
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Example 1

T h is  p r o b le m  is  a d a p te d  fr o m  C ir ic  a n d  F lo u d a s  ( 1 9 8 9 ) .  It c o n s i s t s  o f  th r e e  

h o t  a n d  t w o  c o ld  p r o c e s s  s t r e a m s  a n d  o n e  h o t  a n d  o n e  c o ld  u t i l i t y  s tr e a m . T h e  c u rren t  

d e s i g n  h a s  t w o  c o o le r s  a n d  o n e  h e a te r  in  th e  p r o c e s s .  T h e  s tr e a m  d a ta  i s  s h o w n  in  

T a b le  4 .1 .  T h e  e x i s t in g  e x c h a n g e r  n e tw o r k  c o n f ig u r a t io n  is  s h o w n  in  F ig u r e  4 .1 .  T h e  

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

r e lo c a t io n ,  b u t a lt e r a t io n s  in  th e  H E N  m a y  o n l y  in c lu d e  n e w  e x c h a n g e r  a n d  a rea  

a d d it io n  o r  r e d u c t io n  to  e x i s t in g  e x c h a n g e r s ,  a s  w e l l  a s  th e  in t r o d u c t io n  o f  s tr e a m  

s p l i t t in g .  S i n c e  it i s  d e s ir a b le  to  r e d u c e  th e  u s e  o f  u t i l i t i e s ,  n o  a d d it io n a l  u t i l i ty  

e x c h a n g e r s  a re  c o n s id e r e d .  T h e  o r ig in a l  H E N  c o n s u m e s  1 7 ,7 5 9  k w  o f  h o t  u t i l i ty  at  

$ 0 .0 1 1 3 /M J  a n d  1 5 ,5 1 0  k W  o f  c o ld  u t i l i ty  a t $ 0 .0 0 2 3 8 /M J .  T h e  l i f e  t im e  u s e d  fo r  

a n n u a l iz e d  c o s t s  a n d  n e t  p r e s e n t  v a lu e  c a l c u la t io n s  is  5 y e a r s ,  th e  in t e r e s t  ra te  is  

1 0 % .T h e  a l l o w e d  a m o u n t  o f  a r e a  a d d it io n  a re  2 0 %  o f  th e  c o r r e s p o n d in g  e x i s t in g  

a rea ; th e  a l l o w e d  a m o u n t  o f  a r e a  r e d u c t io n  i s  5 0 %  o f  th e  e x i s t in g  a r e a ;  th e  m a x im u m  

a rea  p e r  s h e l l  i s  5 ,0 0 0  ( m 2); th e  m a x im u m  n u m b e r  o f  s h e l l s  p e r  e x c h a n g e r  i s  4 . T h e  

m in im u m  a l l o w a b l e  E M A T  is  1 0 °c . F in a l ly ,  a s s u m in g  3 5 0  w o r k in g  d a y s  in  a  y e a r ,  
th e  a n n u a l iz e d  c o s t  ( $ /y e a r )  p e r  1 M J /h r  u t i l i t y  c o n s u m e d  i s  2 6 .4  fo r  h o t  u t i l i t y  a n d  

5 .5 5  fo r  c o ld  u t i l i t y .  T a b le  4 .2  id e n t i f ie s  th e  e x i s t in g  h e a t  e x c h a n g e r s ’ o r ig in a l  a r e a s ,  
w h i c h  w e r e  c a lc u la t e d  u s in g  th e  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 .

Table 4.1 S tr e a m  p r o p e r t ie s  fo r  E x a m p le  1 ( C ir ic  a n d  F lo u d a s ,  1 9 8 9 )

S t r e a m F
k g ร

C'p
k J k g .C

T i l l
° c

T o u t
° c

H
k w / n r .° c

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

H U  ( h o t  u t i l i t y ) 1 5 0 0 4 9 9 0  5 3
C l 9 3 .3 1 2 6 1 2 7 0 .1 5
C 2 1 9 6 .1 1 1 1 8 2 6 5 0 .5

c u  ( c o l d  u t i l i t y ) 1 2 0 4 0 0 .5 3
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Figure 4.1 O r ig in a l  h e a t  e x c h a n g e r  n e tw o r k  fo r  E x a m p le

Table 4.2 E x is t in g  h e a t  e x c h a n g e r  a r e a s  fo r  E x a m p le  1

E x c h a n g e r E x i s t i n g  A r e a  ( n r )

1 6 0 9 . 7
ๆ 5 7 9 . 2

1 . 0 0 8 . 5
4 1 1 7 . 9 6
5 7 8 7 . 5

6 1 0 4 . 6
7 2 4 6 . 7 5

T h e  c o s t  r e la t io n s  fo r  a r e a  a d ju s tm e n t  fo r  E x a m p le  1 a re  ta k e n  f r o m  th e  p a p e r  b y  

B a r b a r o  e t  a l. ( 2 0 0 5 )  a n d  a re  s h o w n  E q u a t io n  4 .1 ,  4 .2 ,  4 .3  a n d  4 .4 .  A  c o s t  is  a s s ig n e d
to  s p l i t t in g  o f  ร  1 0 ,0 0 0 .

H e a t  e x c h a n g e r  c o s t  (ร )  =  1 7 ,3 0 0  +  [ 8 5 7 x A r e a  ( m 2)] ( 4 .1 )

A r e a  a d d it io n  c o s t  ( ร )  =  8 ,6 5 0  +  [ 8 5 7 x A r e a added(m2)]  ( 4 .2 )
A r e a  r e d u c t io n  c o s t  ( ร )  =  8 ,6 5 0  +  [ 5 x A r e a reduced ( m 2)]  ( 4 .3 )

N e w  s h e l l  =  1 7 ,3 0 0  +  [ 8 5 7 x A r e a shell ( m 2)]  ( 4 .4 )
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Figure 4.2 C o m p o s i t e  c u r v e s  o f  th e  e x i s t in g  n e tw o r k .

4 .1 .1  D i s c u s s io n
In  th is  s e c t i o n ,  th e  r e s u lt s  fo r  th e  r e tr o f it t e d  d e s i g n  o f  th e  p r o c e s s  

p in c h  a n d  th e  M I L P  a r e  c o m p a r e d . E a c h  m e t h o d  w a s  a p p l ie d  to  th e  s a m e  H E N  

r e tr o f it  p r o b le m  u s in g  th e  s a m e  c o n s t r a in t s  a n d  c o s t  f u n c t io n s .  F u r th e r m o r e , w e  w i l l  

o n ly  d i s c u s s  th e  r e s u l t s  o f  d i s a l l o w in g  th e  r e lo c a t io n  o f  e x i s t i n g  h e a t  e x c h a n g e r s .  
T h is  s c e n a r io  a l l o w s  m a n ip u la t in g  th e  a r e a  o f  e x i s t in g  e x c h a n g e r s  a s  w e l l  a s  a d d in g  

n e w  e x c h a n g e r s  a n d  in t r o d u c in g  s tr e a m  s p l i t t in g .

