
C H A P T E R  II 
B A C K G R O U N D  A N D  L IT E R A T U R E  SU R V E Y

2.1 P inch T echnology

L in h o f f  an d  V red ev e ld  in tro d u c e d  th e  te rm  o f  “ P in c h  T e c h n o lo g y ” w h ic h  
w a s  b a se d  o n  th e rm o d y n a m ic  m e th o d  th a t c a n  g u a ran tee  m in im u m  en erg y  lev e l in  
d e s ig n  o f  h e a t e x c h a n g e r  n e tw o rk . O v er th e  la s t tw o  d ecad es , as  a n  u n co n v en tio n a l 
d e v e lo p m e n t in  p ro c e ss  d e s ig n  an d  en e rg y  c o n se rv a tio n  h as  em erg ed . T h e  te rm  o f  
P in c h  T ec h n o lo g y  is o fte n  u sed  to  re p re se n t th e  a p p lic a tio n  o f  th e  to o ls  and  
a lg o rith m s o f  P in c h  T ech n o lo g y  fo r s tu d y in g  in d u s tr ia l p ro cess . D e v e lo p m e n t o f  
r ig o ro u s  c o m m e rc ia l so ftw a re  p ro g ra m s lik e  P in c h E x p re ssT M  ,S u p e r ta rg e tT M , and  
A sp e n  P in c h  T M  h av e  b een  p ro v ed  to  b e  v ery  u se fu l in  p in c h  a n a ly s is  o f  c o m p lex  
in d u s tr ia l p ro c e ss  w ith  sp eed  an d  e ffic ien cy .

N o t o n ly  p in c h  te c h n o lo g y  can  be  ap p lied  fo r en e rg y  sav in g  b u t o p tim iza tio n  
te c h n iq u e  is a lso  u se fu l. P in c h  te c h n o lo g y  is a  p ra c tic a l w a y s  an d  u ses  tab le  
a lg o rith m  to  ex p la in  fo r re tro f it b u t o p tim iz a tio n  te c h n iq u e  u se s  m a th e m a tic a l m o d e l 
to  ex p la in  as sh o w n  in  F ig u re  2.1 (B ag a jew icz ,M )

F igure 2.1 R e tro f it H o rizo n s( O p tim iz a tio n  B ased  P ro ced u re ).
O b jec tiv e s  o f  P inch  A n a lys is

C o st an d  en e rg y  sav in g s  are  th e  o b jec tiv e s  o f  P in c h  by  p ro c e ss  in te g ra tio n  to 
m ax im ize  p ro c e ss  to  p ro cess  h ea t reco v ery  an d  m in im iz e  th e  e x te rn a l u tility  load.
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P in c h  a n a ly s is  is o n e  ch o ice  fo r d o in g  p ro cess  in te g ra tio n  to  sav e  c o s t o f  p ro d u c tio n  
su ch  as cap ita l c o s t , an d  o p e ra tin g  cost. T h e  p ro c e d u re  f irs t p re d ic ts , th e  m in im u m  
re q u ire m e n t o f  ex te rn a l en e rg y  , n e tw o rk  area , and  th e  n u m b er o f  u n its  fo r  a  g iv en  
p ro c e ss  a t th e  p in c h  p o in t ah ead  o f  d es ig n . N e x t a  h e a t e x c h a n g e r n e tw o rk  is 
d e s ig n e d  to  sa tis fy  th e se  ta rg e ts . F in a lly  th e  n e tw o rk  is o p tim iz e d  by  co m p arin g  
en e rg y  an d  ca p ita l co sts  o f  th e  n e tw o rk  so th a t th e  to ta l an n u a l c o s t is m in im ized . 
B a s i c  o f  P i n c h  a n a l y s i s

B a se d  o n  th e rm o d y n a m ic  law , P in c h  te c h n o lo g y  is u se d  to  rep re sen t a  
ch em ica l in d u s try  p ro cess  as e ith e r u tility  u sa g e s  in  p ro cess  o r o th e r ch em ica l 
e q u ip m e n ts  e sp e c ia lly  in  h ea t e x c h an g e r n e tw o rk . B e c a u se  o f  te m p e ra tu re  d iffe ren ce  
b e tw e e n  each  stream , it can  lead  to  g e t b e n e fit fro m  th e rm o d y n a m ic  m e th o d  and  
p in c h  a n a ly s is  w h ic h  is p rac tic a lly  u se fu l fo r ch em ica l p ro cesse s . T h e re  are  tw o  
ty p e s  o f  s tre am s in  p ro cess ; h o t an d  co ld  stream s. B o th  s tream s c a n  ex c h a n g e  h ea t 
to g e th e r  by  u s in g  th e rm o d y n a m ic  law  w h ic h  sta te s  th a t h o t s tre am  can  n o t be  co o led  
b e lo w  te m p e ra tu re  o f  co ld  s tream  an d  a lso  co ld  s tre a m  can  n o t be  h ea ted  ab o v e  h o t 
s tre am  tem p e ra tu re . N o rm a lly  ,so m e s tream s h av e  e x cess  h ea t so  th a t  th ey  can  share  
to  o th e r s tream . F irs t o f  all, it n eed s  to  se t ta rg e t te m p e ra tu re  in  each  s tream  in  
o rd e r to  d e s ig n  h e a t ex ch an g in g  n e tw o rk . It c an  te ll th a t h o w  m u c h  h e a t m u s t be 
su p p lied  o r w h ic h  s tream  sh o u ld  be  m atch ed .

In  p ra c tic e  th e  h o t s tream  can  o n ly  b e  co o led  w ith  a  te m p e ra tu re  d iffe ren ce  
d e fin ed  by  th e  ‘tem p e ra tu re  a p p ro a c h ’ o f  th e  h e a t e x ch an g e r. T h e  te m p e ra tu re  
ap p ro ach  is th e  m in im u m  a llo w ab le  tem p e ra tu re  d iffe re n ce  (A T m in )  in  th e  s tream  
p ro file s , fo r th e  h e a t e x c h a n g e r un it. T h e  te m p e ra tu re  lev e l a t AT m in  o b se rv e d  in  
th e  p ro cess  is re fe rred  to  as ‘p in ch  p o in t’ o r ‘p in c h  c o n d itio n ’ . T h e  p in c h  d e fin e s  th e  
m in im u m  d riv in g  fo rce  a llo w ed  in  th e  e x c h an g e r u n i t .

2.1.1 S tep s o f  P in ch  A n a ly sis
T o  do  p in c h  an a ly sis  , th e re  are  sev e ra l s tep s, sh o w n  in  F ig u re  2 .2  bu t 

it sh o u ld  be  n o te d  th a t th e se  s teps are  n o t n ecessa rily  p e rfo rm ed  o n  a  o n c e -th ro u g h  
b asis , in d e p e n d e n t o f  o n e  ano ther. A d d itio n a l ac tiv itie s  to  g e t m o re  c o rre c t d a ta  such
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as re s im u la tio n  an d  d a ta  m o d if ic a tio n  o ccu r as th e  a n a ly s is  p ro ceed  an d  so m e  
ite ra tio n s  b e tw e e n  th e  v a rio u s  s tep s are  a lw ay s req u ired .

F igure 2 .2  S tep  o f  p in c h  a n a ly s is  ( L in n h o ff, B. an d  H in d m a rsh , E ., 1983 ).

2 . 1 . 1 . 1  I d e n t i f i c a t i o n  o f  t h e  H o t  1 C o l d  a n d  U t i l i t y  S t r e a m s  i n  T h e  

P r o c e s s

B efo re  d o in g  an y th in g , it is n e ce ssa ry  to  id e n tify  h o t s tre am s, 
c o ld  s tream s o r u tility  stream s.

H o t  s t r e a m  is a  s tream  n eed ed  to  d e c re a se  te m p e ra tu re  by  
ex c h a n g in g  w ith  e ith e r co ld  s tream  o r co ld  u tility . F o r ex am p le , th e  tem p e ra tu re  o f  
h o t p ro d u c t is re d u c e d  b e fo re  lo ad in g  to  th e  sto rage.

