
CHAPTER n
T H E O R E T IC A L  B A C K G R O U N D  A N D  L IT E R A T U R E  R E V IE W

In  th e  ch em ica l p ro cess  in d u s try , th e re  a re  m any  p ro c e sse s  th a t o p e ra te  
b e lo w  am b ien t tem p e ra tu re . T h e se  p ro cesse s  o ften  req u ire  h e a t rem o v a l from  
p ro cesse s  and  h ea t re jec tio n  to  ex te rn a l agen ts , such  as  co o lin g  w a te r  o r  air. 
R e frig e ra tio n  sy s tem s a re  e m p lo y e d  to  su p p ly  low  te m p e ra tu re  co o lin g . U su a lly  
re frig e ra tio n  are  m u c h  m o re  e x p e n s iv e  th an  o th e r  n o rm al u tili tie s , d u e  to  h igh  
o p e ra tin g  co st an d  cap ita l in te n s iv e  co m p ress io n  trains. T h e  o p e ra tin g  co sts  for 
re fr ig e ra tio n  sy s tem s a re  o ften  d o m in a te d  by  th e  co s t o f  sh a f t w o rk  to  d r iv e  th e  
com p resso rs . In  su b a m b ie n t p ro c e sse s , su ch  a s  e th y len e  p la n ts  an d  n a tu ra l gas 
liq u e fac tio n  p lan ts, d es ig n  o f  re fr ig e ra tio n  system s is th e  m a jo r  c o n c e rn  fo r  en e rg y  
co n su m p tio n  an d  p o w e r  co n su m p tio n .

A  su b a m b ie n t p ro cess  u su a lly  co m p rise s  o f  th re e  m a jo r  p a rts , n am e ly  
p ro cess , h ea t e x c h a n g e r  n e tw o rk  an d  re fr ig e ra tio n  system , as  sh o w n  in  F ig u re  2.1

PROCESS

HEN REFRIGERATION

Figure 2.1 In te rac tio n  b e tw e e n  th re e  m a in  com p onen ts .

T h ese  sy s tem s a re  all h ig h ly  in te rac tiv e  and  in te r lin k e d  to  each  o ther. 
C h an g es  in  any  o n e  o f  th em  w ill c a u se  ch an g es  in  th e  o th e r  tw o  parts . A n y  
m o d ific a tio n s  in th e  p ro cess  o r  H E N  w ill have  a d o w n stre am  im p a c t on  th e  sh a ft 
w o rk  req u irem en t o f  th e  re fr ig e ra tio n  system . T he  in te rac tio n s  m a k e  th e  d e s ig n  o f  
re fr ig e ra tio n  sy stem s very' c o m p le x . A ll d es ig n  co n s id e ra tio n s  in c u r  tra d e -o ffs  
b e tw een  energy  sav in g  an d  e x tra  c ap ita l in vestm en t. F ig u re  2 .2  sh o w s  a  ty p ic a l g ran d  
co m p o site  cu rve  (G C C s) o f  su b a m b ie n t p ro cesses . It g ives th e  w h o le  h e a t so u rc e  an d  
s in k  p ro file  o f  th e  p ro cess . F u r th e r  en e rg y  sav ing  can  be  a c h ie v e d  b y  b e t te r  h e a t



integration with processes (Linnhoff, 1991). Therefore, optimal synthesis of
refrigeration systems cannot be accomplished without considering the overall context
of processes.

Figure 2.2 G ran d  co m p o site  cu rve  (G C C s)  o f  su b a m b ie n t p rocesses.

2.1 Refrigeration System

Compressor

Figure 2.3 A simple refrigeration cycle flow diagram.
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F igure 2.4 P -H  d iag ram  o f  s im p le  re fr ig e ra tio n  cycle .