4.1.1.1 P rocess P inch  Results
T h e  ATmin m a x im i z i n g  th e  id e a l  N P V  w a s  d e t e r m in e d  fr o m  

th e  g r a p h  b e lo w .  It s h o w s  th e  m a x im u m  N P V  o f  $ 5 8 4 ,7 4 8 .3  o c c u r s  a t a  ATmin o f
2 5 .2  °c w it h  h o t  a n d  c o l d  u t i l i t y  s a v i n g s  o f  4 ,1 3 3  k W .
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Figure 4.3 H R A T  v e r s u s  N P V .

N o w  th a t  th e  o p t im u m  ATmin v a lu e  h a s  b e e n  d e t e r m in e d ,  th e  n e x t  s t e p  is  to  g e n e r a te  

th e  s tr e a m  m a t c h e s  fo r  h e a t  e x c h a n g e  in  th e  n e w  n e t w o r k .  T o  d o  t h is ,  a  g r id  d ia g r a m  

o f  th e  p r o c e s s  i s  a n a ly z e d  w i t h  th e  p in c h  te m p e r a tu r e  r e p r e s e n t e d  a s  t w o  v e r t ic a l  

l in e s  a t th e  m id d le  o f  th e  g r id . F o r  th is  s e c t i o n ,  E x a m p le  1 w i l l  b e  u s e d  to  

d e m o n s tr a te  h o w  t o  m a tc h  s t r e a m s  to  e x c h a n g e r s .  T h e  g r id  d ia g r a m  fo r  th e  r e tr o f it t e d  

n e tw o r k  o f  E x a m p le  1 is  i l lu s tr a t e d  in  F ig u r e  4 .5 .

Composite Curves

cumulative Enthalpy (kW)

Figure 4.4 C o m p o s i t e  c u r v e s  o f  H E N  r e tr o f it  a t ATmin = 2 5 . 2 ° c .
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Figure 4.5 G r id  d ia g r a m  fo r  th e  o r ig in a l  h e a t  e x c h a n g e r  n e t w o r k  fo r  E x a m p le  1.

T h e  f ir s t  s t e p  t o  d e s ig n  th e  n e w  n e t w o r k  i s  to  lo c a t e  th e  

e x i s t in g  e x c h a n g e r s  th a t  tr a n s fe r  h e a t  a c r o s s  th e  p in c h .  F o r  E x a m p le  1 , e x c h a n g e r s  1, 
2 ,  4  a n d  6  tr a n s fe r  h e a t  a c r o s s  th e  p in c h .  B e c a u s e  p in c h  t e c h n o l o g y  d o e s  n o t  a l l o w  

c r o s s - p in c h  h e a t  t r a n s fe r ,  w e  m u s t  e l im in a t e  t h e s e  e x c h a n g e r s  a n d  e s s e n t i a l ly  r e u s e  

th e m . W e  d o  th is  b y  m o v in g  e a c h  e x c h a n g e r  t o  o n e  s id e  o f  t h e  p in c h  a n d  th e n  

a lt e r in g  t h e  in p u t  a n d  ta r g e t  t e m p e r a tu r e s  to  e n s u r e  th a t  n o  c r o s s - p in c h  h e a t  tr a n s fe r  

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

m u s t  b e  a n a ly z e d  s e p a r a t e ly .  O n c e  w e  h a v e  lo c a t e d  th e  e x c h a n g e r s  th a t tr a n s fe r  h e a t  

a c r o s s  th e  p in c h ,  w e  n e e d  to  b e g in  m a t c h in g  o n e  h o t  s tr e a m  a n d  o n e  c o ld  s tr e a m  to  

e a c h  e x c h a n g e r .  W e  w a n t  t o  r e u s e  a s  m a n y ,  i f  n o t  a l l .  e x i s t in g  e x c h a n g e r s  a s  p o s s i b l e  

to  m i n i m iz e  o u r  c a p ita l  c o s t s .  F u r th e r m o r e , to  e n s u r e  th a t o u r  r e tr o f it t e d  n e t w o r k  h a s  

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

tr a n s fe r  o f  e v e r y  e x c h a n g e r  b e t w e e n  i t s  t w o  m a t c h e d  s t r e a m s .
T o  m a tc h  t w o  s tr e a m s  to  a n  e x c h a n g e r ,  w e  n e e d  to  lo o k  a t th e  

h e a t  c a p a c i t y  f l o w  r a te  ( F C p )  v a lu e s .  F o r  s t r e a m s  a b o v e  th e  p in c h  ( t o  th e  le f t  o f  th e  

d a s h e d  l in e  in  t h e  g r id  d ia g r a m ) ,  FCpHOT ร  F C p coL D - M a t c h e s  b e l o w  th e  p in c h  are  

m a d e  in  a  s im i la r  f a s h io n  e x c e p t  F C p co L D  <  FCpHOT- T h e s e  t w o  m a t c h in g  r u le s  

e n s u r e  th a t  i f  a  s t r e a m ’s  ta r g e t  t e m p e r a tu r e s  a r e  n o t  s a t i s f i e d  b y  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 ,  th e n  th e  a d d it io n  o f  a  u t i l i t y  e x c h a n g e r  w i l l  s a t i s f y  th e  s tr e a m .
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M o r e o v e r ,  m a t c h in g  s h o u ld  b e g i n  a t th e  p in c h .  A s  m a t c h e s  m o v e  a w a y  fr o m  th e  

p in c h ,  t h e s e  r u le s  b e c o m e  l e s s  c r i t ic a l  to  f o l lo w .
A f t e r  a n  e x c h a n g e r  h a s  b e e n  m a t c h e d ,  th e  h e a t  lo a d  m u s t  b e  

d e t e r m in e d .  T o  d o  t h is ,  w e  u s e  s o m e t h in g  c a l le d  th e  “ T i c k - O f f ’ r u le  w h i c h  s t a t e s  th a t  

w e  w a n t  t o  s a t i s f y  th e  h e a t  r e q u ir e m e n ts  o f  a t l e a s t  o n e  o f  th e  s t r e a m s  c o n n e c t e d  b y  

e a c h  e x c h a n g e r .  T h i s  w i l l  e n s u r e  th e  m in im u m  n u m b e r  o f  h e a t  e x c h a n g e r s  fo r  th e  

n e tw o r k .
A s  a b o v e  p r o c e d u r e  w e  c a n  f in d  o n e  a lt e r n a t iv e  d e s ig n  fo r  

a b o v e  th e  p in c h  a n d  th r e e  a lt e r n a t iv e  d e s ig n s  f o r  b e l o w  th e  p in c h  w h i c h  a l s o  c a n  b e  

fo r m e d  a s  th r e e  h e a t  e x c h a n g e r  n e t w o r k  a s  s h o w n  b e lo w .

