  a re  n o t  y e t  k n o w n ,  it i s  a s s u m e d  th a t  e a c h  e x c h a n g e r  in  th e  n e tw o r k  

w i l l  h a v e  a n  e q u a l  a r e a . T h is  w i l l  a l l o w  th e  o p t im u m  ATmin to  b e  d e t e r m in e d  b y  

e s t im a t in g  t h e  to ta l  c o s t ,  th e  re tu r n  o n  i n v e s t m e n t  ( R O I ) ,  th e  n e t  p r e s e n t  v a lu e  ( N P V )  

a n d  p a y b a c k  p e r io d .
2.1.3 .3  A rea  E fficiency

N o w  th a t  w e  h a v e  d e v e lo p e d  th e  g r a s s r o o t s  d e s i g n  c u r v e  b y  

c a lc u la t in g  th e  id e a l  a r e a  fo r  v a r io u s  ATmin v a lu e s ,  w e  n e e d  a  w a y  t o  d e t e r m in e  th e  

m o s t  o p t im u m  r e tr o f it  d e s ig n .  T o  d o  t h is ,  w e  w a n t  t o  d e v e lo p  a  c u r v e  s im i la r  to  th e  

g r a s s r o o t s  d e s i g n  c u r v e  b u t  th a t  b e g in s  a t o u r  e x i s t i n g  lo c a t io n  p o in t  o n  th e  a r e a -  

e n e r g y  d ia g r a m . H o w e v e r ,  th e r e  a re  a n  in f in i t e  n u m b e r  o f  c u r v e s  th a t  w e  c o u ld  u s e  

a s  s h o w n  in  F ig u r e  2 .1 1  T o  d e t e r m in e  o u r  r e tr o f it  c u r v e ,  “ a r e a  e f f i c i e n c y ”  w i l l  b e  

u s e d .  A r e a  e f f i c i e n c y ,  a ,  i s  a  fa c to r  u s e d  to  q u a n t i fy  h o w  c l o s e  a n  e x i s t i n g  n e tw o r k  is  

to  th e  p r e d ic t e d  ta r g e t s  o f  th e  g r a s s r o o t s  d e s ig n .  T h e  c l o s e r  a  is  to  u n i t y  s i g n i f i e s  a  

n e t w o r k  w i t h  m o r e  v e r t ic a l  h e a t  tr a n sfe r ;  a  v a lu e  o f  u n i t y  s i g n i f i e s  th a t  th e  e x i s t in g  

d e s i g n  i s  l o c a t e d  o n  th e  g r a s s r o o t s  c u r v e .
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Figure 2.11 Area vs. Energy Requirement with Several Design Curve Options 
(Texas A&M University. "Network Pinch Analysis." 123.).

Area efficiency is defined in Equation 6.

a = A ^ L _  (6)
êxisting

Using Figure 2.12, we will use area efficiency along with Aretrofit, Aexisting, Ajdeal, and 
Agrassroots to determine the retrofit curve. Agrassroots is the ideal area that the current 
process would have if the network were designed from scratch with its current utility 
usage and current ATmin value. Ajdeal is the grassroots area for the current process 
after we have altered the ATmin value and correspondingly determined the new utility 
requirements. Aexisting is the original network area and Aretrofit is the new retrofit area.
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Figure 2.12 Area vs. Energy Requirement - Area Locations.

Because it is desired to improve the use of area, the area efficiency a should be 
greater than or equal to (Xcurrent. As a increase, the retrofit area will decrease assuming 
that the utility consumption stays constant. This means that a higher a value 
corresponds to a lower total area and thus lower area costs. Because the goal is to 
increase energy savings and decrease total costs, a must be as high as possible. As 
can be seen by Figure 2.13 there are an infinite number of a values that can be 
chosen for the retrofit design even we look only between an a of unity and our 
current a value.

F ig u r e  2 .1 3  Im p a ct o f  A lp h a  V a lu e .
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Aretrofit can be calculated by Equation 7;

A A i d e a l  ~  ^
™ r e t r o f i t  ~  .A a (7)

Where Ajdeaii is the value of Ajdeal calculated in Equation 4 with the maximum AT 
value tested, and Aa=l for a < 0.9 and Aa= (Xcurrent for a > 0.9 (Linnhoff, 1998).

ATmin value of the process, we obtained a unique composite curve. From this 
composite curve, the utility requirement of the process was calculated using the same 
procedure as before. With the utility requirements, vertical heat transfer was used 
within enthalpy intervals to calculate the ideal area had the network been a grassroots 
design. With these ideal areas we generated an area vs. energy diagram with the 
grassroots design curve present. By using the ideal area for the original process with 
its original ATmin value, we calculated the area efficiency according to Equation 6. 
Then by assuming a constant value of a we generated a retrofit curve to calculate the 
retrofit area for various ATmin values.

designing the network. The optimal ATmin is different for the grassroots and retrofit 
cases. For the grassroots case, being the original design it is sufficient to analyze the 
Total Annualized Cost. The Total Annualized Cost (TAC) vs. ATmin diagram for a 
constant a value of 1 is used. Figure 2.14 illustrates a typical TAC vs. ATmin diagram.

Finally, a retrofit curve can be developed. By changing the

2.1.3.4 Opitmum A Tmm Value
The optimum value ATmin must be determined before

F ig u r e  2 .1 4  T y p ic a l T A C  v s . ATmin D ia g ra m .
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The minimum on the total cost curve corresponds to the optimum ATmin value. Total 
annualized cost (TAC) is a function of the annualized operating cost (OC a) and the 
annualized capital cost (CCa) according to Equation 8.

TAC =OCA-C C A (8)

The annualized operating cost and capital cost are calculated by Equations 8, and 9 
respectively.

OCA = CHU X  Ccu

CCA =CCx i x ( l  +  i)" 
0 + 0 - 1

c c  = Min a + b
f  A \  

r e t r o f i t

V ^  Min J

(9)

(10)

(11)

Where Chu is the cost of the hot utility and Ccu is the cost of the cold utility, c c  is 
the capital cost, i is the interest rate, ท is the number of years, Nm,n is the minimum 
number of exchangers in the network, Aretrofit is the retrofitted area for the new 
network and a, b, and c are cost law constants that vary according to materials of 
construction, pressure rating and type of exchanger. The minimum number of heat 
exchangers, Nmjn, is calculated by Equation 12;

= b „ - i J + K - i ] >  (12)

where Sap is the number of streams above the pinch and Sbp is the number of streams 
below the pinch.