T h e  re frig e ra tio n  cycle , as  sh o w n  in F ig u re  2 .3  an d  2 .4 , co n s is ts  o f  fo u r 
parts: a  c o m p resso r , a  co n den ser, an  e v a p o ra to r, a n d  an  ex p an s io n  valve.
T h e  sa tu ra te d  re frig eran t v ap o r a t p o in t d  g o es  th ro u g h  th e  c o m p re sso r  a f te r  
a b so rb in g  h e a t in  th e  evapora to r, w h e re  th e  sh a ft w o rk  is co n su m ed  an d  th e  p re ssu re  
o f  th e  v a p o r  is lifted. T he ou tle t su p e rh e a te d  v a p o r  is a t p o in t a. T he v a p o r  is  co o le d  
d o w n  in th e  co n d en se r at c o n s ta n t p re ssu re  un til it reach es  th e  d e w  p o in t 
tem p e ra tu re . T h e n  the  sa tu ra ted  v a p o r  is c o n d e n se d  a t c o n s ta n t tem p e ra tu re  a t  p o in t b 
th e  v a p o r  is co n v erted  to  sa tu ra ted  liqu id . T o  reach  its ev ap o ra tin g  te m p e ra tu re  at 
p o in t c , th e  sa tu ra ted  liqu id  g o es  th ro u g h  an  e x p a n s io n  va lve  u n d er an  is e n th a lp ic  
p ro cess. F ro m  p o in t c  to  po in t d , th e  re fr ig e ra n t a b so rb s  h ea t an d  is ev ap o ra ted .

W h en  re frigera tion  is re q u ire d  at v e ry  lo w  te m p e ra tu re , a  c a sc a d e  
re fr ig e ra tio n  sy stem  is o ften  u sed , w h ic h  c o n s is ts  o f  tw o  o r  m o re  cy c le s  a n d  each  
cy c le  o p e ra te s  by  a d ifferen t re fr ig e ran t. A  s im p le  c a sc a d e  re fr ig e ra tio n  sy s tem  is 
lo w e r cy c le  ab so rb s  h ea t and  re jec ts  c o n d e n sa tio n  h e a t to  th e  up per cycle . T h e  u p p e r  
c y c le  a b so rb s  re jec ted  hea t from  th e  lo w e r  cy c le , w h ic h  is c o ld e r  than  lo w er. F in a lly , 
th e  h ea t in  th e  up perm ost cycle  is re je c te d  to  e x te rn a l h ea t sinks. T h e  re a so n s  fo r 
u s in g  c a sc a d e  re frig era tio n  sy s te m s  a re  tw o -fo ld s . F irs t, an y  s in g le  re fr ig e ra tio n  
c a n n o t c o v e r  su c h  a  w ide re fr ig e ra tio n  te m p e ra tu re  range . S econ d , in  te rm s  o f  en e rg y

o
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c o n su m p tio n , using  a  s in g le  re fr ig e ra n t fo r  th e  w h o le  re fr ig e ra tio n  d e m a n d  m ay  
c o n su m e  m o re  shaft w o rk  th a n  u s in g  m u ltip le  re fr ig e ran ts .

B es id e s  su itab le  o p e ra t in g  te m p e ra tu re  ran g es , th e re  a re  sev e ra l 
c o n s id e ra tio n s  fo r se lec tin g  re fr ig e ra n ts . C o n v e n tio n a lly , C h lo ro f lu o ro c a rb o n  (C F C ) 
a n d  H y d ro c h lo ro f lu o ro c a rb o n  (H C F C ) re fr ig e ra n ts  a re  w id e ly  u sed  in  d o m e s tic  
re fr ig e ra to rs  and  au to m o tiv e  a ir  co n d itio n e rs . B u t th o se  re fr ig e ra n ts  w ith  
in te rm e d ia te  to  h igh  o zo n e  d e p le t io n  p o te n tia l (O P D ) w ill be  to ta lly  b a n n e d  in  th e  
y e a rs  to  com e. M any e ffo rts  h av e  a lre a d y  b e e n  m a d e  to  fin d  re p la c e m e n ts  w ith  
s im ila r  th e rm o d y n am ic  a n d  tra n sp o r t p ro p e rtie s  to  th o se  b an n e d  re fr ig e ran ts . F ac to rs  
su ch  as  ch em ica l s tab ility , h e a l th  sa fe ty , f la m m a b ility , an d  O P D  h a v e  to  b e  ta k e n  
in to  co n s id e ra tio n  w h en  se le c tin g  p ro p e r  re fr ig e ra n ts  to  use.
T h e  ca lcu la tio n  p roced ure  is  p e rfo rm e d  in  th re e  steps:
1. F in d  th e  co rre sp o n d in g  v a p o r  p re ssu re , Pb a n d  p c by  u s in g  A n to in e  eq u a tio n :