N otation: N ew  ex chang er (N ew ), A rea add ition  (+A ); N ew  shell (N S ), A rea redu ctio n  (-A )

Figure 4.6 R e t r o f i t t e d  h e a t  e x c h a n g e r  r e s u lt s  (1st a lt e r n a t iv e  d e s i g n  a t ATmin 

= 2 5 .2 ° C ) .
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Table 4.3 R e tr o fitte d  h ea t e x c h a n g e r  resu lts  (1st a lte r n a tiv e  d e s ig n  at A T min =
2 5 .2 °C )

H eat
E x ch a n g er

O r ig in a l
area
(เท 2)

L oad  after  
retrofit 
(k W )

R etro fit
area
(เท 2)

A rea
c h a n g e

(m 2)
R em arks

1 6 0 9 .7 0 9 8 9 9 .2 0 8 5 8 .1 9 2 4 8 .4 9 A rea  a d d itio n  (n e w  
s h e ll)

2 5 7 9 .2 0 3 7 1 2 .2 0 8 5 7 .7 0 2 7 8 .5 0 A rea  a d d itio n  (n e w  
s h e ll)

3 1 0 0 8 .5 0 5 7 1 1 .1 0 1 1 2 5 .1 3 1 1 6 .6 3 A rea  ad d ition
4 1 1 7 .9 6 2 2 0 3 .2 0 2 6 4 .7 0 1 4 6 .7 4 A r e a  ad d ition  (n e w  

s h e ll)
5 7 8 7 .5 0 9 9 2 7 .5 2 6 3 9 .9 6 - 1 4 7 .5 4 A rea  red u ction
6 1 0 4 .6 0 1 4 4 8 .4 8 2 .9 6 -2 1 .6 4 A r e a  red u ction
7 2 4 6 .7 5 1 3 6 2 5 .9 2 1 9 7 .7 8 -48 .9 .7 A rea  red u ction
8 - 3 0 9 8 .3 8 5 3 0 .0 6 5 3 0 :0 6 N e w  ex c h a n g e r

N otation: N ew  ex ch an g er (N ew ), A rea addition  (+A ); N ew  shell (N S ), A rea  redu ctio n  (-A )
Figure 4.7 R e t r o f i t t e d  h e a t  e x c h a n g e r  r e s u lt s  ( 2 nd a l t e r n a t iv e  d e s i g n  a t A T mjn= 

2 5 .2 ° C ) .
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Table 4.4 R e tro fitted  h ea t e x c h a n g e r  resu lts  ( 2 nd a ltern a tiv e  d e s ig n  at A T mjn =
2 5 .2 °C )

H eat
E x ch a n g er

O rig in a l
area
๙ )

L oad  after  
retrofit 
(k W )

R etro fit
area
๙ )

A rea
c h a n g e

๙ )
R em a rk s

1 6 0 9 .7 0 9 8 9 9 .2 0 8 5 8 .1 9 2 4 8 .4 9 A rea  a d d itio n  (n e w  
s h e ll)

2 5 7 9 .2 0 - - - N o n -o p e r a tio n

3 1 0 0 8 .5 0 9 4 2 3 .3 0 2 0 8 8 .3 0 1 0 7 9 .8 0 A r e a  a d d itio n  (n e w  
s h e ll)

4 1 1 7 .9 6 2 2 0 3 .2 0 2 6 4 .7 0 1 4 6 .7 4 A r e a  a d d itio n  (n e w  
s h e ll)

5 7 8 7 .5 0 6 2 1 5 .3 2 4 5 0 .4 5 -3 3 7 .0 5 A rea  red u ctio n
6 1 0 4 .6 0 1 4 4 8 .4 8 2 .9 6 -2 1 .6 4 A rea  red u ctio n
7 2 4 6 .7 5 1 3 6 2 5 .9 2 1 9 7 .7 8 -4 8 .9 7 A rea  red u ctio n
8 - 3 0 9 8 .3 8 5 3 0 .0 6 5 3 0 .0 6 N e w  e x c h a n g e r
9 - 3 7 1 2 .2 2 3 6 .6 5 2 3 6 .6 5 N e w  e x c h a n g e r

N otation: N ew  ex chang er (N ew ), A rea addition  (+A ); N ew  shell (N S ), A rea redu ctio n  (-A )

Figure 4.8 R e t r o f i t t e d  h e a t  e x c h a n g e r  r e s u lt s  ( 3 rd a l t e r n a t iv e  d e s i g n  a t ATmjn =  

2 5 .2 ° C ) .
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Table 4.5 R e tro fitted  h eat e x c h a n g e r  resu lts  ( 3 rd a ltern a tiv e  d e s ig n  at ATmin^
2 5 .2 °C )

H eat
E x ch a n g er

O r ig in a l
area
(ทา2)

L oad  after  
retrofit
(k W )

R etrofit
area
(ทา2)

A rea
ch a n g e

(ทา2)
R em ark s

1 6 0 9 .7 0 9 8 9 9 .2 0 8 5 8 .1 9 2 4 8 .4 9 A rea  ad d ition  (n e w  s h e ll)
2 5 7 9 .2 0 3 7 1 2 .2 0 8 5 7 .7 0 2 7 8 .5 0 A rea  a d d itio n  (n e w  s h e ll)
3 1 0 0 8 .5 0 - - - N o n -o p e r a tio n
4 1 1 7 .9 6 2 2 0 3 .2 0 2 6 4 .7 0 1 4 6 .7 4 A rea  a d d itio n  (n e w  s h e ll)
5 7 8 7 .5 0 1 1 3 7 5 .9 2 7 0 4 .3 4 -8 3 .1 6 A rea  red u ctio n
6 1 0 4 .6 0 - - - N o n -o p e r a tio n
7 2 4 6 .7 5 1 3 6 2 5 .9 2 1 9 7 .7 8 -4 8 .9 7 A rea  red u ctio n
8 - 3 0 9 8 .3 8 5 3 0 .0 6 5 3 0 .0 6 N e w  e x c h a n g e r
9 - 1 4 4 8 .4 6 2 2 .1 2 6 2 2 .1 2 N e w  e x c h a n g e r
10 - 4 2 6 2 .7 0 4 5 1 .3 9 4 5 1 .3 9 N e w  e x c h a n g e r

T o  m a k e  th e  c o m p a r is o n  e v e n  m o r e  fa ir , r e tr o f it t e d  h e a t  

e x c h a n g e r  u s in g  p in c h  t e c h n o l o g y  is  c o m p a r e d  b y  c o n s id e r in g  th e  e c o n o m i c  d a ta  

p r e s e n te d  b e lo w .