C o l d  s t r e a m  is a  s tream  n eed ed  to  in c rea se  te m p e ra tu re  by 
e x c h a n g in g  w ith  e ith e r h o t s tream  o r h o t u tility . F o r ex am p le , th e  tem p e ra tu re  o f  
feed  s tream  is in c rea sed  b efo re  en te rin g  to  th e  reac to r.
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U t i l i t y  s t r e a m  is a  s tream  w h ic h  can  e x c h a n g e  h e a t w ith  h o t 
o r c o ld  p ro c e ss  s tream s w h en  h e a t re co v e ry  b e tw e e n  c o ld  an d  h o t p ro c e ss  s tream s is 
n o t e n o u g h  o r n o t eco n o m ic . It is ab le  to  u se  u tili ty  s tre am s in s te a d  o f  h ea t 
ex ch a n g in g  stream s. F o r in s tan ce , h o t s tre am s are  s team , h o t w a te r , flu e  gas, etc. 
c o ld  s tream s a re  c o o lin g  w a te r  , a ir 5r e f r ig e ra n t , e tc.

S tream s u sed  in  p in c h  te c h n o lo g y  m u s t b e  ca re fu lly  
c o n s id e re d  s in c e  so m e  s tream s can  n o t b e  u se d  d u e  to  im p ro p e r  co n d itio n . F o r 
ex am p le , w h e n  a  gas s tream  is c o m p re sse d  th e  s tre a m  te m p e ra tu re  r ise s  b ecau se  o f  
th e  c o n v e rs io n  o f  m ech an ica l en e rg y  in to  h ea t by  an y  f lu id  to  f lu id  h e a t exch an g e . 
H en ce  su ch  a  s tream  m ay  n o t be  a v a ilab le  to  ta k e  p a r t in  any  h e a t ex ch an g e . A s 
c o n s id e rin g  in  p in c h  , so m e  s tream  m ig h t o r m ig h t n o t b e  u se d  in  p ro c e ss  s tream .

2 .1 . 1 . 2  T h e r m a l  D a t a  E x t r a c t i o n  f o r  P r o c e s s  & U t i l i t y  S t r e a m s

H o t s tream s are  re fe rred  to  s tream s re q u ire d  c o o lin g  i.e. th e  
su p p ly  te m p e ra tu re  (T S ) is h ig h e r  th an  th e  ta rg e t te m p e ra tu re  ( T T ). W h ile  co ld  
s tream s are re fe rre d  to  th o se  re q u ire d  h ea tin g , i.e . th e  ta rg e t te m p e ra tu re  is h ig h e r  
th a n  th e  su p p ly  . T h e re fo re  , in  th e rm o d y n a m ic  law  , h e a t w ill b e  tra n s fe rred  fro m  
h o t s tream  to  c o ld  s tream , as sh o w n  in  th is  b e lo w  e q u a tio n  

A H  =  m  C p  ( T S  - T T ) 
w h ere
A H  =  en th a lp y  ch an g e
m  =  m ass  f lo w  ra te
C p  =  sp ec ific  h ea t
T S =  su p p ly  tem p e ra tu re
T T  =  ta rg e t tem p e ra tu re
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F igure 2 .3  S e t up  in terva ls.

T r a n s f e r  n e t  h e a t  
in  e a c h  in te r v a l  

to  lo w e r  in te r v a l s

F igure 2.4 C ascad e  h e a t su rp lu se s( L in n h o ff  and  H in d m arsh , 1983).

F ig u re s  2 .3  an d  2 .4  sh o w  h o w  to  c o n s id e r  h e a t tra n sfe rrin g  
w h e n  p e rfo rm in g  p in c h  an a ly sis . It m u st be  se ttled  in  in te rv a ls  firs t an d  th en  go  to  
fin d  en e rg y  f lo w  (su rp lu se s)  w h ic h  f lo w  fro m  o n e  in te rv a l to  o th e r  in terva l.

T h e  s tream  d a ta  an d  th e ir  p o te n tia l e ffec tin g  on  th e  
co n c lu s io n s  o f  p in c h  a n a ly s is  sh o u ld  be co n s id e red  d u rin g  all s tep s  o f  th e  an a ly sis . 
A n y  e rro n eo u s  o r in co rrec t d a ta  can  lead  to  fa lse  c o n c lu s io n . In  o rd e r  to  av o id  
m is ta k e s , th e  d a ta  ex tra c tio n  is b ased  o n  ce rta in  q u a lif ie d  p rin c ip le s .
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2 . 1 . 1 . 3  S e l e c t i o n  o f  I n i t i a l  A T m i n  V a l u e

B a se d  o n  se co n d  law  o f  th e rm o d y n a m ic s  th a t  p ro h ib its  any  
te m p e ra tu re  c ro sso v e r  b e tw e e n  th e  h o t an d  th e  co ld  s tream s, a  m in im u m  h e a t tran sfe r  
d riv in g  fo rce  m u s t a lw ay s  be  a llo w ed  fo r a  fe a s ib le  h e a t tra n s fe r  d es ig n . T h u s  th e  
te m p e ra tu re  o f  th e  h o t an d  c o ld  s tream s a t any  p o in t in  th e  e x c h a n g e r  m u s t a lw ay s 
h av e  a  m in im u m  te m p e ra tu re  d iffe ren ce  (A T m in). T h is  A T m in  v a lu e  re p re se n ts  th e  
b o ttle  n e c k  o f  th e  h e a t reco v ery .

A T m in  is se lec ted  by  d o in g  ite ra tio n  fo r  v a ry in g  v a lu e s  o f  
A T m in  an d  th e n  it can  lead  to  o p tim u m  o p e ra tin g  c o s t an d  c a p ita l c o s t as sh o w n  in  
F ig u re  2 .5 . A fte r  AT is f ix e d  fu rth e r s tep  can  b e  p e rfo rm ed . L o w  AT m in  w ill g iv e  
lo w  d riv in g  fo rce  so  th e  a rea  o f  e x c h a n g e r m u s t be  la rg e  ,o p e ra tin g  c o s t w ill be  lo w  
b u t c ap ita l c o s t w ill be  h ig h  . In  th e  o th e r h an d , i f  w e  c h o o se  h ig h  A T m in , it w ill 
g iv e  h ig h  d riv in g  fo rce , an d  lo w  a rea  o f  ex ch an g e r. O p e ra tin g  c o s t w ill b e  h ig h  
w h ile , cap ita l c o s t w ill b e  low . E v en tu a lly , AT m in  w ill b e  c h o se n  a t o p tim u m  p o in t 
a t o v e ra ll c o s t (c ap ita l co s t+ o p e ra tin g  co st)

C ost

H e a t tra n s fe r  c o e ffic ien t (บ ) an d  th e  g eo m e try  o f  th e  h ea t 
e x c h a n g e r can  d e te rm in e  th e  v a lu e  o f  A T m in  .In  a  n e tw o rk  d e s ig n  , th e  ty p e  o f  h ea t 
e x c h a n g e r u se d  a t th e  p in c h  p o in t w ill b e  d e te rm in e d  as th e  p rac tic a l AT m in  fo r the  
n e tw o rk . F o r ex am p le , a n  in itia l se lec tio n  fo r th e  A T m in  v a lu e  fo r  she ll an d  tu b es  
m ay  be  3-5 °C (a t b es t)  ,w h ile  c o m p a c t e x c h an g e rs  su c h  as p la te  an d  fram e o ften
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a llo w  fo r an  in itia l se le c tio n  o f  2-3 ๐c .  T h e  h e a t tra n s fe r  eq u a tio n , w h ic h  re la te s  to  
Q ,บ ,A  an d  L M T D  is sh o w n  b e lo w

Q  =  U A (L M T D )
W h ere

Q T ran sfe rred  h ea t
บ O v era ll h e a t tra n s fe r  co e ffic ien t
A A re a  o f  ex ch an g e r
L M T D  = L o g  m ean  tem p e ra tu re  d iffe ren ce

F o r s in g le  h e a t e x c h an g e r 5 se le c tio n  o f  A T m in  is  v ita l in  th e  
d e s ig n  o f  a  h e a t e x c h an g e r n e tw o rk . A n  in itia l A T m in  v a lu e  is  c h o se n  an d  
p in c h  a n a ly s is  is c a rried  out.