In p v a p  = A _  (2.1)
2. F in d  th e  ou tle t te m p e ra tu re , T a> o f  co m p resso r. M o st gas c o m p re ss io n s  fo llo w  
th e  a d ia b a tic  pa th , w h ere  k is th e  ise n tro p ic  ex p o n en t.

p  • v k =  c o n s ta n t  (2 .2 )
G iv e n  th e  co m p re sso r’s is e n tro p ic  e ff ic ie n c y  (ท ุ,), th e  o u tle t te m p e ra tu re  (T a) c a n  be 
fo u n d  b y

Ta = Td

/
(2 .3 )

W h ere ,

k  = CP
0C p - R ) (2 .4 )

Cp is th e  av e rag e  m o la r h e a t c a p a c ity  a t  T a a n d  Td
3. C a lc u la te  th e  sh aft w o rk  req u irem en t. A n  en e rg y  b a la n c e  a ro u n d  th e  
c o m p re sso r  g ives th e  shaft w o rk  re q u ire m e n t o f  co m p resso r:

W shaf t  — m  • ( h a — h d ) (2 .5 )
T h e  en th a lp y  is e s tim a ted  by  u s in g  th e  d e p a rtu re  fu n c tio n  o f  P e n g -R o b in so n  e q u a tio n  
o f  sta te :
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h - h *  =  R T ( z  -  1) +

W h ere ,

a ( T )  = 0.45724 ป ี ^ - -  a (2.7)

b  =  0 .0 7 7 8 0 ^ (2 .8)

Va =  1 + K • (2.9)

K =  0.37464 + 1.54226 - O) -  0.26992 - (ช2 (2.10)
d a

d t
(2 .11)

(2. 12)

T h u s , th e  en tha lpy  d iffe re n c e  c a n  b e  c a lc u la te d  b e tw een  tw o s ta te s , h a - hd, by th e  
fo llo w in g  re la tion .

W h e re  th e  firs t and  th ird  te rm s  o f  th e  r ig h t-h a n d  sid e  are  co m p u ted  by  th e  d e p a rtu re  
fu n c tio n  d esc rib ed  ab o v e , a n d  th e  se c o n d  te rm  is th e  en tha lpy  d iffe re n c e  o f  id ea l gas 
(Po =  0) b e tw een  Ta a n d  Td, w h ic h  is:

O n c e  th e  en tha lpy  d iffe re n c e  h as  b e e n  o b ta in e d  fo r ha and hd, th e  sh a f t w o rk  
re q u ire m e n t o f  the  c o m p re sso r  fo r  th is  s im p le  re fr ig e ra tio n  cycle is o b ta in ed .

2.2 The Subambient Processes

F o r th e  case  s tu d y  o f  s u b a m b ie n t p ro c e ss , L N G  process is th e  in te re s te d  o n e  
th a t is se lec ted  to  study.

N a tu ra l gas is a  m ix tu re  o f  c o m p o n e n ts  th a t con sists  o f  m e th a n e  (6 0 -9 8 % ) 
w ith  sm all am ou n ts  o f  o th e r  h y d ro c a rb o n  fue l co m p o n e n ts , n itro g en , c a rb o n  d io x id e , 
h e liu m , an d  traces  o f  o th e r  g a se s  c o m m o n ly  c o n v e rte d  to  liqu id  fo rm  fo r  s to rag e  at

h a  -  h d  =  [ h ( T a , Pa )  -  h * ( T a 1 Po)] + [ h * ( T a 1 P0) -  h * { T d , P0)] -  
[ h ( T d 1 P d ) - h * ( T d , P 0 ) ] (2.13)

A * ( V o )  -  h * ( T d 1 Po) = f ? d C ; ( T ) d T (2.14)
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p re ssu re  o f  70-500 k P a  a n d  a ro u n d  -150°c o r low er. B efo re  n a tu ra l g as  is liq u e fied , 
it m u st b e  treated  by  re m o v a l o f  C O 2 c o n d e n sa te , o rg an ic  su lfu r  c o m p o u n d s , a n d  H g  
b e c a u se  these  co n tam in an ts  b lo c k  a n d  d am ag e  equ ip m en t.