T a b l e  4 .6  P h y s ic a l  p r o p e r t ie s  o f  H E N  fo r  o r ig in a l  H E N  a n d  P r o c e s s  p in c h

R etro fitted  H E N  u s in g  p r o c e ss  p in ch
O rig in a l

H E N
l sl a ltern a tiv e  

d e sig n
2 nd a ltern a tiv e  

d e s ig n
3 rd a ltern a tiv e  

d e s ig n
A T min(°C ) 43 .1 2 5 .2 2 5 .2 2 5 .2

N e tw o r k  area (m 2) 3 ,4 5 4 .2 1 4 ,5 5 6 .4 8 4 ,7 0 9 .0 8 4 ,4 8 6 .2 7

N o . o f  E x c h a n g e r s 7 8 8 8

H ot U t i l i t ie s  (k W ) 1 7 ,7 5 9 1 3 ,6 2 5 .9 2 1 3 ,6 2 5 .9 2 1 3 ,6 2 5 .9 2

C o ld  U t ilit ie s  (k W ) 1 5 ,5 1 0 1 1 ,3 7 5 .9 2 1 1 ,3 7 5 .9 2 1 1 ,3 7 5 .9 2
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T a b le  4 .7  C o s t  s u m m a r y  fo r  E x a m p le  1 fo r  o r ig in a l  H E N  a n d  P r o c e s s  p in c h

R e t r o f i t t e d  H E N  u s i n g  p r o c e s s  p in c h

O r i g i n a l
H E N

1 ร.
a l t e r n a t i v e

d e s i g n

2 nd
a l t e r n a t i v e

d e s i g n

3 ̂
a l t e r n a t i v e

d e s ig n

H o t  U t i l i t y  C o s t  ( $ / y r ) 1 ,6 8 7 ,8 1 5 .3 6 1 ,2 9 5 ,0 0 7 .4 1 ,2 9 5 ,0 0 7 .4 1 ,2 9 5 ,0 0 7 .
4

C o l d  U t i l i t y  C o s t  ( $ / y r ) 3 0 9 ,8 8 9 .8 0 2 2 7 ,2 9 0 . 9 2 2 7 ,2 9 0 . 9 2 2 7 ,2 9 0 .9

T o t a l  c a p i t a l  i n v e s t m e n t  ( ร ) 1 ,2 5 6 ,4 9 3 .6 2 , 0 4 5 , 6 5 5 .9 1 ,7 0 0 ,7 0 1 .
3

E n e r g y  s a v i n g  ( $ / y r ) 4 7 5 ,4 0 6 . 8 4 7 5 ,4 0 6 . 8 4 7 5 ,4 0 6 .8

T o t a l  a n n u a l i z e d  c o s t  ( $ / y r ) 1 ,8 5 3 ,7 5 8 .2 2 , 0 6 1 , 9 3 7 .2 1 ,9 7 0 ,9 3 9 .
0

N e t  p r e s e n t  v a l u e  ( o v e r  5 y r s ) 5 4 5 ,6 7 2 .4 - 2 4 3 , 4 8 9 .9 1 0 1 ,4 6 4 .7
R e t u r n  o n  i n v e s t m e n t  ( R O I ) 3 7 .8 4 % 2 3 . 2 4 % 2 7 .9 5 %

T h e  f o l l o w i n g  t a b le s  r e p r e s e n t  t h e  c o s t  c o m p a r i s o n  a m o n g  

th r e e  a l t e r n a t iv e  d e s i g n s  a t ATmin =  2 5 .2  °c. It i s  a l s o  c le a r  th a t  th e  1st a lt e r n a t iv e  

d e s i g n  h a s  th e  h ig h e s t  n e t  p r e s e n t  v a lu e  a n d  re tu rn  o n  in v e s t m e n t  a s  w e l l  a s  th e  

l o w e s t  to ta l  a n n u a l iz e d  c o s t  w it h  n o  s u i t a b le  lo o p  a n d  p a th  fo r  a r e a /h e a t  d u ty  

d is tr ib u t io n .  D u e  to  t h e  f a c t  th a t  th e  e c o n o m i c  d a ta  o f  th e  1st a lt e r n a t iv e  d e s ig n ,  th e  

r e s u lt  is  h ig h  e n o u g h  w it h o u t  c o n s id e r in g  th e  l o o p s  a n d  p a th s  a d j u s t m e n t  o f  2 nd a n d  

3 rd a lt e r n a t iv e  d e s i g n s .  In  a d d it io n ,  l o o p s  a n d  p a th s  a d j u s t m e n t  c a n  b e  u s e d  to  a d ju s t  

th e  h e a t  d u ty  a n d /o r  a r e a  o n  th e  e x c h a n g e r s  w i t h in  th e  lo o p  b y  s h i f t in g  th e  h e a t  

a r o u n d  th e  e x c h a n g e r s .  W h i le ,  th e  in le t  a n d  o u t le t  t e m p e r a tu r e s  r e m a in  th e  s a m e  fo r  

th e  a d ju s te d  n e t w o r k .
4.1 .1 .2  M ILP  Results

T h e  r e tr o f it t e d  d e s ig n  fo r  th e  M I L P  w h i c h  w a s  s ta te d  b y  

N g u y e n  e t  a l. ( 2 0 1 0 )  i s  s h o w n  b e lo w  in  F ig u r e  4 .9 .  T h e  n e t w o r k  in c l u d e s  t w o  n e w  

e x c h a n g e r s  ( E 8  a n d  E 9 ) ,  a n  in c r e a s e  in  e x i s t in g  e x c h a n g e r  a r e a  ( E l ,  E 2 ,  a n d  E 4 ) ,  a n d  

a r e d u c t io n  in  e x i s t in g  e x c h a n g e r  a r e a  ( E 5 ,  E 6 ,  a n d  E 7 ) .  O f  th e  s e v e n  e x i s t in g  

e x c h a n g e r s  o n l y  o n e  e x c h a n g e r  r e m a in e d  u n c h a n g e d  ( E 3 ) .  T h e  in c r e a s e  in  a rea  to  

e x c h a n g e r s  E 8  a n d  E 9  w a s  in  th e  fo r m  o f  a d d in g  n e w  s h e l l s .  It i s  in t e r e s t in g  to  n o te  

th a t n o  a d d it io n a l  a r e a  w a s  a d d e d  v ia  in c r e a s in g  th e  a r e a  o f  e x i s t i n g  s h e l l s .  T h e  

e x i s t in g  h e a t  e x c h a n g e r s  th a t w e r e  in c r e a s e d  in  a rea  r e p r e s e n t  h e a t  e x c h a n g e  b e t w e e n
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p r o c e ss  s tream s; w h ile  th e  h ea t e x c h a n g e r s  that w e r e  red u ced  in  area  e x c h a n g e d  h eat
w ith  u tilit ie s . T h e se  c h a n g e s  in  area w ill  p ro d u ce  a m o r e  e n e r g y  e f f ic ie n t  d e s ig n  b y
d e c r e a s in g  th e a m o u n t o f  u t i l it ie s  req u ired  b y  th e sy s te m .

SPL)
Figure 4.9 R e t r o f i t t e d  h e a t  e x c h a n g e r  n e tw o r k  fo r  E x a m p le  1 ( N g u y e n  e t  a h , 2 0 1 0 ) .