Because the operating costs and the capital costs are both a 
function of ATm,n, a compromise must be made when a network design is to be 
retrofitted. As ATmin increases, the energy requirements will increase while the area
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requirements will decrease. Thus, the operating costs will increase. However, as 
ATmin decreases, the energy requirements will decrease while the area requirements 
increase. Thus, the capital costs will increase. As a result of how each cost curve 
behaves with ATmin, it is expected that the TAC curve when plotted with ATmin will 
have a minimum value. This value correlates to the optimum ATmm (Shenoy and 
Uday, 1995). For the retrofit case, the optimum ATmin value is determined by 
evaluating the return on investment (ROI), the net present value (NPV), and payback 
period (PBP). These three methods are used to measure the profitability and each of 
them will evaluate the options for ATmm and determine an optimum value. Choosing 
between these ATmin values is case specific and is for the user to determine. ROI is 
the ratio of profit to investment. In the retrofit case, profit is due to savings from 
decreased utility consumption and the investment is the cost of added area 
(Equations 13 and 14). ROI is calculated by Equation 15.

Where Usaving is the utility difference between the original network and the retrofit 
network, and Phu, Peu are the price of the hot and cold utilities.

Where a,b, and c are the same cost law coefficients, Nadd is the additional heat 
exchangers for the retrofit, and Aadd is the additional area for the retrofit.

Savings = บsaving(PHU + pcu) (13)

Investment = aN aM + bN aM —^ -
V ™ add y

(14)

R0 ^
Investment (15)

The NPV is based on future cash flows for a certain number of years, ท, and a 
specific interest rate. The goal is find the ATmin value that will maximize the NPV.
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Again, the cash flow for retrofit is the found by the savings from the decreased 
utilities calculated in Equation 14. The NPV is calculated by Equation 16.

N P V  = savings1 
•̂ ""=l (l + rate) 1-  Investment (16)

The PBP will determine the length of time necessary for the savings to pay for the 
investment. Therefore, it is ideal to have a small value for the PBP. The PBP is 
calculated by Equation 17

PBP= ๒ ^istmeru ( 17)
Savings

By plotting the ROI, NPV, and PBP verses the change in energy for a variety of 
ATmin values allows the maximums and minimums to be easily analyzed. The ROI 
will always tend toward a high ATmin value because of the balance between the 
savings from utility and the investment from the amount of added area. A large ATmin 
causes the added area and thus the investment to be very low compared to the 
savings and thus increases the ROI. Obviously the PBP will change significantly 
depending on the maximum number of years set. A longer limit will provide a 
smaller ATmin because the time to break even has been increased and therefore the 
amount of area addition, the main cost, is increased.

2.1.4 Heat Exchanger Matches
Now that the retrofit area has been calculated for each ATmin and the 

optimum ATmin value has been determined, the next step is to generate the stream 
matches for heat exchange in the new network. The first step to designing the new
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Figure 2.15 Above pinch design.
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network is to locate the existing exchangers that transfer heat across the pinch. 
Because pinch technology does not allow cross-pinch heat transfer, we must 
eliminate these exchangers and essentially reuse them. We do this by moving each 
exchanger to one side of the pinch and then altering the input and target temperatures 
to ensure that no cross-pinch heat transfer occurs in the new design.

analyzed separately. Once we have located the exchangers that transfer heat across 
. the pinch, we need to begin matching one hot stream and one cold stream to each 
exchanger. We want to reuse as many, if not all, existing exchangers as possible to 
minimize our capital costs. Furthermore, to ensure that our retrofitted network has 
the minimum number of heat exchangers possible, we want to maximize the heat 
transfer of every exchanger between its two matched streams. To match two streams 
to an exchanger, we need to look at the heat capacity flow rate (FCp) values. For 
streams above the pinch (to the left of the dashed line in the grid diagram), FCpHOT 5 
FCpcold.

determined. To do this, we use something called the “Tick-Off1 rule which states that 
we want to satisfy the heat requirements of at least one of the streams connected by 
each exchanger. This will ensure the minimum number of heat exchangers for the 
network (Texas A&M University. "Network Pinch Analysis." 49). The heat 
requirements for each stream are calculated according to Equation 18. This equation 
only works for one side of the pinch at a time (the temperature change cannot occur 
over the pinch) and must be applied for both streams that an exchanger matches. The 
duty for an exchanger is chosen as the smallest heat requirement of the two streams 
that are matched.

As a reminder, the sections above and below the pinch must be

After an exchanger has been matched, the heat load must be

(18)

The final aspect of heat exchanger matching that needs to be considered is the 
presence of heat loops and paths. Essentially these loops and paths introduce 
flexibility into the design. A heat loop is a closed connection through streams and
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exchangers that starts and ends at the same point. Likewise, a heat path is a 
connection through streams and exchangers between two utilities. Incorporating 
paths and loops can increase the process-to-process heat exchange in a network and 
possibly even decrease the number of exchangers needed in a network (Texas A&M 
University. "Network Pinch Analysis." 138.).

2.1.5 Heat Exchanger Area
Now that the minimum number of heat exchangers for the network 

has been found and the exchangers have been matched, the next step is to determine 
how the new area is split among the exchangers in the new network. Heat exchanger 
area dispersion via addition of extra shells, area reduction by plugging tubes, and 
addition of new exchangers must all be considered. The area dispersion is determined 
using a matchwise area distribution. The matchwise area distribution determines the 
area for each heat exchanger based on the streamwise area distribution. Matchwise 
area is calculated according to Equation 20.

A A
(20)บ * TL M .