T he p re trea tm en t p ro c e sse s  c o n s is t o f  four stages. F irs t s ta g e  is CO ? an d  
H 2S rem oval stage  w h e re  C O 2 w o u ld  n o t b e  ex ceed  50 p p m  in  tre a te d  n a tu ra l gas 
feed  o therw ise ; it w as  fro z en  in  p ip e lin e s  o f  liq u e fac tio n  p ro c e ss . In th e  p a s t, C O 2 

rem o v a l unit used  su ltin o l b u t it w as n o t good  b e c a u se  It a ttra c te d  h eav y  
h y d ro ca rb o n s and  it d ra g g e d  th e  h e a v ie r  to  th e  su lfino l p u m p  a llo w in g  th e  h eav y  
h y d ro ca rb o n s to  v en t in to  th e  air. T h e  M D E A  w as u sed  in s te a d  o f  su lfin o l b e c a u se  it 
w as c h ea p e r  to  in stall an d  less  u tility  u s in g . S eco n d  stage is d e h y d ra t io n , w h e re  w a te r  
w as rem o ved  from  n a tu ra l g as  to  a v o id  w a te r  freez in g  in p ip e lin e . T E G  (T rie th y le n e  
G ly co l)  w as used as p r im a ry  so lv e n t a b so rb s  w a te r  in n a tu ra l g as  in  c o n ta c to r  to w er. 
A fte r  th a t gas w as p a sse d  th ro u g h  m o le c u la r  s ieve to  e n su re  w a te r  w as re m o v e d  
co m p le te ly . T h ird  s ta g e  is H g  rem o v a l u n it, w h e re  H g  w as  re m o v e d  to  p re v e n t by  
u s in g  ac tiv a te  bed  f ilte r  in  H g  filtra tio n . F o u rth  s tage is  th e  in s ta lla tio n  o f  a  d u s te r  in 
p re trea tm en t p rocess o u tle t to  e n su re  th a t th e  na tu ra l gas feed  w as  free  fro m  sm all 
so lid  particles.

A fter natu ral g as  p re tre a tm e n t, it w as  sen t to  liq u e fa c tio n  p ro cess . T h e re  are  
m an y  p rocesses fo r n a tu ra l liq u e fa c tio n  th a t in v o lv ed  su b a m b ie n t te m p e ra tu re  as 
c ry o g e n ic  process.

Figure 2,5 S chem atic  o f  n a tu ra l g as  p re tre a tm e n t process.
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2.2.1 P ro c e ss  o f  N a tu ra l G as  L iq u e fac tio n
2.2. L I  S ingle M ixed  R efrigerant Process

cw

Figure 2.6 S in g le -p re ssu re  m ix e d  re fr ig e ra n t natu ral gas liq u e fa c tio n  p ro cess  
(C h iu  et al., 1980).

T h e  m ix e d  re fr ig e ra n t is th e  m ix tu re  o f  n itro g e n  and  
h y d ro ca rb o n s fro m  m e th a n e  to  p en tan e . T h e  natural gas fe e d  is c o o le d  in  h ea t 
e x ch an g e r  by  th e  h ig h  p re s su re  re fr ig e ran t. A fte r  th a t, th e  lo w  p re ssu re  re fr ig e ra n t 
fro m  ex ch an g er re tu rn s  to  c o m p re sso r , as  sho w n  in F ig ure  2.6 . T h e  re fr ig e ra n t from  
d isch a rg e  o f  co m p re sso r  is p a rtia lly  c o n d e n se d  by co o lin g  w a te r  a n d  th e n  sep a ra te d  
in  a ph ase  separa to r. T h e  liq u id  p h a se  is su b co o led  and  re d u c e d  to  su c tio n  p re ssu re  
th en  jo in e d  w ith  re fr ig e ra n t f ra c tio n  fro m  E-2. T he  v a p o r  p h a se  is c o o le d  and  
sep a ra te d  ph ase  in  E -2 . (C h iu  et a i ,  1980)

O
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2.2.1.2 propane-Precooled Mixed Refrigerant Process

Figure 2.7 Propane-precooled mixed refrigerant natural gas liquefaction process 
(Chiu et al., 1980).