Table 4.8 R e t r o f i t t e d  h e a t  e x c h a n g e r  r e s u l t s  fo r  E x a m p le  1 ( N g u y e n  e t  a h , 2 0 1 0 )

H eat
exch an ger

O riginal area
(ณ 2)

L oad  after 
retrofit 
(M J/lir)

R etrofit area 
( i ll2)

A rea ch an g e  
(1112)

1 6 1 0 .1 0 9 8 6 8 .2 7 9 6 6 .0 8 3 5 5 .9 7 A rea A d d ition  
(N e w  S h ell)2 5 8 4 .1 5 3 7 4 3 .1 4 8 6 4 .5 9 2 8 0 4 4

•*»ร 10 09 .8 7 5 2 22 .5 7 1 0 09 .8 7 0
4 121.53 2 0 9 8  53 2 6 1 .9 3 140.4 A rea A d d itio n  

(N e w  S h ell)
5 85 2 .4 9 2 6 2 .5 4 64 4 .41 -2 0 8 .01 .Area

R ed u ction6 9 5 .0 6 1095 .48 7 0 .02 -2 5 .0 4
ๆ 246 .8 1 12608 .0 2 184 .65 -6 2 .1 6
8 0 4 2 5 1 .8 9 9 3 7 .8 4 N e w

E xch angers9 0 4 5 7 .5 9 148.85
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4 .1 .1 .3  C ost C om parison
S in c e  E x a m p le  1 r e p r e s e n t s  a  r e l a t i v e ly  s m a l le r  p r o j e c t ,  it 

w a s  d e c id e d  to  s h o w  th e  d a ta  fo r  a  p r o je c t  l i f e  o f  5 y e a r s .  E a c h  m e t h o d  w a s  a p p lie d  

t o  th e  s a m e  H E N  r e tr o f it  p r o b le m  u s in g  th e  s a m e  c o n s t r a in t s  a n d  c o s t  f u n c t io n s  to  

d e t e r m in e  th e  o p t im a l  s o lu t io n .

T a b l e  4 .9  P h y s ic a l  p r o p e r t ie s  o f  H E N  fo r  o r ig in a l  H E N , p r o c e s s  p in c h  a n d  M I L P

R etro fitted  H E N
O rig in a l H E N P r o c e ss  p in ch M IL P

A T 11,in (°C ) 4 3 .1 2 5 .2 2 0 .0 1
N e tw o r k  area  (m 2) 3 ,4 5 4 .2 1 4 ,5 5 6 .4 8 5 ,0 8 8 .2 4
N o . o f  E x ch a n g ers 7 8 9
H o t U t i l i t ie s  (k W ) 1 7 ,7 5 9 1 3 ,6 2 5 .9 2 1 2 ,6 0 8

C o ld  U t i l i t ie s  (k W ) 1 5 ,5 1 0 1 1 ,3 76 1 0 ,3 5 8

T a b l e  4 .1 0  C o s t  s u m m a r y  fo r  E x a m p le  1

R etro fitted  H E N
O rig in a l H E N P r o c e ss  p in ch M IL P

H ot U t i li ty  C o s t  ($ /y r ) 1 ,6 8 7 ,8 1 5 .3 6 1 ,2 9 5 ,0 0 7 .4 0 i , 1 9 8 ,2 6 4
C o ld  U tility  C o s t  ($ /y r ) 3 0 9 ,8 8 9 .8 0 2 2 7 ,2 9 0 .9 0 2 0 6 ,9 5 3

T o ta l cap ita l in v e s tm e n t (ร ) 1 ,2 5 6 ,4 9 3 .6 0 1 ,7 3 0 ,9 4 5
E n erg y  s a v in g  ($ /y r ) 4 7 5 ,4 0 6 .8 0 5 7 7 ,1 9 2

T o ta l a n n u a lized  c o s t  ($ /y r ) 1 ,8 5 3 ,7 5 8 .2 0 1 ,8 6 1 ,8 3 5 .9 3
N e t  p resen t v a lu e  (o v e r  5 y rs) 5 4 5 ,6 7 2 .4 0 4 5 7 ,0 6 6 .9 2

R eturn on  in v e s tm e n t (R O I) 3 7 .8 4 % 3 3 .3 5 %

T h e  f o l l o w i n g  t a b le s  r e p r e s e n t  th e  c o s t  c o m p a r i s o n  b e t w e e n  

th e  t w o  m e t h o d o lo g i e s .  It i s  c le a r  th a t  th e  p r o c e s s  p in c h  h a s  t h e  h ig h e s t  n e t  p r e s e n t  

v a lu e  a n d  th e  r e tu rn  o n  in v e s t m e n t  a s  w e l l  a s  t h e  l o w e s t  to ta l  a n n u a l iz e d  c o s t .
A s  a b o v e  r e s u lt ,  it i s  a p p a r e n t  th a t  p r o c e s s  p in c h  d e s ig n  is  

s t i l l  a  p o w e r f u l  p r o c e d u r e  to  d o  H E N  r e tr o f it  w h i c h  e x t r e m e ly  d e p e n d s  o n  th e  

s e l e c t i o n  o f  th e  b e s t  n e t w o r k  fr o m  a ll  p o s s i b i l i t i e s .  H o w e v e r ,  th e  M I L P  a l l o w s  th e  

u s e r  to  q u ic k ly  a n d  e a s i l y  c h a n g e  p a r a m e te r s  th a t  w o u ld  a l l o w  th e  e v a lu a t io n  o f  a 

n u m e r o u s  s c e n a r io s .
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4.2 Example 2

The second problem is adapted from Barbaro et. al (2005). This problem is 
the retrofitting o f a crude distillation unit. The network consists of 18 streams and 18 
exchangers. The current design uses two hot utilities and three cold utilities. The 
stream data is shown in Table 4.11. The existing exchanger network configuration is 
shown in Figure 4.10. The existing network does not have splitters. For this example 
we will compare the results of disallowing heat exchanger relocation. For the case 
that disallows heat exchanger relocation, alterations in the MEN may only include 
new exchanger addition and area addition or reduction to existing exchangers. The 
original HEN consumes 67,988.25 kw of hot utility and 75,076.08 kW of cold 
utility. Table 4.12 identifies the existing exchangers’ original areas, which were 
calculated using the log mean temperature difference. The amount and costs of each 
utility used is shown in Table 4.13. The results will be compared for a project life of 
5 years and presented in the discussion section. 350 working days per year is 
assumed.

The maximum values of area addition and reduction that can be made to 
existing shells are 10% and 40% of the corresponding existing area; respectively 
(except for the two exchangers E5 & E12 serving the match 15 .J 1 where the 
corresponding percentages are 20% and 30%). The maximum area per shell is 5,000 
(m2); the maximum number of shells per exchanger is 4. This problem is also 
disallowed all hot streams and C3 cold stream splitting. The model was run 
maximizing the net present value. The pair of exchangers (E10, El l )  and the three 
exchangers (E l2, E l, and E5) are not allowed to change their relative order (although 
El 2 and E5 are allowed to switch position. The cost relations for area adjustment for 
Example 2 are shown Equation 4.5, 4.6, 4.7 and 4.8. A cost is assigned to splitting of 
$20,000.