2 . 1 . 1 . 4  C o n s t r u c t i o n  o f  C o m p o s i t e  C u r v e s  a n d  G r a n d  C o m p o s i t e

C u r v e s

C o m p o s i t e  C u r v e s  ( C C s )

T h is  cu rv es sh o w ed  te m p e ra tu re  an d  e n th a lp y  p lo t b e tw e e n  
h o t an d  co ld  s tream s (h o t co m p o site  cu rv e  an d  c o ld  c o m p o s ite  cu rv e). In  each  
s tream  , s tre am  e n th a lp y  v a lu e  is c a lcu la ted  by  u s in g  th e rm a l p ro p e rtie s  th e m se lv e s  
an d  c o m p o s ite  cu rv es  is  co n se q u e n tly  p lo tted . In  th is  cu rv e  th e re  is o n e  p o in t w h ic h  
h a s  m in im u m  te m p e ra tu re  d iffe ren ce  (A T m in ) b e tw e e n  h o t c o m p o s ite  cu rv e  an d  
c o ld  c o m p o s ite  cu rv e  . I t is c a lled  p in c h  p o in t. In c rea s in g  A T m in  v a lu e  re su lts  in  
sh if tin g  th e  cu rv e  h o riz o n ta lly  ap a rt in  lo w e r p ro c e ss  to  p ro cess  h e a t e x ch an g e  an d  
h ig h  u tility  re q u ire m e n ts . A t a  p a r tic u la r  A T m in  v a lu e  5 th e  o v e rlap  sh o w s th e  
m a x im u m  p o ss ib le  sco p e  fo r h e a t reco v e ry  w ith in  th e  p ro cess . T h e  h o t an d  co ld  ends 
o v e rsh o o t in d ic a te s  m in im u m  h o t u tility  req u irem en t (Q h m in ) an d  m in im u m  co ld  
u tili ty  re q u ire m e n t (Q c  m in ), o f  th e  p ro cess  fo r th e  c h o se n  AT m in
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F igure 2.6 C o m p o s ite  cu rv e  (L in n h o ff  e t  a l . , \  982).

T h e  co m p o site  cu rv es  p ro v id e  o v e ra ll e n e rg y  ta rg e t as sh o w n  
in  F ig u re2 .6 . C o m p o s ite  cu rv e  ju s t  sh o w  h o w  m u c h  e n e rg y  is  n e e d e d  b u t do  n o t 
c lea rly  in d ica te  h o w  m u c h  en e rg y  m u s t b e  su p p lied  by  d iffe re n t u tility  levels. T h e  
u tili ty  m ix  is d e te rm in e d  b y  th e  G ran d  co m p o site  cu rves.

T o  p e rfo rm  co m p o site  cu rv es , it is  n e c e ssa ry  to  a d ju s t 
te m p e ra tu re  fo r  b o th  s tream s, in c rea s in g  th e  c o ld  c o m p o s ite  te m p e ra tu re  by  
in c re a s in g  th e  v a lu e  o f  1/2A T m in  and  d ec rea s in g  AT m in  w ith  h o t c o m p o site  
tem p e ra tu re .

G r a n d  C o m p o s i t e  C u r v e  ( G C C )

S im ila r  to  co m p o site  cu rve , th is  g ra n d  co m p o site  cu rv e  
sh o w s h o w  m u c h  u tili t ie s  n eed ed  to  su p p ly  b u t th is  cu rv e  can  sp ec ify  w h ic h  u tility  
are  to  be  u se d  a t any  te m p e ra tu re  level. T h e  o b jec tiv e  is  to  g e t lo w e s t u tility  leve l 
an d  m in im iz e  th e  u se  o f  th e  ex p e n s iv e  u tility  lev e ls  by  m a x im iz in g  en e rg y  recovery . 
F o r ex am p le  , it is n o t n ece ssa ry  to  u se  h ig h  p re ssu re  s team  in  p ro cess  d esp ite  co ld  
s te am  is en o u g h  to  e x ch an g e  h e a t o r it is n o t n e c e ssa ry  to  u se  re fr ig e ra n t to  coo l 
d o w n  th e  s tre a m  d esp ite  it has e n o u g h  co o lin g  w a te r .

T h ese  cu rv es  are d e v e lo p ed  b y  L in n h o ff  &  F lo w e r (1978). 
T h e  m e th o d  in v o lv e s  sh if tin g  h o t co m p o site  cu rv e  d o w n  by  AT m in  and  co ld  
c o m p o site  cu rv e  up  by  AT m in . T h e  v ertica l ax is  o n  th e  sh if te d  co m p o site  cu rv es  
sh o w s p ro c e ss  in te rv a l tem p era tu re . In  o th e r w o rd s , th e  cu rv es  are  sh ifted  by 
su b trac tin g  p a rt o f  th e  a llo w ab le  tem p e ra tu re  a p p ro a c h  fro m  th e  h o t s tream
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tem p e ra tu res  an d  a d d in g  th e  re m a in in g  p a rt o f  th e  a llo w a b le  te m p e ra tu re  a p p ro ach  to  
th e  co ld  s tream  tem p e ra tu re . T h e  re su lt is sca led  b a se d  u p o n  p ro c e ss  te m p e ra tu re  
h a v in g  an  a llo w a b le  te m p e ra tu re  ap p ro ach  (*ATmin). T h e  g ra n d  c o m p o s ite  cu rv e  is 
g en e ra ted  fro m  e n th a lp y  d iffe ren ce  in  h o rizo n ta l o f  c o m p o s ite  cu rv e  a t d iffe ren t 
te m p e ra tu re . In  G C C , th e  h o rizo n ta l d is tan ce  a t th e  to p  te m p e ra tu re  sca le  sh o w s th e  
o v e ra ll h o t u tili ty  co n su m p tio n  o f  th e  p ro cess.

F igure 2.7 G ra n d  c o m p o s ite  cu rve .

T h e  g ra n d  co m p o site  cu rv e  is  o n e  o f  th e  b a s ic  to o ls  u se d  in  
p in c h  an a ly s is  fo r th e  se le c tio n  o f  th e  ap p ro p ria te  u tility  lev e ls  an d  fo r ta rg e tin g  o f  a  
g iv e n  se t o f  m u ltip le  u tility  lev e ls . T h e  ta rg e tin g  in v o lv e s  se ttin g  ap p ro p ria te  lo ad s  
fo r th e  v a r io u s  lev e ls  b y  m a x im iz in g  th e  le a s t ex p e n s iv e  u tility  lo ad  o n  th e  m o st 
ex p e n s iv e  u tility .

2 . 1 . 1 . 5  E s t i m a t i o n  o f  M i n i m u m  E n e r g y  C o s t  T a r g e t s

A fte r G C C  h as  b een  p ro v id e d  5 th e  c o s t o f  each  u tili ty  is 
k n o w n , th e  to ta l en e rg y  co s t can  b e  ca lcu la ted  u s in g  th e  en e rg y  e q u a tio n  g iv e n  b e lo w .