บ  = 1
(21)

1 1

K  hjc

Despite the fact that satisfactory results were reported, there is still a 
lack of systematic and specific procedure to produce the modified HEN designs. 
Kotjabasakis and Linnhoff (1988) presented an industrial retrofit case using the 
sensitivity tables to demonstrate situations of debottlenecking, fouling, and other 
issue. Fraser and Gillespie (1989) purposed the pinch design tools in an example 
grassroots design and then applied to the retrofit case study. Fraser and Gillespie 
(1992) also presented the use of pinch technology to analyze the possibilities for 
saving for the retrofit of an oil refinery. Ahmed and Polley (1990) and Polley et al. 
(1990) presented some enhancements to the existing retrofit targeting procedure of 
Tjoe and Linnhoff (1986,1987) by introducing a relationship between pressure drop



2 4

and heat transfer coefficient to enable the area targets generated to reflect pressure 
drop limitations in the process. Farhanieh and Sunden (1990) analyzed an existing 
refinery HEN using both grassroots via pinch design method and retrofit design 
methods in the case study. The integration of heat pumps into the HEN is also 
investigated. Nilsson and Sunden (1994) proposed the two analysis methods in 
combination, pinch technology and MIND method. A multi-period cost optimization 
of the operating strategy is performed using the MIND method. The results from the 
Pinch analysis are then input to the MIND optimization. The system cost of the total 
energy system of the refinery is optimized with regard to flexibility in the process 
system as well as changes of energy costs and the operating conditions of the 
cogeneration unit. The combination of methods shows that significant capital savings 
can be achieved when the energy saving potential of the process system is integrated 
in the overall operating strategy of the energy system. It is, in this case, possible to 
compare investments in energy saving measures to- investments in increased steam 
production capacity. From the above listed, the goal of pinch analysis is to maximize 
the process-to-process heat recovery and minimize the utility consumption of the 
system. The disadvantage of this method is that there is no general rule for area 
distribution within a network in the design step. Therefore application of pinch 
approaches depends on the designer experience and become difficult to apply to 
large scale problems. Lakshmanan and Ban” ares-Alca'ntara (1996, 1998) introduced 
the retrofit thermodynamic diagram as a visualization tool for developing retrofit 
solution by inspection for case studies. Li and Yao (1998) studied the use of pinch 
based methods for retrofitting largescale processes, van Reisen et al. (1995) 
presented a prescreening and decomposition method to analyze heat exchanger 
networks for retrofitting. It evaluates the economic potential of sub-networks and 
uses existing retrofit analysis procedures, van Reisen et al. (1998) developed an 
extension of path analysis (van Reisen et al. (1995)) for the HENs retrofit problem 
leading to retrofit by structural targeting. Varbanov and Klemes (2000) developed a 
heuristic topology modification procedure to complement the network pinch 
methodology (Tojoe and Linnhoff (1986) and extended by Asante and Zhu (1996, 
1997)) for heat exchanger network retrofit. It considers, under the Network Pinch 
framework, two important cases, the retrofit initialization and topology modification,
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when the direct application of the classic network pinch concept and rules is not 
possible. With the help of a system of simple heuristics, these limitations are 
overcome which extends the application range of the network pinch framework. 
Markowski (2000) presented the retrofit of heat exchanger network using a pinch 
based approach which makes it possible to consider the thermal resistance of fouling 
deposits forming on heat transfer surfaces. In this approach, the criterion of 
minimum sensitivity of heat exchanger to fouling effects is accounted. Polley and 
Amidpour (2000) examined the problems with existing retrofit analysis approaches 
and proposed a structural targeting procedure which involves decomposing the 
problem and analyzing separate components individually. Li and Chang (2010) 
developed the pinch retrofit method by adding a systematic procedure derived from 
simple pinch analysis after the step of cross-pinch match is removed.

2.2 Mathematical Programming Methods

Over last decade there have been considerable advances in mathematical 
programming techniques for the HEN retrofit problem. Yee and Grossmann (1987) 
proposed an MILP assignment transshipment formulation for retrofit HENs. It is an 
extension of the MILP transshipment model (Papoulias and Grossmann (1983)). 
Zhelev et al. (1987) developed an algorithm for retrofit HENs which a network is 
retrofitted through comparison of grassroots network design for the problem. Ciric 
and Floudus (1989) proposed a two-stage approach consisting of a match selection 
stage, and optimization stage. Central to this strategy is mathematical model for 
retrofit at level of matches. The match selections stage used a mixed integer linear 
programming (MILP) formulation that incorporates explicitly the cost associated 
with each potential match of streams and involves all possible options for 
modifications. The solution of this formulation provides information on which 
exchangers should be reassigned or newly installed, and whether there is a need to 
increase or decrease the area of the existing exchangers. The optimization stage takes 
advantage of this information, and a superstructure is postulated and formulated as a 
nonlinear programming (NLP) problem. The solution of the NLP provides the actual 
retrofitted network from optimizing the matching order and flow configuration.
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Unfortunately, the MILP model dose not account for areas quite reliably and involes 
a large number of integer variables that make its application to industrial size 
problem difficult (Briones and Kokossis, 1999). These two-stage approach were later 
combined into a single stage by Ciric and Floudas (1990), using a mixed integer 
nonlinear (MINLP) formulation to incorporate all possible stream matches, network 
configuration and existing exchanger reassignment in single mathematical 
formulation. Predetermination of the utility consumption causes failure in area-utility 
trade off and solution may be trapped at local optima (Rezaei and Shafiei, 2009). Yee 
and Grossmann (1991) provided a systematic procedure which also had two-stage, in 
this procedure however a targeting or pre-screening stage and an optimization stage 
were used. In the pre-screening stage, the economic feasibility of the project is 
analyzed with lower bounds on cost for utility, additional area, and structural 
modifications. The bounds are used to construct a prescreening cost plot to estimate 
the maximum savings that can be achieved. However only the number of new units 
required to achieve the optimization investment determined was carried forward to 
the optimization stage. During the optimization stage, the heat recovery level was 
allowed to vary an MINLP formulation was used to simultaneously optimize the 
capital-energy trade off and all the network parameters. Because the MINLP model 
is very detailed, different types of binary variables are needed in their formulation. 
This issue may restrict the application of the model to small scale problems.

2.2.1 MINLP Model for Grassroots Design
The MILP model is based on the stage-wise superstructure 

representation proposed by Yee and Grossmann (1990). The superstructure for the 
problem is show in Figure 2.15. Within each stage of the superstructure, potential 
exchangers between any pair of hot and cold streams can occur.
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Figure 2.17 Two-Stage superstructure.