Heat exchanger cost ($) = 26,460 + [389xArea (m2)] (4.5)
(4.6)
(4.7)
(4.8)

Area addition cost (ร) = 13,230 + [857xAreaadded(m2)] 
Area reduction cost (ร) = 13,230 + [5xAreareduced (m2)]

New shell = 26,460 + [857xAreasheii (m2)]



Table 4.11 Stream properties for Example 2 (Nguyen et al., 2010)

Stream F
Tonlir

Tin
•c

T out
°c u & c MJTir.nr °c

II 155.1 319.4 244.1 3.161 4.653
12 5.695 73.24 30 4.325 18.211
B 251.2 347.3 202.7 3 02 3 210

202.7 45 2.573 2.27S
14 151.2 263.5 1802 2.930 4 894
15 26.03 297.4 203.2 3.041 4.674

203.2 110 2 689 3 952
16 86.14 248 147.3 ; 2.831 4.835

147.3 50 2 442 3.800
17 91.81 73.24 40 2.262 4605
IS 63.99 231.8 176 2 854 5.023

176 120 2.606 4.S46
19 239.1 167.1 116.1 2.595 4 995

116 1 69.55. 2372 4.SS0
110 133.8 146.7 126.7 6074 1 S07

126.7 99.94 . 4.745 3.373
99 94 73.24 9464 6.878

HU11 250 249 21 600
HU12 1000 500 . 0.400

J1 519 30 108.1 2.314 1.858
108.1 211.3 2.645 2.356
211.3 232.2 3.34 ■> 21">

J2 496.4 232.2 343.3 3.540 2835
J3 96.S7 226 2 228.7 13.076 11.971

228 7 231.8 15.80S 11.075
CU4 20 25 13.500
CU5 124 125 21.600
CU6 174 175 21 600
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Table 4.12 Existing exchangers in the network, Example 2 (Nguyen et al., 2010)

Exchanger Area (nr) Heat load 
(MJ'hr)

Exchanger Area (nr) Heat load 
(MJ'hr)

1 4303.20 158835 9 1 0 80.2 3838.9
2 63.80 6903.1 1 1 685.70 56093.6
3 33.29 17173.8 1 2 40.00 5930.9
4 406 1191.5 13 182.39 58042.3
5 26.79 3018.8 14 101 47 36903.2
6 24.6 2356.9 15 93.87 36917.4*7 5.87 1065.0 16 28897 67053.1
ร 146.59 45024.5 17 52.24 79138
9 1214.40 101545.2 IS 976.4 135298.7

Figure 4.10 Original heat exchanger network for Example 2 (Nguyen et al., 2010).



Table 4.13 Utilities in the original network (Nguyen et al., 2010)

Hot utility Cost
(centMJ)

.Amount
(MJ/hr)

Cold utility Cost
(cenl/MJ)

.Amount 
(MJ hr)

HU11 0.2351 109459 CU4 0.0222 196453.3
HU12 0.4431 135298.7 CU5 0.0773 36903.2

CU6 01518 36917.4
Total hot utilities (MJhr) 244757.7 Total cold utilities (MJ/hr) 270273.9
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III 

แ2 
แ3 
H4

115

116 

117 

H8 
119 

H10

T (°C) FCp (kW/°C) T (°C)
CU6

Cl

C2

C3

Figure 4.11 Grid diagram of Example 2.
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0  5 0 0 0 0  1 0 0 0 0 0  1 5 0 0 0 0  2 0 0 0 0 0  2 5 0 0 0 0

C u m u l a t i v e  E n t h a l p y  ( k W )

Figure 4.12 Composite curves of the existing HEN.

4.2.1 Discussion
In this section the results for the retrofitted design of the MILP and 

process pinch are compared. Each method was applied to the same HEN retrofit 
problem using the same constraints and cost functions. This scenario allows each 
methodology to manipulate the area of existing exchangers as well as adding new 
exchangers and introducing split streams.

4.2.1.1 Process Pinch Results
The ATmin maximizing the ideal NPV was determined from 

the graph below. It shows the maximum NPV of $18.300,099.7 occurs at a ATmin of 
13 °c with hot and cold utility savings of 45,675.91 kW.
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HRAT vs. NPV

C o m  p o s i t e  c  น r v e s

Cumulative Enthalpy (kW)

Figure 4.14 Composite curves of HEN retrofit which maximize NPV at a ATmin of
13°c.
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Now that the optimum ATmin value has been determined, the next step is to generate 
the stream matches for heat exchange in the new network. To do this, a grid diagram 
of the process is analyzed with the pinch temperature represented as two vertical 
lines at the middle of the grid. For this section, Example 2 will be used to 
demonstrate how to match streams to exchangers. The grid diagram for the retrofitted 
network of Example 1 is illustrated in Figure 4.15.

Figure 4.15 Cross pinch grid diagram for Example 2.

The first step to design the new network is to locate the existing exchangers that 
transfer heat across the pinch. For Example 2, exchangers 1, 5, 8, 9, 14 and 15 
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. As a reminder, the sections above and below the pinch must be analyzed 
separately. Once we have located the exchangers that transfer heat across the pinch.
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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. Form streams above the pinch (to the left of the 
dashed line in the grid diagram), FCpHOT < FCpcoLD- Matches below the pinch are 
made in a similar fashion except FCpcoLD < FCpHOT- These two matching rules 
ensure that if a stream’s target temperatures are not satisfied by process-to-process 
heat exchange, then the addition of a utility exchanger will satisfy the stream. 
Moreover, matching should begin at the pinch. As matches move away from the 
pinch, these rules become less critical to follow.

After an exchanger has been matched, the heat load must be 
determined. To do this, we use something called the “Tick-Off' 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.

As above procedure we can find 3 alternative designs for 
above the pinch and 3 alternative designs for below the pinch as shown below which 
also can be formed as 9 heat exchanger network.
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226.2 Cl

226 2 CJ

Figure 4.16 Above pinch retrofitted results (1st alternative design at ATmjn= 13 °C).

226 2 Cl

Figure 4.17 Above pinch retrofitted results (2nd alternative design at ATmjn= 13 °C).
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239.2 °c

Figure 4.18 Above pinch retrofitted results (3rd alternative design at ATmin= 13 °G).

T (°C )

Figure 4.19 Below pinch retrofitted results (1st alternative design at ATmin= 13 °C).
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239.2-C

Figure 4.20 Below pinch retrofitted results (2nd alternative design at ATmin = 13 °C).

239.2nc

๑ .Figure 4.21 Below pinch retrofitted results (3rd alternative design at ATm;n = 13 0|
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All above and below pinch designs can be formed as 9 heat exchanger networks. By 
doing this, we begin with the l sl network which combines the 1st above and the l sl 
below pinch design. Then, the 2nd network is the combination of the 2nd above and 
the 1st below pinch design. After that, the 3rd above and the 1st below pinch design 
are combined to be the 3rd network. So, we do the same procedure until we got 9 
retrofitted heat exchanger networks.