บ
T o ta l en e rg y  c o s t =  E Q u * C(j

บ=1

Where Qu Duty of utility บ ,kw
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C u =  U n it c o s t o f  u tility  บ  5$ /k พ ,y r
บ  =  T o ta l n u m b e r o f  u tilitie s  u sed
2 . 1 . 1 . 6  E s t i m a t i o n  o f  H e a t  E x c h a n g e r  N e t w o r k  ( H E N )  a n d  C a p i t a l

C o s t  T a r g e t s

T h ere  a re  th ree  fac to rs  w h ich  a ffec t H E N  co s t
- n u m b er o f  ex ch an g ers
- th e  o v e ra ll n e tw o rk  a rea
- th e  d is tr ib u tio n  o f  a rea  b e tw e e n  th e  ex c h a n g e rs
A  C o m p o site  cu rv e  g iv es h o w  m u c h  a re a  w ill b e  n ecessa rily  

u sed . M in im u m  a re a  re q u ire m e n t c an  b e  ach iev ed  b y  v e rtic a l h e a t tra n s fe r  b e tw e e n  
h o t an d  c o ld  co m p o site s .

in terv a l str ea m

A re a  in te rv a l =  ร (1/ATim) * ร (Q i/U i)
j i

T h is  e q u a tio n  g iv es  th e  m in im u m  a re a  re q u ire d  fo r h ea t 
re co v e ry  n e tw o rk  i f  h e a t tra n s fe r  c o e ffic ien ts  o f  all s tre am s are  u n ifo rm . B u t it is still 
accep tab le  i f  h e a t tra n s fe r  co e ffic ien ts  a re  n o t m u c h  d iffe re n t w ith  o th ers . H o w ev e r 
i f  th e re  are  la rg e  d iffe ren ces  in  h e a t tran sfe r  c o e ffic ien ts , c r is s -c ro ss  m a tc h in g  m ay  
g iv e  b e tte r  a re a  p re d ic tio n  th an  v e rtic a l h e a t tran sfe r.

T o  g e t e as ie r c a lc u la tio n  5 it sh o u ld  b e  d iv id e d  in to  each  
in te rv a l an d  f in d  a rea  o f  each  in te rv a l and  th e n  in teg ra te  a reas  o f  e a c h  in te rv a l to  g e t 
o v e ra ll h e a t ex c h a n g e  a re a  as sh o w n  in  F ig u re  2 .8 S in ce  th e  s lo p e  o f  h o t an d  co ld  
c o m p o s ite  cu rv es  do  n o t ch an g e , th e  h o t s tream  at an y  e n th a lp y  in te rv a l, a t any  p o in t, 
ex ch an g es  h e a t w ith  c o ld  s tream  a t th e  tem p e ra tu re  v e rtic a lly  b e lo w  it. T h e  ac tu a l 
H E N  to ta l a re a  is req u ired  g en era lly  w ith in  10%  o f  th e  a rea  ta rg e t as  c a lc u la ted  
above . W ith  in c lu s io n  o f  te m p e ra tu re  c o rrec tio n  fac to rs  a re a  ta rg e tin g  can  be  
e x ten d ed  to  n o n  co u n te r-c u rre n t h ea t ex ch an g e  as w ell.
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F igure 2.8 G en e ra l e x p re ss io n  fo r n e tw o rk  a rea  ta rg e t.

N u m b e r  o f  บ ท น  T a r g e t i n g

It is th e  b e s t i f  n u m b e r  o f  u n it th a t w ill b e  u se d  is m in im u m . 
A  fo rm u la  w h ic h  w ill b e  sh o w n  to  fin d  m in im u m  n u m b e r o f  u n it is

N m in M E R  =  (N h+ N c+ N u-1 )A P +  (N h+ N c+ N u-1)B P  
(L in n h o ff , B ., P o lley , G .T ., an d  S ah d ev , v.,1988 )
W h ere  N h  =  N u m b e rs  o f  h o t s tream s

N c  =  N u m b e r  o f  c o ld  s tream s
N u  =  N u m b e r o f  u tility  s tre am s

A P  =  A b o v e  P in c h  B P  =  B e lo w  P in c h

H e n  T o t a l  C a p i t a l  C o s t  T a r g e t i n g  

C ap ita l co st o f  s in g le  ex ch an g e r

C o s t =  a  +  b (A re a )c
(L in n h o ff , B., P o lley , G .T ., an d  S ah d ev , v.,1988 )
W h ere a  = In s ta lla tio n  co st

b  = M ate ria ls  co st
c = S cale  fac to r
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C a p ita l c o s t ta rg e t o f  a  n e tw o rk

C ostnetw ork =  Nmjn( a+ b (A target/N m j ท) )

A n n u a l i s e d  C a p i t a l  C o s t

S in ce  cap ita l c o s t is n o t d e fin ed  p e r y e a r  so it n e e d s  to  c o n n e c t to  an n u a liz ed  
cap ita l c o s t as  sh o w n  b e lo w .

E n e rg y  co st : $ /y ea r 
C a p ita l c o s t : $
T o  c o m b in e  th e se  co s ts ,ca p ita l co st is n eed ed  to  b e  ‘a n n u a liz e d ’
A n n u a liz e d  cap ita l c o s t = (C .A .F .) X (C ap ita l co st)
C .A .F . =  C ap ita l a n n u a liz e d  fac to r
C .A .F . =  (1(1+1)")/ ( I + l ) " - 1)
(L in n h o ff , B ., P o lley , G .T ., an d  S ah d ev , v . ,1 9 8 8  )
W h ere  I =  In te re s t ra te  p e r  an n u m

ท =  P la n t life (y ear)
2 . 1 . 1 .7  E s t i m a t i o n  o f  O p t i m u m  A T m i n  V a l u e  b y  E n e r g y - C a p i t a l  

T r a d e  O f f

A s m en tio n e d  in  s tep  3 (S e le c tio n  o f  in itia l A T m in  v a lu e ) , 
T o ta l co st w ill ch an g e  i f  v a lu e  o f  A T m in  is v a ried . T h e re  are  th re e  o b se rv a tio n s  i f  
v a ry in g  A T m in  is p e rfo rm ed .

- In c rea s in g  o f  A T m in  w ill re su lt in  h ig h e r  en e rg y  c o s ts  an d  lo w e r cap ita l 
co sts
- A T m in  d ec rea s in g  w ill re su lt in  lo w er en e rg y  c o s ts  an d  h ig h e r  cap ita l 
co sts

T h e  b e s t A T m in  to  b e  u se d  sh o u ld  g iv e  lo w e s t to ta l co st 
(en e rg y  c o s t p lu s  cap ita l cost)



16

H eat R ecovery System

Pinch Analysis
P inch Desgin 

M ethod

“I T

Capital & Energy T rade-off in design stage

F igure 2.9 C ap ita l &  E n erg y  C o s t T rade-off.

2 . 1 . 1 . 8  E s t i m a t i o n  o f  P r a c t i c a l  T a r g e t s  f o r  H E N  D e s i g n

H E N  d e s ig n  m u s t b e  b a se d  o n  A T m in  se le c tio n  , it can  b e  any  
v a lu e  b u t i f  A T m in  is to o  sm all, F o r ex am p le  ,6 c°, it w ill b e  v e ry  c o m p lic a te d  to  
d e s ig n  H E N  an d  a lso  h as  a  v e ry  sm all d riv in g  fo rce  so it c au se s  h ig h  a rea  o f  
ex ch an g er. T h e  d e sig n e r, in  p rac tic e  , se lec ts  a  h ig h e r  A T minv a lu e  (15 c°) an d  
ca lc u la te s  th e  m a rg in a l in c rease  in  u tility  d u tie s  an d  a rea  re q u ire m e n t. I f  th e  
m a rg in a l c o s t in c rea se  is sm all, th e  h ig h e r v a lu e  o f  A T m in  is se lec ted  as  th e  p rac tic a l 
p in c h  p o in t fo r  th e  H E N  design .

R eco g n iz in g  th e  s ig n ific an ce  o f  th e  p in c h  te m p e ra tu re  a llo w s  
en e rg y  ta rg e ts  to  be  rea liz ed  by  d e s ig n  o f  ap p ro p ria te  h e a t re co v e ry  n e tw o rk . T h e  
p in c h  d iv id e s  th e  p ro c e ss  in to  tw o  sep ara te  sy s tem s each  o f  w h ic h  is  in  en th a lp y  
b a lan ce  w ith  th e  u tility . T h e  p in c h  p o in t is u n iq u e  fo r each  p ro cess . A b o v e  th e  
p in c h , o n ly  th e  h o t u tility  is req u ired . B e lo w  th e  p in ch , o n ly  th e  c o ld  u tility  is 
req u ired , H en ce , fo r  an  o p tim u m  d esig n , no  h ea t sh o u ld  be  tra n s fe rre d  ac ro ss th e  
p in ch . T h is  is  k n o w n  as th e  k ey  co n cep t in  p in c h  te ch n o lo g y .