In each stage, the corresponding process stream is split and directed to an exchanger 
for a potential match between each hot stream and each cold steam. It is assumed that 
the outlets of the exchangers are isothermally mixed, which simplifies the calculation 
of the stream temperature for the next stage, since no information of flows is needed 
in the model. The outlet temperatures of each stage are treated as variables in the 
optimization. The number of stages should in general coincide with the number of 
temperature intervals to ensure maximum energy recovery. However, in most cases 
selecting the number of stages as the maximum of hot and cold streams suffices. A 
heater or cooler is placed at the outlet of the superstructure for each process stream. 
Optimization of the MINLP model identifies the least cost network embedded within 
the superstructure by identifying which exchangers are needed and the flow 
configuration of the streams. A major advantage of this model is its capability of 
easily handling constraints for forbidding stream splits. Process streams are divided 
into two sets, set HP for hot streams, represented by index i, and set CP for cold 
streams, represented by index j. Index k is used to denote the superstructure stage 
given by the sets ST. Indices HU and c u  correspond to the heating and cooling 
utilities respectively. Also, the following parameters and variables are used in the 
formulation:



2 8

Parameters
TIN = inlet temperature of stream
TOUT = outlet temperature of stream
F = heat capacity flow rate
บ = overall heat transfer coefficient
e c u  = unit cost for cold utility
CHU = unit cost of hot utility
CF = fixed charge for exchangers
c  = area cost coefficient
/? = exponent for area cost
NOK = total number of stages
Q = upper bound for heat exchanger
T = upper bound for temperature difference
Variables
dtjjk = temperature approach for match ( i,j) at temperature location k 
dtcuj = temperature approach for match of hot stream i and cold utility 
dthiij = temperature approach for match of cold stream j and hot utility 
q , j k  = heat exchanged between hot process stream i and cold process stream j 

in stage k
qcUj = heat exchanged between hot stream i and cold utility
qhuj = heat exchanged between hot stream and cold stream j
tj,k = temperature of hot stream i at hot end of stage k
tj.k = temperature of cold stream j at hot end of stage k
Z jjk  = binary variable to denote existence of match (i j)  in stage k
zeuj = binary variable to denote that cold utility exchanges heat with stream i
zhuj = binary variable to denote that hot utility exchanges heat with stream j

With above definitions, the formulation can now be presented.
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2.2.1.1 Overall Heat Balance fo r each Stream 

( T O U T , - T I N  1 ) F ,  =  X  + q h u ,  J6CP
keSTieHP

( T I N , - T O U T ,  พ , 1, + qcu, ieHP (22)

2.2.1.2 Heat Balance o f  each Stream at each Stage 

(tLk- t JM\)Fj = Yflijk  jeCP, keSTieHP
<',,,.-<,,1. ,) / )  = 2 > ,  1 ieHP, keST (23)

2.2.1.3 Assignment o f Superstructure Inlet Temperature

TIN, = c„v+, je  CP
TIN, = t,A ieHP (24)

2.2.1.4 Feasibility o f Temperature

I j,k — Ij,k+1 jeCP, keST
TOUT 1 > t, 1 jeCP
t,,k — c* + l ieHP, keST
t o u t , < c „ +1 ieHP (25)

2.2.1.5 Hot and Cold Utility Load

{TOUT 1 - t 1f F ] — qhu 1 jeCP

{t,N -TO U T)F , =qcu 1 ieHP (26)
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2.2.1.6 Logical Constraints

Lijk ~ ^ z ijk
qhu 1 -Q zhU j <0

q c q  - Q z c i {  < 0  

Zjjk, zcu„ zhuj = o,i

ieHP, jeCP, keST  
jeCP

ieHP (27)

2.2.1.7 Calculation o f Approach Temperatures

dt,1k ^t,.k - tj,k  + r (l - z  1jk) ieHP, jeCP, keST
dtl]k < tlM i- t jM ]+ r ( \ - z ljk) ieHP, jeCP, keST
dthUj < TOUThu - 11.1 + r (l -  zhu 1') j G CP
dtcu1 < t, NOK+1 -  TOUTcu + Y{\-ZCU,) ieHP (28)

mm

2.2.1.8 Objective Function 

L M T D -  [(1dû X dt2)x  (1dt\ + d a ) / 2 ]1/3 (29)

YjCCUqcu, + Y j CHU(lhuj + z  z  z CFijz พ' + Z CFพ * ” ' + Y JCFjjn jzhujieHP jeCP ieHPjeCPkeST ieHP jeCP

z  Z Z C-h p f ^ p t j  J
Qijk

3 kdt'jk+Mijk + d tjt i )]n _

P.J

+ 2 X C„ieHP
qcul

{บ, CIJ [(dtcu, f r o m ,  -  TIN cu ){dtcu 1 + (TOUT, -  TINru )}/ 2]l,i )
p,.c

+ z 'pHV-JjeCP
qhu 1

F F ,  p th u ,  \T lN m, -  TOUT 1 F I T ,  + (rav„„ -  )}/ 2p”  )

(3 0 )
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h, K u  ’ u  HU J
^ 1 1

hj hHU
1 1

The continuous variables (t, q, qhu, qcu, dt, dtcu, dthu) are non-negative and the 
discrete variables Z ,  zcu, zhu are 0-1. The nonlinearities in the objective function 
Equation 9 may lead to more than one local optimal solution due to their nonconvex 
nature.

of redesigning a HEN in order to improve its flexibility. The multiperiod MINLP 
approach of Floudas and Grossmann (1987) is utilized in the generation of a 
multiperiod hyperstructure network representation used in the simultaneous 
optimization of the operation costs and retrofit investment costs of the retrofit HENS 
problem. The desired flexibility target is achieved through an iterative procedure 
between the flexibility analysis and the MINLP retrofit HENS problem. Papalexandri 
and Pisikopoulos (1993) presented the retrofit of HEN with variable operating 
conditions. With the assumption of no dual streams, a multiperiod network 
representation is used in an MINLP formulation of the retrofit HENS problem. The 
MINLP model couples synthesis techniques for HEN multiperiod operation and 
retrofit strategies. An iterative scheme may be used to integrate this problem with 
flexibility analysis. Jez“owski (1994) proposed the mathematical methods for retrofit 
design which topics covered are sequential synthesis, global or simultaneous 
synthesis, knowledge-based systems, and mathematical methods for retrofit network 
design. Konukman et al. (1995) presented a controllable design of heat exchanger 
networks as constrained nonlinear optimization problem. The objective of this 
method is to find the individual exchanger areas and bypass fractions which 
minimize the total annualized cost (or the total area) of the given heat exchanger 
network structure and, at the same time, to satisfy all the target temperature 
constraints (hard or soft) for a set of disturbances predefined in all possible 
directions. This is achieved by solving only one constrained optimization problem 
which considers the exchanger model equations (heat transfer and mixing) and 
constraints (resiliency index, heat load and the minimum approach temperature) 
simultaneously for all possible predefined disturbance directions. Nielsen et al.