As done in Example one, this problem is also compared by 
considering the economic data presented below.
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Table 4.14 Physical properties of HEN for original HEN and Process pinch retrofit

ATmin (°C) Network area (m2) No. of Exchangers Hot Utilities (kW) Cold Utilities (kW)
Original HEN 128.89 8.323.82 18 67,988.25 75.076.08

1st alternative design 13 16,862.44 22 22,312.34 29,400.17
2nd alternative design 13 16,405.63 21 22,312.34 29,400.17
3rd alternative design 13 16,386.54 21 22,312.34 29,400.17
4th alternative design 13 16,708.70 21 22,312.34 29,400.17
5lh alternative design 13 15,935.10 20 22,312.34 29,400.17
6th alternative design 13 15,971.78 20 22,312.34 29,400.17
7th alternative design 13 20,195.55 22 22,312.34 29,400.17
8th alternative design 13 19,783.81 21 22,312.34 29,400.17
9th alternative design 13 19,761.73 21 22,312.34 29,400.17
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Table 4.15 Cost summary for Example 2 for original HEN and Process pinch retrofit

H o t U til i ty  
C o s t  ($ /y r )

C o ld  U ti l i ty  
C o s t  ($ /y r )

T o ta l  c a p i ta l  
in v e s tm e n t  (ร)

E n e rg y  
s a v in g  ($ /y r )

T o ta l  a n n u a l iz e d
c o s t  ($ /y r )

N e t  p r e s e n t  v a lu e  
( o v e r  5 y r s )

R e tu r n  o n  
in v e s tm e n t  (R O I )

O r ig in a l
H E N 1 ,6 8 7 ,8 1 5 .3 6 3 0 9 ,8 8 9 .8 0

1st a l te r n a t iv e  
d e s ig n 2 ,9 4 2 ,3 7 6 .2 2 1 9 7 ,3 7 1 .5 8 5 ,3 7 9 ,3 1 2 .3 9 5 ,1 3 4 ,4 7 1 .1 7 4 ,5 5 8 ,7 9 6 .8 5 1 4 ,0 8 4 ,3 7 4 .0 9 9 5 .4 5 %

2 nd
a l te rn a t iv e

d e s ig n
2 ,9 8 9 ,7 0 6 .9 2 1 9 7 ,3 7 1 .5 8 4 ,9 3 0 ,7 2 8 .8 4 5 ,0 8 7 ,1 4 0 .4 7 4 ,4 8 7 ,7 9 2 .3 5 1 4 ,3 5 3 ,5 3 7 .0 1 1 0 3 .1 7 %

3 rd a l te r n a t iv e  
d e s ig n 2 ,9 8 9 ,7 0 6 .9 2 1 9 7 ,3 7 1 .5 8 4 ,8 9 0 ,7 9 4 .3 7 5 ,0 8 7 ,1 4 0 .4 7 4 ,4 7 7 ,2 5 7 .7 4 1 4 ,3 9 3 ,4 7 1 .4 8 1 0 4 .0 1 %

4 th a l te r n a t iv e  
d e s ig n 2 ,9 4 2 ,3 7 6 .2 2 1 9 7 ,3 7 1 .5 8 5 ,1 2 3 ,3 1 6 .7 5 5 ,1 3 4 ,4 7 1 .1 7 4 ,4 9 1 ,2 6 5 .8 5 1 4 ,3 4 0 ,3 6 9 .7 3 100 .2 2 %

5 th a l te r n a t iv e  
d e s ig n 2 ,9 8 9 ,7 0 6 .9 2 1 9 7 ,3 7 1 .5 8 4 ,5 5 2 ,0 8 3 .3 6 5 ,0 8 7 ,1 4 0 .4 7 4 ,3 8 7 ,9 0 6 .6 3 1 4 ,7 3 2 ,1 8 2 .5 0 1 1 1 .7 5 %

6 th a l te r n a t iv e  
d e s ig n 2 ,9 8 9 ,7 0 6 .9 2 1 9 7 ,3 7 1 .5 8 4 ,5 3 3 ,2 7 0 .3 5 5 ,0 8 7 ,1 4 0 .4 7 4 ,3 8 2 ,9 4 3 .8 0 1 4 ,7 5 0 ,9 9 5 .5 0 112 .2 2 %

7 th a l te r n a t iv e  
d e s ig n 2 ,9 4 2 ,3 7 6 .2 2 1 9 7 ,3 7 1 .5 8 6 ,9 5 8 ,7 2 5 .8 8 5 ,1 3 4 ,4 7 1 .1 7 4 ,9 7 5 ,4 4 2 .1 5 1 2 ,5 0 4 ,9 6 0 .6 0 7 3 .7 9 %

8 th a l te r n a t iv e  
d e s ig n 2 ,9 8 9 ,7 0 6 .9 2 1 9 7 ,3 7 1 .5 8 6 ,5 4 4 ,1 4 8 .4 9 5 ,0 8 7 ,1 4 0 .4 7 4 ,9 1 3 ,4 0 8 .3 9 1 2 ,7 4 0 ,1 1 7 .3 6 7 7 .7 4 %

9 th a l te r n a t iv e  
d e s ig n 2 ,9 8 9 ,7 0 6 .9 2 1 9 7 ,3 7 1 .5 8 6 ,5 0 2 ,6 2 2 .0 5 5 ,0 8 7 ,1 4 0 .4 7 4 ,9 0 2 ,4 5 3 .8 2 1 2 ,7 8 1 ,6 4 3 .8 0 7 8 .2 3 %
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The following tables represent the cost comparison among 9 alternative designs at 
ATmin = 13°c. It is also clear that the 6th alternative design has the highest net present 
value and return on investment as well as the lowest total annualized. The heat 
exchanger network retrofit result is illustrated below.



69

T (°C) FCp (kW/°C) T("C)

N o t a t i o n : N e w  ex ch a n g er  (N e w ), A rea  a d d itio n  (+ A ); N e w  sh e ll (N S ) , A rea  red u ction  (-A )

Figure 4.22 Retrofitted heat exchanger results (6th alternative design at ATmin = 13 °C).
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Table 4.16 Retrofitted heat exchanger results (6th alternative design at ATmm =
13°c.)

H eat
E x ch an g e r

O rig in a l
a rea
๙ )

L o ad  afte r 
re tro fit 
(k W )

R e tro fit
a rea
๙ )

A rea
c h a n g e

๙ )
R em ark s

1 4 3 0 3 .2 0 2 5 3 7 1 .9 9 5 271 .72 9 6 8 .5 2 A rea  ad d itio n  (new  
sh e ll)

2 6 3 .80 - - - -
3 33 .29 - - -
4 4 .06 - - -
5 2 6 .79 124.33 24 .06 -2 .73 A rea  red u c tio n

6 2 4 .6 0 5 425 .19 1004 .10 9 7 9 .5 0 ■ Area ad d itio n  (new  
sh e ll)

7 5 .87 295 .83 5 .87 0 .0 0 -
8 146.59 - - - -
9 1214 .40 - - - -
10 80 .20 1081.71 70.81 -9 .3 9 A rea  red u ctio n

11 6 5 8 .7 0 19789.94 1987.03 1328.33 A rea  ad d itio n  (new  
sh e ll)

12 4 0 .00 2 6 77 .3 2 479 .03 439 .0 3 A rea  ad d itio n  (new  
sh e ll)