T o  su m m arize , P in ch  te c h n o lo g y  g iv es  th ree  ru le s  th a t fo rm  
th e  b a s is  fo r p ra c tic a l n e tw o rk  d esig n .

- N o  ex te rn a l h ea tin g  b e lo w  th e  p in ch
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- N o  e x te rn a l co o lin g  a b o v e  th e  p in c h
- N o  h e a t tra n s fe rs  ac ro ss  th e  p in c h  as  sh o w n  in  F ig u re  2 .9

Above Pinch I  ̂ Below Pinch

F igure 2.10 C ro ss  p in c h  o n  g rid  d iag ram .

A n y  v io la tio n  o f  th e  ab o v e  ru le s  re su lts  in  h ig h e r  en e rg y  
re q u ire m e n ts  th a n  th e  m in im u m  en erg y  req u irem en ts .

2 . 1 . 1 . 9  D e s i g n  o f  H e a t  E x c h a n g e r  N e t w o r k

F ro m  ta rg e tin g  stage , it is d e te rm in e d  th e  m in im u m  h o t an d  
c o ld  u tility  re q u ire m e n ts  o f  th e  p ro cess  a t any  g iv e n  m in im u m  te m p e ra tu re  ap p ro ach  
as  en e rg y  ta rg e t.

T h e  n e tw o rk  d e s ig n  stag e  is รณd ied  to  a ch iev e  th is  en e rg y  
ta rg e t. W h en  h e a t e x c h a n g e r n e tw o rk  d e sig n  is p e rfo rm e d , it n eed s  o n e  d iag ram  
w h ic h  can  c le a rly  sh o w  h o w  h o t an d  co ld  s tream s m a tch .

F ig u re s  2.11 an d  2 .12  w ill e x p la in  s tep  o f  fin d in g  AT an d  go 
to  g e t g ran d  c o m p o s ite  cu rve , th e se  s tep s  are  n ecessa ry  to  do  w h e n  it w ill p ass  to  
fu rth e r step .
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F ind  m ax. abso lu te  energy  flow  
in in terval h ea t transfer.

A d d  th a t am o u n t o f  m ax . abso lu te  
energ y  flow  on  th e  to p  in terval.

F igure 2.11 D ete rm in in g  p in c h  in te rv a l tem p era tu re .

In te rv a l T e m p

C a s c a d e  D ia g r a m  G r a n d  C o m p o s ite  C u r v e
( G C C )

F igure 2.12 P lo ttin g  g ran d  c o m p o s ite  c u rv e (L in n h o ff  an d  H in d m a rsh , 1983).

G rid diagram
T h is d iag ram  rep re sen ts  a ll o f  s tream  lin e s  e ith e r  co ld  o r h o t 

lin es , it is d iv id e d  in to  tw o  reg io n s , ab o v e  p in ch , an d  b e lo w  p in c h  reg io n s . A fte r  
A T m in  h as  a lread y  b e e n  p ro v id ed , T h e  g rid  d ia g ra m  is g en e ra ted  w ith  lo ca tio n  o f  
p in ch , as sh o w n  in  F ig u re  2 .13  T h e  b en e fit o f  g rid  d ia g ra m  is to  sh o w  s tream  
m a tch in g  an d  g e t th e  b e s t n e tw o rk  d o n e  in  th is  d iag ram .
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G rid  D iag ram

F igure 2.13 G rid  d iag ram  (L in n h o ff  an d  H in d m arsh , 1983).

W h en  d o in g  h e a t ex ch an g e r n e tw o rk  o n  g rid  d iag ram , it 
sh o u ld  s ta rt a t p in c h  p o in t, th e n  ex te n d  to  each  re g io n  an d  f in a lly  c o m b in e  each  
re g io n  to  b e  o n e  n e tw o rk .

N o rm a lly , each  s tream  w ill h av e  d iffe re n t sp ec if ic  h ea t 
v a lu e (C P ) a n d  so m e tim e s  a m o u n t o f  h o t an d  co ld  s tream s a re  n o t e q u a l so th a t it can  
le ad  to  g e t so m e  c o n s tra in ts  re la tin g  w ith  th is  co n d itio n . T h e  ru le s  o f  m a tc h in g  are

T h e  fe a s ib ility  c rite rio n  o f  ab o v e  p in c h  reg io n  
N h  m u s t be  less th an  o r eq u a l to  N c 
C P  o f  h o t s tre am  m u s t b e  less th a n  C P  o f  c o ld  s tream

T h e  fe a s ib ility  c rite rio n  o f  b e lo w  p in ch  reg io n  
N c  m u s t be  less  th an  o r eq u a l to  N h  
C P  o f  co ld  s tream  m u s t b e  less th a n  C P  o f  h o t s tre am

W h ere  N h  , N c  are  n u m b e r o f  h o t and  co ld  s tream s 
C P  are  h e a t cap ac ity
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F igure 2.14 G en era l ru le  fo r p in c h  s tream  m atch in g .

H o w e v e r  in  so m e  case  w h ic h  d o es  n o t c o n fo rm  to  th e se  ru le s  
it c a n  be  so lv ed  b y  sp ittin g  s tream  to  in c rease  n u m b e r o f  s tre am s to  re a c h  feas ib ility . 
E v e n tu a lly , i t  c a n  m a tc h  w ith  co ld  s tream  an d  g e t h ea t e x c h a n g e r n e tw o rk  done.

A s d e sc rib e d  p rev io u s ly , th e  h o t en d  re q u ire s  o n ly  h o t u tility  
so it a c ts  as  a  h e a t s in k  w h ile  th e  co ld  o n e  req u ire s  o n ly  c o ld  u tility  so  it a c ts  as a  h e a t 
so u rce . T o  a c h ie v e  th is  m in im u m  req u irem en t, th e  d e s ig n  h a s  to  o b ey  th e  p in c h  
p rin c ip le . T h e  p in c h  p rin c ip le  c o m p rise s  o f

- T h ere  is no  h ea t tran sfe r  ac ro ss th e  p in c h  p o in t
- T h ere  is n o  c o ld  u tility  ab o v e  th e  p in c h
- T h e re  is no  h o t u tility  b e lo w  th e  p in c h

(a)
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(b)

F igure 2.15 (a) S tream  sp ittin g  ru le s  fo r ab o v e  p inch .
(b) S tream  sp ittin g  ru le s  fo r b e lo w  p inch .

F ig u re  2 .15  sh o w s co n d itio n s  w h e th e r it n eed  to  sp lit s tre am  
o r n o t, fo r ex a m p le  w h e n  c o n s id e rin g  a t ab o v e  p in c h  i f  n u m b er o f  c o ld  s tream s is  less 
th a n  n u m b e r o f  h o t s tre am s, h o t s tream s m u st be  sp lit o r i f  C P  o f  c o ld  s tream  is  less 
th a n  h o t s tream , co ld  s tream  c a n  be  sp lit to  g e t lo w er C P  value.

2.2 C olum n T argeting

T h e  g o a l fo r c o lu m n  ta rg e tin g  is to  red u ce  u tilitie s  co st, im p ro v e  en e rg y  
e ffic ien cy , re d u c e  cap ita l in v es tm en t(b y  im p ro v in g  d riv in g  fo rce ) an d  fac ilita te  
c o lu m n  d eb o ttle n e c k in g . It is  v e ry  c lo se d  to  h ea t in te g ra tio n  o f  th e  p ro c e ss  b u t n o w  
it  is  ju s t  c o n s id e re d  o n ly  fo r co lu m n . F o r  ex am p le , th e  m in im u m  th e rm o d y n a m ic  
c o n d itio n  p e r ta in s  to  th e rm o d y n a m ic a lly  rev e rs ib le  c o lu m n  o p e ra tio n . In  th is  
c o n d itio n , a  d is til la tio n  c o lu m n  w o u ld  be o p e ra ted  a t m in im u m  re flu x , w ith  an  
in fin ite  n u m b e r o f  s tag es , an d  w ith  h ea te rs  an d  co o le rs  p la c e d  a t e a c h  stag e  w ith  
ap p ro p ria te  h e a t lo ad s fo r th e  o p e ra tin g  and  eq u ilib r iu m  lin es  to  co in c id e . In  o th e r 
w o rd , th e  re b o ilin g  an d  co n d en s in g  lo ad s are  d is tr ib u te d  o v e r th e  te m p e ra tu re  ran g e  
o f  o p e ra tio n  o f  th e  co lu m n . T h e  s tag e -en th a lp y (S tag e -H ) o r te m p e ra tu re -e n th a lp y  (T - 
H ) p ro file s  fo r su ch  a  co lu m n  th e re fo re  rep re sen t th e  th e o re tic a l m in im u m  h ea tin g  
an d  co o lin g  re q u ire m e n ts  in  th e  tem p e ra tu re  ran g e  o f  sep a ra tio n . T h ese  p ro file s  are



22

ca lled  th e  C o lu m n  G ran d  C o m p o s ite  C u rv es  (C G C C s) w h ic h  is  s im ila r  to  G ran d  
C o m p o s ite  C u rv e  in  h e a t in te g ra tio n  o f  th e  p ro cess.