The mixed refrigerant and feed stream is precooled by stage 
propane. The mixed refrigerant has lower boiling range. This combination reduces 
the boiling range of mixed refrigerant and improves the thermodynamic efficiency. 
There are two modes for operation. First, subcool mode, the natural gas is liquefied 
and subcooled to a temperature range around -126.67°c in cryogenic heat exchanger. 
Second, flash mode, the natural gas is liquefied at around -110°c is reduced pressure 
and flashed. The flash vapor is compressed and sent to fuel system, as shown in 
Figure 2.7.

Both processes are compared by second law analysis based 
on exergy (availability). Exergy is the potential for doing work when system is 
returned to ambient conditions. The alternative systems are compared by exergy loss 
to determine the most economic process. A comparison between the single pressure 
mixed refrigerant and propane-precooled mixed refrigerant processes requires the 
exergy loss where one from the single pressure mixed refrigerant process is 55% 
higher so the propane-precooled mixed refrigerant process is more efficient in

๐
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producing LNG. The propane-precooled mixed refrigerant process is compared 
between the subcool and flash cycles, resulting in more efficient flash recycle. The 
effect of LNG feed gas pressure on the process efficiency had been analyzed by 
Kleemenko (Kleemenko, 1972) based on the feed of pure methane with second law 
analysis and the optimal liquefaction pressure is around 1000 psia. (Chiu et al., 1980)

2.2.1.3 Multistage Cascade Refrigeration Cycle Process

Figure 2.8 Cascade refrigeration cycle that shows only one stage for each 
refrigerant cycle (Kanoglu, 2002).

The operation of cascade refrigeration cycle, as shown in 
Figure 2.8 consists of three subcycles with different refrigerants. For the first cycle, 
propane leaves the compressor at high temperature and pressure and enters condenser 
where cooling water or air is coolant then condensed propane enters the expansion 
valve where pressure drops to the evaporator pressure. The heat of evaporation of 
propane is obtained from the condensing ethane, cooling methane, and cooling 
natural gas. Propane leaves evaporator and enters the compressor to complete the 
cycle. For the second cycle, the condensed ethane expands in expansion valve and 
evaporates so methane is condensed and natural gas is further cooled and liquefied. 
For the third cycle, methane expands and evaporates as natural gas is liquefied and 
subcooled then methane enters compressor to complete cycle as the pressure of LNG 
is decreased to storage pressure. The three refrigerant cycles have multistage

๐
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compression and expansion with three evaporation temperature for each refrigerant 
and the mass flow rate in each stage are different. The multiple stages make the 
temperature different between refrigerants and natural gas are small so it has a 
smaller exergy losses. The minimum work required per unit mass of natural gas 
liquefaction increase linearly with decreasing liquefaction temperature. (Kanoglu, 
2002)

2.2.1.4 Single State Mixed Refrigerant Process

MR
Compressor

Figure 2.9 Single-state mixed refrigerant (SMR) (Remeljej et al., 2004).

The feed gas enters the LNG exchanger at feed conditions and 
is cooled by the cold refrigerant stream to reach the LNG storage condition which is 
less than -155 °c, as shown in Figure 2.9. The cold low pressure refrigerant stream is 
condensed to the high pressure refrigerant stream before the pressure letdown stage, 
providing the cold side temperature differential of heat exchanger. (Remeljej et a i,
2004)

2.2.1.5 New LNG Scheme
This new LNG, as shown in Figure 2.10, is more complex than 

single state mixed refrigerant process that is open-loop scheme where the feed gas is 
also refrigerant. The low pressure warmed refrigerant gas is recompressed and 
recycled back to the feed stream that is pre-cooled before splitting into two streams: 
to be LNG product, and to recycle in refrigerant loop. The external chilling, self- 
cooling and isentropic expansion is used for cooling and condensation of refrigerant.
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The new LNG scheme is more cost effective because using feed gas as refrigerant
helped saves as refrigerant cost from using propane (Foglietta, 1999).