13 182.39 16122.86 182.39 0 .00 -
14 101.47 - - - -
15 9 3 .87 - - - -
16 2 8 8 .9 7 - - - -
17 52 .24 - - - -
18 9 7 6 .4 0 2231 2 .3 4 593 .70 -3 8 2 .7 0 A rea  red u c tio n
19 - 10254.83 1517.08 - N e w  e x ch an g e r
20 - 792 .08 6 0 .77 - N e w  e x ch an g e r
21 - 2 1 98 .2 8 118.48 - N e w  e x ch an g e r
22 - 1559.24 33 5 .0 8 - N e w  e x ch an g e r
23 - 555 .8 6 97 .37 - N e w  e x ch an g e r
24 - 7260 .53 456 .23 - N e w  e x ch an g e r
25 - 8298 .24 1605.07 - N e w  e x ch an g e r
26 - 18625 .86 1233.17 - N ew  e x ch an g e r
27 - 3652 .71 245.31 - N e w  e x ch an g e r
28 - 1917.53 268 .3 2 - N e w  e x ch an g e r
29 - 12981.48 415 .85 - N e w  ex ch an g e r
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4.2.1.2 M1LP Results
As can be seen in Figure 11 which was stated by Nguyen et 

al. (2010), splitting is introduced to the two streams Jl, J2 and there are eight new 
exchangers added to the network (exchangers 19 to 26, highlighted by using gray 
background). Exchangers in the retrofitted network are summarized in Table 7. In 
addition to eight brand new exchangers, three exchangers are expanded by means of 
adding new shell: exchangers 5, 6 and 11; the total added area is 3953.65 (m2). As 
the result of increased heat recovery; the use of utilities is decreased and all the 
exchangers involving utilities in the retrofitted network (except exchanger 4) is 
reduced in area (9 exchangers 3, 8, 9, 13, 14, 15, 16, 17, 18).

12 ----------------------------------------------------<• 7 ;--------\  CU4
N o t a t i o n : N e w  e x c h a n g e r  ( N e w ) ,  A r e a  a d d i t i o n  ( + A ) ;  N e w  she l l  ( N S ) ,  A r e a  r e d u c t i o n  ( - A ) .  N e w  s p l i t  ( N E W  S P L )

Figure 4.23 Retrofitted heat exchanger network for Example 2 (Nguyen et ah,
2 0 1 0 ) .
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T a b le  4 .1 7  Retrofitted heat exchanger results for Example 2 (Nguyen et ah, 2010)

E x . A re a  ( n r )
A re a

c h a n g e
( n r )

N o te E x . •Area ( n r )
A re a

c h a n g e
( n r )

N o te

1 4 3 0 3 .2 0 0 14 6 0 .8 8 -4 0 .5 9 A re a  R e d .■1 63 . SO 0 15 5 6 .3 2 -3 7 .5 5 A r e a  R ed .
ร 19 97 -1 3 .3 2 .A rea R e d . 16 1 9 9 .9 7 -8 9 A re a  R e d .
4 4 .0 6 4 0 17 3 1 .3 4 -2 0 .9 0 A re a  R ed .
5 77 .1 5 0 .2 7 N e w  sh e ll IS 7 0 1 .0 3 -2 7 5 .3 7 A re a  R e d .
6 1 7 6 .7 6 1 5 2 .1 6 N e w  sh e ll 19 3 2 8 .4 1 3 2 8 .4 1 N e w  E x .
7 5 .8 7 0 .00 20 119.1 1 19 .1 N ew ' E x .
8 1 0 7 .0 5 -3 9 .5 4 A re a  R e d 21 2 0 6 .7 2 2 0 6 .7 2 N e w  E x .
9 7 2 8 .6 4 -4 8 5 .7 6 A re a  R e d . 22 131 93 1 3 1 .9 3 N ew ' E x .
10 8 0 .2 0 23 5 3 .2 6 5 3 .2 6 N e w  E x .
11 2 4 8 1 .9 3 1 7 9 6 .2 3 N ew ' sh e ll 24 4 1 5 .8 2 4 1 5 .8 2 N e w  E x .
12 4 0 .0 0 0 25 4 7 6 .8 3 4 7 6 .8 3 N e w  E x .
13 1 1 2 .4 7 -6 9 .9 3 A re a  R ed . 2 6 2 2 2  92 )ๆ O') N e w  E x .

4.2.1.3 Cost Comparison
Example 2 represents a relatively larger project; it was also 

decided to show the data for a project life o f 5 years. Each method was applied to the 
same E1EN retrofit problem using the same constraints and cost functions to 
determine the optimal solution.

T a b le  4 .1 8  Physical properties o f E1EN for original HEN, process pinch and MILP

R e tro f i t te d  H E N
O r ig in a l  H E N P r o c e s s  p in c h M IL P

A T mi11 (°C ) 1 2 8 .8 9 13 5 0 .0 9

N e tw o r k  a re a  (m 2) 8 ,3 2 3 .8 2 1 5 ,9 7 1 .7 8 1 1 ,2 0 5 .5 3

N o . o f  E x c h a n g e r s 18 20 2 6
H o t  U t i l i t i e s  (k W ) 6 7 ,9 8 8 .2 5 2 2 ,3 1 2 .3 4 3 8 ,5 7 7 .1 4

C o ld  U t i l i t ie s  (k W ) 7 5 ,0 7 6 .0 8 2 9 ,4 0 0 .1 7 4 5 ,6 6 4 .9 7
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T a b le  4 .1 9  Cost summary for Example 2

R e tr o f i t te d  H E N
O rig in a l  H E N P r o c e s s  p in c h M IL P

H o t  U t i l i ty  C o s t  ($ /y r ) 7 ,1 9 7 ,5 1  1.85 2 ,9 8 9 ,7 0 6 .9 2 4 ,3 8 6 ,3 7 8 .0 0
C o ld  U t i l i ty  C o s t  ($ /y r ) 1 ,0 7 6 .7 0 7 .1 2 1 9 7 ,3 7 1 .5 8 6 0 0 ,7 7 9 .4 0

T o ta l  c a p i ta l  in v e s tm e n t  (ร ) 4 ,5 3 3 ,2 7 0 .3 5 2 ,0 2 1 ,6 2 2 .0 0
E n e rg y  s a v in g  ($ /y r ) 5 ,0 8 7 ,1 4 0 .4 7 3 ,2 8 6 ,5 7 3 .0 0

T o ta l  a n n u a l iz e d  c o s t  ($ /y r ) 4 ,3 8 2 ,9 4 3 .8 0 5 ,3 9 1 ,4 8 2 .0 0
N e t  p re s e n t  v a lu e  ( o v e r  5 y r s ) 1 4 ,7 5 0 ,9 9 5 .5 0 1 0 ,4 3 7 ,0 7 6 .1 4

R e tu r n  o n  in v e s tm e n t  (R O I ) 112 .2 2 % 1 6 2 .5 7 %

The following tables represent the cost comparison between 
the process pinch and the MILP. It is clear that the process pinch method has the 
highest net present value and lowest total annualized cost. However a small 
investment o f the MILP model gives the highest ROI.

As above result, it is apparent that process pinch design is 
still a powerful procedure to do HEN retrofit which extremely depends on the 
selection o f the best network from all possibilities. However, the MILP allows the 
user to quickly and easily change parameters that would allow the evaluation o f a 
numerous scenarios.
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