Papalexandri and Pisikopoulos (1993) addressed the problem
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(1996) presented an object-oriented modeling which is used to create a HENs 
problem representation and simulated annealing to solve this problem in order to 
extend HENs to include concurrent exchangers as well as heat capacity flow rates 
that are not constant. The computer software HEN Explorer is developed in this 
approach to HENs. Nielsen et al. (1997) used an industrial retrofit HENs problem as 
an example for presenting a realistic HENs problem. Zhelev et al. (1998) developed 
an operability analysis approach for existing HENs in which networks working in 
conditions of process stream parameter variation. Athier et al. (1998) proposed a 
two-level strategy for retrofit design. A simulated annealing algorithm is used to 
solve the master problem of generating and iteratively modifying a HEN topology. 
The slave problem involves NLP optimization of the operating parameters of the 
network. Zamora and Grossmann (1998) proposed a global optimization algorithm to 
rigorously optimize the Synheat model under the simplifying assumptions of linear 
area cost functions and no stream splitting. The approach relies on the use of convex 
underestimators for the heat transfer area. Later, the approach was extended to 
account for the nonlinear area cost functions. Abbas et al. (1999) proposed a novel 
approach to the retrofit problem using constraint logic programming (CLP). It 
employs a set of heuristics derived from an interactive retrofit method published 
earlier (Lakshmanan and Banares-Alcântara, 1996), and used CLP to efficiently 
prune out unattractive solutions. Nie and Zhu (1999) developed a two-step model for 
HENs retrofit. At the first stage, the unit-based model is used to indicate which units 
require additional area. In the second stage, special attention is paid to these units, 
where area distribution, shell arrangements, the use of heat-transfer enhancement, 
and other options are optimized for these units. At the same time, the units without 
additional area requirement are modeled using simple models. Thus units with and 
without additional area requirements are treated differently during optimization. By 
doing this, the pressure drop can be calculated accurately while the overall model 
remains simple and easy to solve. Ma, Hui, and Yee (2000) proposed an MILP model 
for HEN retrofit. A tw'0-step solution procedure is proposed to overcome the 
problems associated with the nonconvexities of the MINLP model. First the constant 
approach temperature MILP model is solved to determine the fixed network 
structure, and then the MINLP model is solved for determining match reassignments.
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Silva and Zemp (2000) presented a new approach considering the distribution of heat 
transfer area and pressure drop in retrofit. The problem is described as a non-linear 
model, and the additional area required for the new network condition and available 
pressure drop are estimated based on economical optimisation (or process 
requirements). Zhang and Zhu (2000) proposed a systematic method for HEN retrofit 
which modification to the network topology is considered simultaneously with 
changes to the process parameters such as stream flow rates and temperatures.

2.2.2 MILP Retrofit Design Model (Barbaro et al.)
The retrofit model is developed from the grass-root model, that is, the 

basic structure of the grass-root model is conserved and additional sets of constraints 
are included to consider the network modifications. The model relies on a 
transshipment concept, more specifically, the temperature span of each stream in the 
problem is divided into several smaller temperature intervals and then each 
temperature interval of a hot stream is considered to exchange heat with temperature 
intervals of cold streams observing the rules of heat balance and heat exchange 
feasibility, etc. Binary variables are used to indicate the existence of heat exchanger 
between a hot stream and a cold stream “/ ’ in an interval “m” as illustrated in 
Figure 2.16. The model employs a one-step strategy to simultaneously optimize both 
the network structure and the heat exchanger areas. The objective is to minimize the 
total cost, which includes the utilities cost (i.e. operating cost) and the investment 
cost of the heat exchanger network.

Figure 2.18 Transportation and Transshipment Model.
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In  r e tr o f it  c a s e s  th e r e  a re  s e v e r a l  e x c h a n g e r s  th a t  a lr e a d y  p r e s e n t  in  

th e  n e t w o r k  a n d  o n e  w a n t s  to  d e t e r m in e  c h a n g e s  t o  th is  n e t w o r k  th a t  w i l l  a l l o w  a  n e t  

r e d u c t io n  in  th e  to ta l  a n n u a l  c o s t .  T o  a c h ie v e  t h is  o b j e c t i v e ,  th e r e  a r e  s e v e r a l  o p t io n s ,  
n a m e ly :

- a d d it io n  o f  n e w  h e a t  e x c h a n g e r s  u n it s
- a r e a  e x p a n s io n /r e d u c t io n  o f  e x i s t in g  e x c h a n g e r s
- r e lo c a t io n  o f  e x i s t in g  u n its .

T h e s e  o p t io n s  a re  a im e d  a t e n h a n c in g  th e  h e a t  in t e g r a t io n  a m o n g  p r o c e s s  s tr e a m s  

a n d  r e d u c in g  th e  u s e  o f  u t i l i t ie s  a n d  th e r e fo r e  th e  o p e r a t io n  c o s t .  In  e s s e n c e ,  th e  

r e tr o f it  p r o b le m  i s  t o  o p t im a l ly  a d d  n e w  e x c h a n g e r s ,  a d d  a r e a  t o  e x i s t in g  e x c h a n g e r s  

a n d /o r  r e lo c a t e  th e m  ( i f  n e c e s s a r y )  s u c h  th a t  a  c e r ta in  e c o n o m i c  o b j e c t i v e  is  m e t .  
A m o n g  o t h e r s ,o n e  c a n

i )  M a x im i z e  th e  c o s t  s a v in g  o n  u t i l i t i e s  m in u s  t h e  a n n u a l iz e d  c a p ita l
c o s t .
i i )  M a x i m i z e  th e  n e t  p r e s e n t  v a lu e  o f  th e  r e tr o f it .
i i i )  M a x i m i z e  th e  re tu rn  o f  th e  in v e s t m e n t .
i v )  M a x im i z e  th e  u t i l i t y  c o s t  s a v i n g s  s u b j e c t  t o  a  c e r ta in  c a p ita l
in v e s t m e n t  l im it .