2.3 D ata R econciliation

D a ta  re c o n c ilia tio n  is  o n e  te ch n iq u e  w h ic h  u se s  s ta tis tic  to  a d ju s t accu racy  
o f  data . T h e  e rro rs  a lw ay s  o c c u r d u rin g  ran d o m  m e a su re m e n ts . T o  p re d ic t th e  tru e  
v a lu e  fro m  m e a su re m e n t v a lu e , it is  n ecessa ry  to  d e sc rib e  th e  e rro r, X , as  sh o w n  
b e lo w

T ru e  v a lu e  =  M easu red  v a lu e  +  X
Id ea lly , th e  e rro r is ze ro  so  th a t m e a su re d  v a lu e  eq u a ls  th e  tru e  v a lu e . In  

p ra c tic e , th is  is  im p o ss ib le , b u t th a t X  can  be  co rre c ted  to  be  sm a ll e n o u g h  fo r a 
re a so n a b ly  a c c u ra te  an d  w e ll-c a lib ra te d  in stru m en t.

D a ta  re c o n c ilia tio n  is fu lly  cap ab le  o f  re c o n c ilia tio n  o f  th e  m ea su re m e n ts  
w ith  an y  c o m p le te  p la n t m o d e l, c o n ta in in g  m ass , en e rg y  c o m p o n e t co n se rv a tio n , 
v a p o r- liq u id  e q u ilib r iu m , an d  so on.

2.4 L iterature Survey

2.4 .1  A p p lic a tio n s  o f  P in c h  T ech n o lo g y
P in c h  te c h n o lo g y  (P T ) w as p ro v e d  to  be  im p o rta n t fo r  e n g in ee rs  to  

an a ly ze  an d  d e s ig n  ch em ica l p ro c e sse s  (S tan k iew icz , 1993) . B y  a llo w in g  en g in ee rs  
to  track  th e  h e a t o r  p re ssu re  flo w s  in  all p ro cess  s tream s w ith in  a  p la n t, P T  m ad e  it 
e a s ie r  to  in te g ra te  p la n t desig n . R e a rran g in g  eq u ip m e n ts , su ch  as reac to rs , 
ev ap o ra to rs , p u m p s , d is tilla tio n  co lu m n s, an d  se p a ra to rs , can  m a k e  u n it o p e ra tio n s  
m o re  e ff ic ien t, in  en e rg y  c o n su m p tio n  su ch  as h e a t e x c h a n g e r  n e tw o rk s . It is 
av a ila b le  to  a u to m a te  th e  re d e s ig n  p ro c e ss  and  P T  is se t to  m o v e  b e y o n d  en e rg y , in to  
p re ssu re  d ro p  o p tim iz a tio n  an d  d is tilla tio n  co lu m n s seq u en c in g .

M o reo v e r, th e  p in c h  co n cep t is a lso  u se d  to  d e v e lo p  a  p ro c e d u re  to  
o p tim ize  a  l ic e n so r’s d e s ig n  fo r co m p lex  p ro c e sse s  w ith  m an y  u tili t ie s  an d  u n it 
o p e ra tio n s  (T riv ed i e t  a l . , 1996). T h e  p ro ced u re  in c lu d e d  a  m e th o d  to  se t th e
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m arg in a l c o s t fo r v a rio u s  u tility  leve ls. I t a lso  illu s tra te s  h o w  to  u se  c o m p o s ite  and  
g ran d  c o m p o s ite  cu rv e s  to  se t th e  lev e l an d  lo ad  o f  v a rio u s . In  a d d itio n , th e  m e th o d  
o p tim iz e s  d is tilla tio n  c o lu m n  u s in g  th e  co n cep ts  o f  c o lu m n  g ran d  c o m p o s ite  cu rves.

In  a d d itio n  to  th e  u se  o f  P T  as a  d e s ig n  to o l, it c an  b e  c o m b in e d  w ith  
e x e rg y  a n a ly s is  to  d e v e lo p  a m e th o d  fo r  p ro cess  m o d if ic a tio n  (F en g  a n d  Z h u , 1997). 
T h e  g rap h ica l re p re se n ta tio n  o f  p in c h  an a ly s is  co m b in e s  w ith  th e  p o w e r to  id en tify  
th e  cau se  o f  th e rm o d y n a m ic  im p e rfe c tio n  w as u se d  to  re p re se n t th e  w h o le  system . 
O m eg a -H  d ia g ra m  w as  p ro p o se d , en e rg y  an d  ex e rg y  b a la n c e s  c a n  b e  re p re se n te d  in  
th is  d iag ram  w h ic h  h e lp s  th e  p ro cess  an a ly s t to  v ie w  th e  p e rfo rm a n c e  an d  se t th e  
ta rg e t fo r im p ro v e m e n t, m o d if ic a tio n  can  be  lo ca ted  by  v ie w in g  th e  im p e rfe c tio n  o f  
th e  ex is tin g  p ro cess . T h e  sam e  id ea  w as  a lso  ap p lied  to  h ea t e x c h a n g e r  n e tw o rk  
a n a ly s is  (S o rin  an d  P a ris , 1997). H ea t e x c h a n g e r n e tw o rk  w as tre a te d  as  a  s in g le  u n it 
o p e ra tio n  w h ic h  s im p lif ie s  to  th e  g rap h ica l re p re se n ta tio n  o f  ex e rg y  an d  red u ces  th e  
c o m p u ta tio n a l e ffo rts .

P ro cess  in te g ra tio n  (P I) is a  m a jo r  a re a  in  w h ich  th e  p in c h  a n a ly s is  is 
ap p lied  (H a lla le , 2 0 0 1 ). P I is n o t o n ly  th e  p in c h  a n a ly s is  an d  en e rg y  in te g ra tio n  b u t it 
h ad  b een  e x te n d e d  its  u se s  to  v a rio u s  ap p lica tio n s . T h e  fo u r  m a jo r  o b je c tiv e s  o f  PI 
a re  1) e ff ic ie n t u se  o f  ra w  m a te ria ls  2) en e rg y  e ffic ie n cy  3) e m iss io n  re d u c tio n  a n d  4) 
p ro cess  o p e ra tio n s . M an y  ap p lica tio n s  o f  p in c h  te c h n o lo g y  w ere  d iscu ssed . T h ey  are 
u se d  in  h y d ro g e n  m an ag em en t, to ta l s ite  a n a ly s is  an d  in te g ra tio n , h e a t ex ch an g e r 
n e tw o rk s  d e s ig n  an d  re tro fit, c o lu m n  a n a ly s is  an d  in te g ra tio n  an d  w a te r  m an ag em en t. 
A ll o f  th e se  a p p lic a tio n s  s ta rt fro m  g en e ra tin g  c o m p o s ite  cu rv e , lo c a tin g  p in c h  p o in t, 
se ttin g  ta rg e ts  an d  th en  d es ig n in g  o r m o d ify in g  to  a ch iev e  th e  ta rg e ts .