Figure 2.10 New LNG (Foglietta, 1999).

2.2.1.6 GCL Concept
This process, as shown in Figure 2.11, requires exit stream 

from expander to be liquefied more than 30% by mass. This stream is separated as 
LNG product and vapor phase is recycled as refrigerant. (Remeljej et a l ,  2004)

Chiller

Figure 2.11 The GCL concept (Remeljej et a l, 2004).
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2.2.1.7 cLNG

Figure 2.12 The cLNG process (Remeljej et a i ,  2004).

This process, as shown in Figure 2.12, uses nitrogen as 
refrigerant as gaseous phase. The refrigerant is a two-stage system which cool the 
nitrogen refrigerant to below product temperature using both self-cooling and turbo 
expander. This technology provides two advantages. One is easier to model because 
nitrogen is single phase and the other is safer because nitrogen is inert. (Remeljej et 
al., 2004)

2.3 Fundamental Principles

Consider a refrigerator that provides refrigeration over a constant 
temperature and operates on reversible thermodynamic processes. Such a refrigerator 
will henceforth be called a reversible refrigerator as shown in Figure 2.3. Heat is 
rejected to the surroundings at a temperature To and absorbed at a temperature T. The 
first and second laws of thermodynamics can be written for a reversible refrigerator 
as follows:
First law: M r,rev =  Q +  Qo (2.15)
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Second law: $  + ^  = 0  T To (2.16)

Substituting equation (2.16) into equation (2.15) gives the expression for the power 
required by reversible refrigerator as follows:

-VFr,rev = Q ( ^ -  l )  (2.17)
Where T and To refer to the refrigeration and ambient temperatures, respectively. Q 
and - Qo are the heat absorbed and heat rejected respectively.
The coefficient of performance (COP) of any refrigerator is defined as follows:

h e a t a b so rb ed  a t low te m p e ra tu re  Q Q COP =  : : ■ =  น/ “ โ77 (2.18)c o m p resso r  w ork  in p u t —Wc —Wc
Where Q and — พc refer to the heat absorbed and compressor work input in joules, 
and Q and — Wc refer to heat transfer rate from the low temperature source and power 
supplied to the compressor in watts. The coefficient of performance (COP) of an 
ideal reversible refrigerator providing refrigeration at constant temperature can be 
expressed in terms of the temperatures for the heat source and heat sink using 
equation as follows:

Q TCO P  = - wv v r ,r Tn- T (2.19)

2.3.1 Pinch Technology
The Pinch technology is a tool to optimize the energy in the industrial 

processes. A Pinch analysis starts with the heat and material balances for the process. 
By using Pinch technology, it is possible to identify appropriate changes in the core 
process conditions that can have an impact on energy savings. The data derived from 
process consist of hot streams which are sources o f heat and cold streams which are 
sinks of heat. Therefore, the hot and cold composite curves can be drawn and each 
one will describe the heat demanded and offered in the process.

The composite curves can be plotted on a common temperature- 
enthalpy diagram as shown in Figure 2.13. The closest approximation between them 
represents the minimum temperature gradient and it is named the pinch point. The 
pinch point divides the curves in two different zones: Temperatures above the Pinch

๐
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where there is a deficit of thermal load and temperature below the Pinch where there 
is an excess of thermal load. In the composite curves it is possible to set also the 
minimum requirements of cooling and heating. The changes in the temperature 
conditions and mass flow of the process streams have an effect in the behavior of 
composite curves.

Minimum
Hot
Utilities

Enthalpy

Figure 2.13 The composite curve of process (Alejandro, 2014).