I n d e e d ,  th e  M I L P  i s  m o r e  p r a c t ic a l  o p t i m i z i n g  s c e n a r io s ,  s u c h  a s  n o n -  

i s o t h e r m a l  m i x i n g ,  e x c h a n g e r  r e lo c a t io n ,  r e p ip in g  c o s t s ,  a n d  in c o r p o r a t in g  v a r io u s  

c o s t s  fo r  e x c h a n g e r  a r e a  m a n ip u la t io n .  T h e  M I L P  a ls o  m a in t a in s  th e  c o m p l e x  o f  th e  

r e tr o f it  p r o b le m  b y  n o t  m a k in g  a n y  o f  th e  s i m p l i f y i n g  a s s u m p t io n s .  M o r e o v e r  th e  

a b i l i t y  o f  th e  M I L P  i s  to  e a s i l y  c h a n g e  th e  o b j e c t i v e  f u n c t io n .  T h i s  a l l o w s  th e  u s e r  to  

o p t i m i z e  a  v a r ie t y  o f  c o s t  a n d  p r o f it  v a r ia b le s  to  g e n e r a t e  a n  o p t im a l  s o lu t io n  fo r  

v a r io u s  d e s i g n  c o n s t r a in t s .  A n  in  d e p th  p r e s e n t a t io n  o f  th e  M I L P  p r o c e d u r e  a n d  its  

a s s o c ia t e d  e q u a t io n s  i s  p r e s e n te d  in  th e  p a p e r  b y  N g u y e  e t  a l ., t i t le d  “ A l l - A t - O n c e
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a n d  S t e p - W i s e  D e t a i le d  R e tr o f i t  o f  H e a t  E x c h a n g e r  N e t w o r k s  U s i n g  a n  M I L P  

M o d e l ” .

2.3 Combining Pinch and Mathematical Programming Methods

A s a n t e  a n d  Z h u  ( 1 9 9 6 .  1 9 9 7 ,  1 9 9 9 )  c o m b in e d  m a t h e m a t ic a l  o p t im iz a t io n  

t e c h n iq u e s  w i t h  a  b e t te r  u n d e r s ta n d in g  o f  th e  r e tr o f it  p r o b le m , b a s e d  o n  

t h e r m o d y n a m ic  a n a ly s i s  a n d  p r a c t ic a l  e n g in e e r in g ,  to  p r o d u c e  a  s y s t e m a t ic  

p r o c e d u r e  c a p a b le  o f  e f f i c i e n t l y  s o l v i n g  in d u s t r ia l - s i z e  r e tr o f it  p r o b le m s .  T h e  

n e tw o r k  p in c h  c o n c e p t  p r o v id e s  n e w  in s ig h t  to  th e  H E N  r e tr o f it  p r o b le m  a n d  p la y s  

a n  im p o r ta n t  r o le  in  s e l e c t i n g  p r o m is in g  m o d i f i c a t io n s ,  f o r m in g  th e  f o u n d a t io n  o f  th e  

n e w  m e th o d .  T h is  c o n c é p t ,  w h e n  a p p lie d  to  m a t h e m a t ic a l  f o r m u la t io n ,  s ig n i f ic a n t ly  

s im p l i f i e d  th e  m a t h e m a t ic a l  m o d e l s  w h i l e  m a in t a in in g  g o o d  q u a l i t y  o f  s o lu t io n s .  
T h is  a p p r o a c h  a l l o w s  th e  d e s ig n  ta s k s  to  b e  a u to m a te d  w i t h  u s e r  in t e r a c t io n s .  In  

a d d it io n ,  th is  p r o c e d u r e  a l s o  e m p lo y s  a  t w o - s t a g e  a p p r o a c h  fo r  r e tr o f it  H E N  d e s ig n .  
T h e  f ir s t  s t a g e  is  th e  d ia g n o s i s  s t a g e  w h ic h  is  m a d e  u p  t w o  s t e p s .  In  th e  f ir s t  s te p  th e  

H E N  b o t t le n e c k  i s  id e n t i f ie d  a n d  in  th e  s e c o n d  s t e p  a  m ix e d  in t e g e r  l in e a r  

p r o g r a m m in g  ( M I L P )  f o r m u la t io n  i s  u s e d  to  s e l e c t  a  s in g le  m o d i f i c a t i o n  w h ic h  w i l l  

b e s t  o v e r c o m e  th e  id e n t i f i e d  b o t t le n e c k .  T h e s e  t w o  s t e p s  a re  r e p e a te d  in  a  lo o p  to  

y ie ld  th e  r e q u ir e d  s e t  o f  p r o m is in g  t o p o l o g y  m o d i f i c a t io n .  In  th e  s e c o n d  s t a g e ,  th e  

o p t im iz a t io n  s t a g e ,  th e  H E N  o b ta in e d  a f te r  im p le m e n t a t io n  o f  th e  m o d i f i c a t i o n s  is  

o p t im iz e d  u s i n g  n o n - l in e a r  o p t im iz a t io n  t e c h n iq u e s  t o  m i n i m iz e  th e  c o s t  o f  

a d d it io n a l  s u r f a c e  a r e a  e m p lo y e d .  H o w e v e r ,  th e  s u c c e s s  o f  t h is  a p p r o a c h  is  s e n s ib le  

to  th e  o r d e r  o f  M I L P s  a n d  s u b o p t im a l  n e t w o r k s  m a y  b e  o b t a in e d  b y  d i f f e r e n t  u s e r s  

fo r  th e  s a m e  p r o b le m . K o v a b v c  a n d  G la v ib v c  ( 1 9 9 5 )  p r o p o s e d  th e  c o m b in e d  

t h e r m o d y n a m ic  a n d  c o m p u t a t io n a l  m e t h o d s  fo r  r e tr o f it  H E N s .  T h e  g r a n d  c o m p o s i t e  

a n d  e x t e n d e d  g r a n d  c o m p o s i t e  c u r v e s  a re  u s e d  to  e l im in a t e  u n a t tr a c t iv e  s tr u c tu r e s .  
M 1 N L P  i s  u s e d  fo r  o p t i m i z i n g  th e  n e t w o r k  u s in g  a  s u p e r s tr u c tu r e .  B r io n e s  a n d  

K o k o s s i s  ( 1 9 9 6 )  p r e s e n te d  a  r ig o r o u s  a n d  s y s t e m a t ic  o p t im is a t io n  m e t h o d  fo r  th e  

r e tr o f it  d e s ig n  o f  h e a t  e x c h a n g e r  n e t w o r k s .  T h e  a p p r o a c h  a d d r e s s e s  th e  p r o b le m  a s  a  

m u lt i - t a s k  e f f o r t  a n d  a p p l i e s  a  d e c o m p o s i t i o n  s c h e m e  w h i c h  m a k e s  u s e  o f  b o th  

m a t h e m a t ic a l  p r o g r a m m in g  a n d  p in c h  a n a ly s i s  m e t h o d s .  T h e  d i f f e r e n t  ta s k s  in c lu d e
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ta r g e t s  fo r  s tr u c tu r a l m o d i f i c a t i o n s  a n d  h e a t  tr a n s fe r  a r e a  c h a n g e s ,  t h e  d e v e lo p m e n t  