2 .4 .2  T h e  P in c h  D es ig n  M e th o d  fo r N e w  H e a t E x c h a n g e r  N e tw o rk  D es ig n
In  p in c h  an a ly s is , a f te r  th e  d e s ig n e rs  h av e  se t th e  ta rg e t fo r  th e  

p ro b lem , th e  n e x t s tep  th ey  h av e  to  do  is to  d e s ig n  a  n e tw o rk  to p o lo g y  th a t sa tis f ied  
th e  se ttin g  ta rg e t. T h e  f irs t d e s ig n  m e th o d o lo g y  is c a lled  “T h e  p in c h  d e s ig n  m e th o d  
(P D M )” (L in n h o ff  an d  H in d m arsh ,1 9 8 3 ). T h e  sy n th es is  s ta rts  a t th e  p in ch  and  
m o v in g  aw ay  to  th e  re m a in in g  parts . T h e  d e sig n  at th e  p in c h  is e m p lo y e d  by s tream  
sp littin g  to  sa tis fy  p in c h  p rin c ip le s  an d  th e  fe a s ib ility  c rite ria . T h e  p ro c e d u re  is  sped
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up  by  t ic k -o f f  h e u ris tic  b u t th is  can  p en a liz e  th e  en e rg y  u sag e . In  th e  fina l step , th e  
d e s ig n  to p o lo g y  is tra d e -o f f  b e tw een  en e rg y  an d  cap ita l c o s t b y  u s in g  h e a t lo ad  lo o p  
an d  h ea t lo ad  p a th .

L in n h o ff  a n d  A h m ad  (1 9 9 0 a) p re se n te d  a  s im p le  m e th o d o lo g y  fo r th e  
d e s ig n  o f  n e a r  o p tim u m  h e a t e x c h a n g e r n e tw o rk s  w ith  en e rg y -cap ita l tra d e -o f f  
co n s id e ra tio n . T h e  ap p ro ach  is b a sed  o n  se ttin g  c o s t ta rg e ts , o p tim iz in g  th e se  ta rg e t 
p r io r  to  th e  d e s ig n  by  u s in g  s im p le  cap ita l co st m o d e l w h ic h  g iv es  th e  re su lts  w ith in  
5 p e rc e n t o f  th e  o p tim u m  so lu tio n . T h e  d e ta iled  cap ita l c o s t m o d e ls , w h ic h  co n s id e r 
th e  d iffe ren ce  in  h e a t tra n s fe r  c o e ffic ien t, n o n -lin e a r h e a t e x c h a n g e r  c o s t law , n o n ­
c o u n te r  c u rre n t e x ch an g e r, n o n -u n ifo rm  m ate ria l o f  c o n s tru c tio n , p re ssu re  ra tin g  an d  
e x c h an g e r ty p e  in  th e  n e tw o rk , g iv es  th e  m o re  accu ra te  re su lts  (A h m ad , L in n h o ff  an d  
S m ith , 1990b).

T o  m ak e  a  d e s ig n  eco n o m ica lly , m o s t o f  d e s ig n e rs  a re  try in g  to  
o p tim iz e  th e  u se  o f  in te rm ed ia te  u tilitie s . In  th is  s itu a tio n , th e  u tility  in ch es  are  
c rea ted  in  th e  n e tw o rk  p ro b lem s. T h e  P D M  d e sc r ib e d  ab o v e  is su ited  fo r ju s t  o n ly  
o n e  p in c h  p o in t in  th e  p ro b lem . T h e re fo re , th e  m u ltip le  p in c h  d e s ig n  m e th o d  w as 
p ro p o sed .

Jezo w sk i (1 9 9 2 ) rev iew ed  a  p in c h  d e s ig n  m e th o d  (P D M ) fo r m u ltip le  
p in c h  p ro b lem s. T h e  d e s ig n  is s ta rted  by  d e fin in g  th e  in v e rse  p in c h  p< )int. T h is  p o in t 
w ill sep a ra te  a  re g io n  b e tw e e n  p in ch es  in to  tw o  su b -reg io n s . T h e  P D M  p ro p o se d  by  
L in n h o ff  an d  H in d m a rsh  (1 9 8 3 ) w as u se d  fo r d e s ig n in g  w ith  so m e  g u id an ce . T h e  
d e s ig n  is  s ta rte d  fro m  b o th  p in ch es  s im u ltan eo u s ly . T h e  o b ta in e d  so lu tio n s  fea tu re  
th e  m a x im u m  en erg y  reco v e ry  an d  m in im u m  n u m b e r o f  u n its .

A lm o s t tw o  d ecad es  o f  d ev e lo p m e n t, th e  a n a ly s is  o f  th e  P D M  
p ro b le m s  w a s  seen  by  m an y  re se a rch  g ro u p s. P o lley  an d  H eg g s  (1 9 9 9 ) sh o w ed  the  
p ro b le m s  o f  th e  p in c h  d e s ig n  m e th o d  (P D M ). F irs tly , th e  d e s ig n s  o b ta in e d  can  be 
n o n -o p tim a l d e s ig n s . S eco n d ly , th e  n a tu re  o f  p ro cess  s tream s a re  n o t acco u n ted . 
T h ird ly , it d o es  n o t c o n s id e r th e  im p ac t o f  n e tw o rk  on  p la n t p ip in g  an d  p ro cess  flow . 
F in a lly , th e  so ftw a re  in v o lv ed  u su a lly  c o m p lica ted  an d  th ey  can  n o t g iv e  an  o p tim a l 
d es ig n . A  p ro b le m  d e c o m p o s itio n  an a ly sis  is u sed  fo r th e  d e s ig n  in s tead  o f  P D M . 
T h e  d e s ig n  o b ta in e d  is a  n e tw o rk  in  local w h ich  is e as ily  to  o p e ra te  an d  lo w  cost. T he
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p ro c e d u re  is s ta rte d  fro m  p ro b le m  s im p lif ic a tio n , id e n tif ie d  th e  p ro cess  ch an g es , 
se ttin g  th e  f in a l p ro b lem , d e c o m p o s itio n  an a ly s is  b a se d  o n  flo w -sh e e t an d  
d e c o m p o s itio n  o n  a  th e rm a l basis .

2 .4 .3  T h e  P in c h  D es ig n  M e th o d  fo r H ea t E x c h a n g e r  N e tw o rk  R e tro fit
T h e  ab o v e  d isc u ss io n  is m ad e  o n ly  to  th e  g ra ss -ro o t d esig n . In  

p rac tic e , th e re  a re  m a n y  p e tro c h e m ic a l p lan ts  th a t  h a s  b e e n  in v e s te d  fo r th e  
ex ch an g e rs . T h e  d isc u ss io n  ab o v e  is n o t a p p ro p ria te  fo r th is  ca se , s in ce  m an y  o f  
in v e s te d  h e a t e x c h a n g e rs  h av e  to  b e  e lim in a te d  to  a ch iev e  th e  en e rg y  ta rg e t. T h e  
a p p ro a c h  h a s  b e e n  d e v e lo p e d  ab o u t th e  sam e  p e r io d  as fo r  th e  g ra ss -ro o t one . T h e  
d e v e lo p m e n t o f  m e th o d  fo r re tro fittin g  p la n ts  b a se d  o n  p in c h  a n a ly s is  is d iscu ssed  
b e lo w .