a n d  o p t im is a t io n  o f  th e  r e tr o f it t e d  n e t w o r k  a n d  t h e  a n a l y s i s  o f  i t s  c o m p l e x i t y  a g a in s t  

e c o n o m i c  p e n a l t ie s  a n d  t r a d e - o f f s .  T h e  d e c o m p o s i t i o n  s t a g e s  e m b e d  t a r g e t in g  

in f o r m a t io n  w h i c h  s u p p o r t s  s c r e e n in g  a n d  f a c i l i t a t e s  a n  e f f e c t i v e  o p t im is a t io n  s e a r c h .  
A s  s u c h ,  t h e  d e c o m p o s i t i o n  n o t  o n l y  b y p a s s e s  th e  l im i t a t io n s  o f  p a s t  d e c o m p o s i t io n  

t e c h n iq u e s  b u t  e x p l o i t s  i t s  f e a tu r e s  to w a r d  th e  d e v e lo p m e n t  o f  a n  in t e r a c t iv e  d e s ig n  

t o o l .  M a r é c h a l  a n d  K v a l i t v e n t z e f f  ( 1 9 9 6 )  c o m b in e d  p in c h  a n a ly s i s  a n d  m a th e m a t ic a l  

t e c h n iq u e s .  T h e  a n a ly z e  s t e p  u s e s  th e  p in c h  m e t h o d  t o  p r o p o s e  a  s e t  o f  u t i l i t i e s  th at  

m a y  s a t i s f y  th e  m in im u m  e n e r g y  r e q u ir e m e n t .  T h e  g e n e r a t e  s t e p  u s e s  a  m ix e d  in te g e r  

l in e a r  p r o g r a m m in g  ( M I L P )  o p t im iz a t io n  to  s e l e c t  th e  u t i l i t i e s  t o  b e  u s e d  a n d  

c a lc u la t e s  th e ir  o p t im a l  f l o w  r a te s . K o v a c - K r a lj  a n d  G l a v ic  ( 1 9 9 7 )  p r e s e n t e d  th e  

s e q u e n t ia l  s tr u c tu r a l a n d  p a r a m e te r  o p t im iz a t io n  o f  r e tr o f it t e d  c o m p l e x  a n d  e n e r g y  

i n t e n s iv e  c o n t in u o u s  p r o c e s s e s .  A  m e t h o d  fo r  s e q u e n t ia l  o p t i m i z a t i o n  o f  r e tr o f it s , 
c o m b in e d  s e q u e n t ia l  a p p r o a c h  h a s  b e e n  d e v e lo p e d  u s i n g  p in c h  a n a l y s i s ,  a n  im p r o v e d  

o p t im iz a t io n  p r o c e d u r e  a n d  m ix e d  in te g e r  n o n l in e a r  p r o g r a m m in g  ( M I N L P )  o r  

n o n lin e a r  p r o g r a m m in g  ( N L P )  a lg o r i t h m s .  P in c h  a n a l y s i s  g i v e s  m a n y  a lt e r n a t iv e  

r e tr o f it  d e s i g n s  fo r  p o s t u la t in g  a  s u p e r s tr u c tu r e .  T h e  s u p e r s tr u c tu r e ,  m a te r ia l  an d  

e n e r g y  f l o w  r a te s  h a v e  b e e n  o p t im iz e d  s e q u e n t ia l ly  b y  a  d ir e c t  s e a r c h  m e t h o d  u s in g  

A S P E N  P L U S  s im u la t o r  w i t h  e n e r g y  a n d  m a te r ia l  b o u n d s .  T h e  h e a t  e x c h a n g e r  

n e tw o r k  o f  th e  s u p e r s tr u c tu r e  o b t a in e d ,  f la s h e s  a n d  c o m p r e s s o r  w e r e  o p t im iz e d  

s im u l t a n e o u s ly  w i t h  th e  M I N L P  o r  N L P  a lg o r i t h m s .  B r u n o ,  L e m a n d e z ,  C a s t e l l s  a n d  

G r o s s m a n n  ( 1 9 9 8 )  p r e s e n t e d  a n  M I N L P  m o d e l  fo r  p e r f o r m in g  s tr u c tu r a l a n d  

p a r a m e te r  o p t i m i z a t i o n  o f  u t i l i t y  p la n t s .  T h e  c o m b i n e d  m e t h o d s  c o m b i n e  a d v a n t a g e s  

o f  th e  t h e r m o d y n a m ic ,  h e u r is t ic  a n d  m a t h e m a t ic a l  m e t h o d s  b y  u s in g  m a n y  

b o u n d a r ie s .  B r io n e s  a n d  K o k o s s i s  ( 1 9 9 9 )  a ls o  c o m b i n e d  th e  u s e  o f  t h e r m o d y n a m ic s  

a n d  m a t h e m a t ic a l  p r o g r a m m in g  t e c h n iq u e s ,  t w o - s t e p  m e t h o d o lo g y  s im i la r  to  th e  

g r a s s r o o t s  d e s i g n s ,  th e  m e t h o d o lo g y  in c lu d e s  a  t a r g e t in g  a n d  a n  o p t im iz a t io n  s ta g e .  
In  th e  f ir s t  s t e p ,  t w o  M I L P  m o d e l s  ( H E A T  a n d  T A M E  m o d e l )  a r e  s o lv e d  f o r  a u d it in g  

o f  e x i s t in g  n e t w o r k  a n d  s c r e e n in g  o f  th e  m o s t  p r o m is in g  m o d i f i c a t i o n s .  T h e s e  

M I L P s  a re  e m p lo y e d  b y  t a r g e t in g  p r o c e d u r e  a n d  d e t e r m in e  th e  tr a d e  o f f  a m o n g  

e n e r g y ,  n u m b e r  o f  u n i t s ,  s tr u c tu r a l m o d i f i c a t i o n  a n d  h e a t  tr a n s fe r  a r e a . A  

s u p e r s tr u c tu r e  i s  c o n s t r u c t e d  at th e  o p t im iz a t io n  s t e p  to  a c c o u n t  fo r  a l l  p o s s ib le
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c o n f ig u r a t io n s  w i t h in  a  n e tw o r k .  T h is  m e t h o d o lo g y  r e p o r ts  im p r o v e m e n t  u p  to  4 0 %  

a g a in s t  th e  e s t a b l i s h e d  t e c h n iq u e s .  V a r b a n o v  a n d  K l e m e s  ( 2 0 0 0 )  d e v e lo p e d  th e  H E N  