T jo e  an d  L in n h o ff  (1 9 8 6 ) p re se n te d  a  m e th o d  th a t  u se d  p in c h  d e s ig n  
m e th o d  fo r  p ro c e ss  re tro fits . T h e  a ssu m p tio n  in  th is  m e th o d  is a  g o o d  re tro fit th a t 
m a k e s  th e  p ro c e ss  s im ila r  to  o p tim u m  g ra ss-ro o t d es ig n . T h e  f irs t s tep  is to  se t th e  
ta rg e t by  u s in g  a re a -en e rg y  cu rve . T h e  d e s ig n  w a s  d o n e  by  a s su m in g  th a t  th e  n ew  
a rea  w ill h av e  th e  sam e  e ffic ien cy  as  th e  ex is tin g  one. T h e  m in im u m  te m p e ra tu re  an d  
en e rg y  sav in g  a re  se t u n d e r  a  sp ec ified  p a y b a c k  tim e  o r  in v es tm en t. T h e  re tro f it  is  to  
id e n tify  th e  c ro ss -p in c h  e x c h an g e rs  an d  m o d ify  th em . T h e  m e th o d  w a s  a lso  ap p lied  
fo r e th y len e  p la n t re tro fit (L in n h o ff  an d  W ith e re ll, 1986)

T h e  p a ra m e te r  c o n ce rn in g  w ith  th e  c o s t o f  m a tc h in g  w a s  c o n s id e re d  in  
a  n e w  a p p ro a c h  fo r h ea t e x c h an g e r n e tw o rk  re tro fit (C a rlsso n , F ra n c k  an d  B e m tsso n , 
1993). T h e  c r is s -c ro ss  m a tch in g  w as b e lie v e d  to  g iv e  a  lo w e r c o s t so lu tio n  
co m p a rin g  to  th e  v e rtic a l m atch in g . In  th is  ap p ro ach , th e  c o s t o f  m a tc h  is in c lu d in g  
th e  e ffec t o f  o th e r  p a ram e te rs . T h e  m a tc h  co st m a tric e s  w as p ro p o se d . T h e  m a tric e s  
sh o w  th e  ty p e  o f  m a tc h in g , co s t o f  m a tch in g . T h e  d e s ig n e rs  w ill se lec t th e  m a tc h  an d  
th e  n e w  m a tric e s  w ill b e  ca lcu la ted  fo r th e  re m a in in g  p art. T h e  n e tw o rk s  co st is th e  
su m  o f  th e se  c h o se n  m a tch es .

P o lley  an d  A m id p o u r  (2 0 0 0 ) sh o w ed  th e  p ro c e d u re  fo r re tro fittin g  
in d u s tr ia l h e a t e x c h a n g e r n e tw o rk s . T h ey  in d ica ted  th a t th e  cap ita l in v e s tm e n t an d  
p a y b a c k  tim e  a re  th e  im p o rta n t e c o n o m ic  in d ica to rs  fo r p ro cess  re tro fit. T h e  sav in g -



2 6

in v e s tm e n t p lo t  w as u sed  to  d e te rm in e  th e  re tro fit ta rg e t. T h e  re tro f it  an a ly s is  w as 
s ta rted  by  c o m p a rin g  th e  p e rfo rm an ce  o f  th e  ex is tin g  u n it w ith  th e  id ea l re la tio n sh ip  
v ia  a re a  e ff ic ien cy . T h e  a n a ly s is  is b a se d  on  a ssu m p tio n  th a t  an y  n e w  a rea  h as  a t least 
th e  sam e  e ffic ie n cy  as  th e  ex is tin g  one . In  c o n v e n tio n a l m e th o d , th e  c ro ss-p in ch  
ex c h a n g e rs  w e re  id e n tif ie d  an d  th e n  m o d if ie d  th em . T h ey  a lso  in d ica ted  th e  
d isa d v a n ta g e s  o f  th e  ex is tin g  m eth o d . A t th e  sam e  tim e , th ey  p ro p o se d  th e  n ew  
p ro c e d u re  b y  id e n tify in g  th e  s tru c tu re  o f  th e  re v a m p e d  u n its  in  th e  f irs t s tag e  an d  th en  
e n e rg y -in v e s tm e n t tra d in g -o f f  w ill b e  d o n e  to  s ize  a n d  m o d ify  th e  ex ch an g e rs .

2 .4 .4  P ro cess  H ea t In te g ra tio n
A  p ro c e ss  h ea t in te g ra tio n  is  c o n c e rn e d  ab o u t th e  in te g ra tio n  o f  h ea t 

en g in es , h e a t p u m p s , d is tilla tio n  c o lu m n s  w ith  th e  b a c k g ro u n d  p ro c e sse s  to  ach iev e  
as h ig h  as b e n e fits  o v e r s tan d  a lo n e  one. A  c r ite r ia  fo r  p la c e m e n t o f  h e a t en g in es  and  
h ea t p u m p s  in  p ro cess  n e tw o rk s  w as f irs t p re se n te d  by  T o w n se n d  an d  L in n h o ff  
(1 9 8 3 a). T h e  c rite ria  p ro p o se d  is b a sed  on  th e  p ro c e ss  n e tw o rk  p in ch . T h e  
ap p ro p ria te  p la c e m e n t is th e  p la c e m e n t a t w h ich  w e  can  g e t a d v a n ta g e s  o v e r th e  
s tan d  a lo n e  en g in es  o r  p u m p s. F o r th e  h ea t en g in es , th ey  sh o w e d  th a t  an  ap p ro p ria te  
p la c e m e n t is to  p lace  th e m  a t e ith e r ab o v e  o r b e lo w  p in c h  b u t n o t a c ro ss  p ro cess  
p in ch . T h e  s itu a tio n  fo r h ea t p u m p s  is o p p o site . T h e  a p p ro p ria te  p la c e m e n t in  th is  
case  is  to  p la c e  th e m  ac ro ss  th e  p in ch . T h ey  a lso  sh o w ed  th a t to  g e t th e  100 p e rc e n t 
e ff ic ie n cy  u s in g  th e  rea l en g in es , w e  h av e  to  u se  a  la rg e  n u m b e r o f  e n g in e s  c o n n ec ted  
in  se ries . In  ad d itio n , th ey  d iscu ssed  th a t in  p rac tic a l, w e  can  n e v e r  a c h iev e  a fu lly  
a p p ro p ria te  in te g ra tio n  d u e  to  th e  h e a t h as  to  c ro ss  th e  p in c h  to  th e  am b ien t. W ith  
th is  d e v e lo p m e n t, an  ap p lic a tio n  to  d is tilla tio n  c o lu m n  w a s  d e v e lo p e d  in  a  n ex t few  
m o n th s .

T o w n se n d  an d  L in n h o ff  (1 9 8 3 b ) a p p lie d  th e  u se d  o f  th e  c rite rio n s  
p ro p o se d  a b o v e  fo r se le c tin g  th e  b e s t p rac tic a l te c h n o lo g y  fo r an y  d e s ig n  sy stem s. 
T h e  p ro cess  so u rc e /s in k  p ro file  w as in tro d u ced  in  th is  p ro ced u re . T h e  p ro ced u re  is 
b a sed  on  th e  p in c h  an a ly sis . T h is  m e th o d  can  a lw ay s  fo rm  a  p o in t o f  re fe ren ce  and  
tak e  ac c o u n t o f  p rac tic a l d e s ig n  co n stra in ts . T h e  p ro c e d u re  can  be  u se d  to  ev a lu a te  
o p tio n s  a t th e  p re lim in a ry  d e sig n  stag e  an d  to  id en tify  th e  p re fe rre d  c o n fig u ra tio n  fo r
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chemical and other processes involving integrated heat recovery and power 
generation. The procedure represents a breakthrough in the general area of process 
synthesis that takes into account the fundamental importance of the heat recovery 
pinch.

As mentioned before, the heat engine placement was lead to the 
development of a criterion to place distillation columns into process streams. The 
discussion was first given by Linnhoff, Dunford and Smith (1983). They discussed 
about the placement of columns and got the interesting conclusions. First, if the 
good integration between columns and process is achieved, the columns can be run 
with free of utility charges. Second, they found that the conventional column 
integration methods, e.g., multiple effect columns, can prevent the good integration. 
They showed that the good integration is obtained by placing column in one side of 
pinch, i.e. not go across the pinch and either the re-boiler or condenser being 
integrated with the process. If these criteria can be met, energy cost of distillation 
column can effectively be zero.

The development of an approach for shaft-work targeting directly 
from process data using pinch analysis (PA) was important in designing low- 
temperature process (Linnhoff and Dhole, 1992). The approach bypasses the design 
of both heat exchanger network (HEN) and refrigeration system. The combination of 
PA and exergy concepts was used in developing the method. Comparison with the 
existing method, in which shaft-work is determined from the refrigeration load, the 
proposed approach is simpler. It provides a strong tool for understanding and 
assisting the designer to find the best HEN and refrigeration system simultaneously. 
An ethylene process design study was chosen for illustrated the approach.
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