r e tr o f it  t e c h n iq u e s  w h i c h  i s  p r o p o s e d  b y  T j o e  a n d  L i n n h o f f  a n d  e x t e n d e d  b y  A s a n t e  

a n d  Z h u . It c o n s id e r s  t w o  im p o r ta n t  c a s e s  in  w h i c h  t h e  c l a s s i c  n e t w o r k  p in c h  

m e t h o d o lo g y  i s  n o t  d ir e c t ly  a p p l ic a b le .  T h e  f ir s t  i s  t h e  c a s e  o f  r e tr o f it  in i t ia t io n  w h e n  

a  n e t w o r k  p in c h  c a n n o t  b e  id e n t i f ie d .  T h e  a p p l ic a t io n  o f  t h i s  n e w  a p p r o a c h  p r o v id e s  

th e  o p p o r tu n it y  t o  e x p l o i t  th e  p o w e r  o f  th e  n e t w o r k  p in c h  c o n c e p t  a n d  fr a m e w o r k  fo r  

a  m o r e  b r o a d  r a n g e  o f  H E N s .  T h e  s e c o n d  c a s e  is  t h e  e n h a n c e m e n t  o f  t o p o l o g y  

m o d i f i c a t i o n s  s e l e c t i o n  in  w h ic h  h e a t  c a n n o t  b e  tr a n s fe r r e d  f r o m  b e l o w  to  a b o v e  th e  

n e t w o r k  p in c h .  T h is  p r e s e n t e d  s y s t e m a t ic  a p p r o a c h , b u i l t  o n  a  s y s t e m  o f  s im p le  

h e u r is t ic  r u le s ,  o b t a in s  a n  o r d e r e d  s e t  o f  t o p o l o g y  a lt e r a t io n  a l t e r n a t iv e s ,  a n d  in  s o m e  

c a s e s  i d e n t i f i e s  a  t o p o l o g y  m o d i f i c a t io n s  s e q u e n c e  in  o n e  s t e p , w h i c h  m a y  

s u b s t a n t ia l ly  s im p l i f y  a n d  s p e e d  u p  th e  m o d i f i c a t i o n  p r o c e d u r e .  V a r b a n o v  e t  a l. 
( 2 0 0 0 )  p r o p o s e d  t w o - s t a g e  p r o c e d u r e  fo r  a  c o r r e c t  s o lu t i o n  o f  th e  o p t im iz a t io n  

p r o b le m . U s i n g  p in c h  a n a ly s i s  t e c h n iq u e s ,  th e  s u g g e s t e d  m e t h o d o l o g y  c o m b i n e s  th e  

h e u r is t ic  a n d  m a t h e m a t ic a l  p r o g r a m m in g  a p p r o a c h e s  in  th e ir  b e s t  a s p e c t s .  T h e  f ir s t  

s t a g e ,  a n  a p p r o p r ia te  H E N  r e tr o f it  s u p e r s tr u c tu r e  i s  t o  b e  b u i l t  b y  u s i n g  p in c h  

a n a ly s i s  a n d  h e u r is t ic  p a th  c o n s t r u c t io n ,  w h i l e  a t th e  s e c o n d  o n e  th e  o p t im a l  s e t  o f  

r e tr o f it  m o d i f i c a t i o n s  i s  o b t a in e d  u s in g  m a t h e m a t ic a l  p r o g r a m m in g .  T h e s e  t w o  

in te g r a te d  c o m p o n e n t s  r e s u lt  in  s im p le  a n d  e f f i c i e n t  r e tr o f it  p r o c e d u r e .  K o v a c -K r a lj  

e t  al. ( 2 0 0 0 )  p r e s e n t e d  th e  u s i n g  r ig o r o u s  m o d e l s  fo r  s im u l t a n e o u s  p a r a m e te r  a n d  

s tr u c tu r a l o p t i m i z a t i o n  o f  a n  e x i s t in g  c o m p l e x  a n d  e n e r g y  in t e n s iv e  c o n t in u o u s .  T h e  

m e t h o d  th a t  w a s  r e c e n t ly  d e v e lo p e d  to  s e q u e n t ia l ly  o p t i m i z e  r e tr o f it s  h a s  b e e n  

e x t e n d e d  t o  a  s t e p w i s e  s im u l t a n e o u s  s u p e r s tr u c tu r a l  a p p r o a c h ,  u s i n g  a v a i la b le  

p r o c e s s  s im u la t o r s  a n d  o p t im iz a t io n  s o f t w a r e  c a p a b i l i t i e s .  A n  e x t e n d e d  p r o c e d u r e  

h a s  b e e n  e m p lo y e d  fo r  r e tr o f it s  u s in g  a  t h r e e - s t e p  a p p r o a c h :  ( i )  g e n e r a t io n  o f  a  

p r o c e s s  s u p e r s tr u c tu r e  b y  p in c h  a n a ly s is ;  ( i i )  f o r m u la t io n  o f  a  m i x e d  in te g e r  

n o n lin e a r  p r o g r a m m in g  ( M I N L P )  m o d e l  a n d  i t s  s im p l i f i c a t i o n  in t o  a  r e la x e d  

n o n lin e a r  p r o g r a m m in g  ( N L P )  m o d e l ;  ( i i i )  s im u l t a n e o u s  o p t i m i z a t i o n ,  f ir s t  b y  a  

p r o c e s s  s im u la t o r  a n d  th a n  b y  th e  N L P  a lg o r i t h m . Z h u  e t  al. ( 2 0 0 0 )  d e v e lo p e d  a 

ta r g e t in g  s t r a te g y  f o r  a l l o w i n g  h e a t  tr a n s fe r  e n h a n c e m e n t  t o  b e  a n  o p t io n  fo r  H E N  

r e tr o f it .
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F r o m  t h e  a b o v e  l i s t e d  t e c h n o l o g ie s ,  it i s  n e c e s s a r y  fo r  a  d e s i g n  m e t h o d  to  

a l l o w  fo r  b o t h  a u t o m a t e d  a n d  in t e r a c t iv e  g e n e r a t io n  o f  r e tr o f it  d e s ig n .  T h e  

a u t o m a t io n  o f  a  d e s i g n  p r o c e s s  c a n  s a v e  t im e  s ig n i f i c a n t ly ,  w h i l e  in t e r a c t io n  a l l o w s  

u s e r s  t o  a s s e s s  m o d i f i c a t i o n s  o n  a  m u c h  w id e r  b a s i s  i n c lu d in g  q u a l i t a t iv e  a s p e c t s .
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