2.3.2 Exergy Analysis
Thermodynamics is founded on its main laws. The first law is the law 

conservation of energy which the difference between total energy inlet and total 
energy leaving the system associate with either material stream or energy transfer by 
work (พ ) or heat (Q) as below.

—̂ -  =  Qo +  £"= 1 Qi -  พ + Z  rhi htot i -  £  m A ot.e  (2.20)
where subscript i is in le t, e is exit or outlet, h is enthalpy and m is mass flowrate 
The second law is associated with the direction of a process defined as below where 
ร is entropy.

๐
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ASgen.tot = -  z  rhiSi +  E mese - ^ -  Ef=i I j  (2.21 )
Ignore Qo from equation (2 .2 0 ) and (2 .2 1 )  so obtained equation (2 .2 2 ) as given:

พ  = -d(g~Jt°5)cl'  +  Z “» i ( l - ^ )  <2i + £ m ,  ((.,„, -  r* D , -
E r n e ( /itot — T0S ) e — T0ASgen 101 

For reversible process term T0ASgentot = 0;
d (E  -  T0S ) CV

(2.22)

พ  = + Ê  ( *  -  ^ )  <?(+ E  A ‘ ('■ «O' “  T»s ) ‘ -d t

Y .m e (h t o t - T Qร ) 6 (2 .2 3 )

Where useful work defined as พ ่(7 = พ ํ — f o s o  that

พ่'1, =  -  <i(£+' ,^ ~ 7V V  + a u  ( l  -  ^ )  0, +  E m , ((.10, -  r 0s), -
z  dig (htot — T0ร)6 — T0ASgen t01 (2 .2 4 )

For reversible process;

พ่น■0,, = -  — -P°rf~r— PK + a=> (l -  ^ )  <?, + Im , (h.o. -  V ) ,  -
(2 .2 5 )

So that; พบ =  พ บเrev — T0ASgen tot (2 .2 6 )

พ่น = พ่น,rev - 4  (2 .2 7 )
where I is work lost or in term exergy is exergy destruction 
For the exergy is defined as;

พ่น = -  d( g+P^ ~ T°5 ) cx + £ ?= 1 (■ 1 _  + X .1 ((.,0, -  7■0ร), -
E  m,e (h fo t -  7oE)e -  I (2 .2 8 )

Where defined £çi =  ^1 — Qi which is the exergy transfer associated with heat

while พบ is exergy transfer accompanying the work interaction equal to electrical or 
mechanical.

d (E + P o V - T 0S ) c vFor the exergy balance in open system; steady state ------------ r ----------- — 0 andd t
also defined the exergy of process stream per unit mass as:

o
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e = ihtot ~  htot,o) — Tq(S — So) (2.29)
and the exegy balance that obtained maximum work from system as shown in Figure
2.14 according to equation (2.30).

Figure 2.14 The exegy balance that obtained maximum work from system.

0 = I"= 1 ËQi - W u + 'Zrni ei - ' Z m e ee - I  (2.30)
The exegy balance that required minimum work as shown in Figure 2.15 according 
to equation (2.31).

mei me*

Figure 2.15 The exegy balance that required minimum work.

0 =  EiU ÈQi + พ น  +  I m ;  e t -  £ m e ee -  / (2.31)
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2.3.2.1 Exergy Analysis o f  Heat Recovery Systems
2.3.2.1.1 Exergy o f  Process Streams

Exergy
;---------------------------------------------------------

Mechanical

---------------------------------------------------------------------------------------- ►

Thermal

Kinetic Potential Thermo-mechanical Chemical

Temperature-
based

4---------------------►

Pressure-
based

■4-------------- ------- ►

Figure 2.16 Classification of exergy (Aspelund et a i ,  2007).

Figure 2.17 Exergy-Enthalpy diagram with decomposition of thermomechanical 
exergy È™ (Gundersen et al., 2013).

Exergy can be classified into 4 major groups as 
shown in Figure 2.16: kinetic, potential, thermo-mechanical and chemical due to 
kinetic and potential energy are forms of mechanical energy can be converted 
directly into work. Kinetic energy, itself is the work potential or exergy o f kinetic 
and it is independent of temperature and pressure so that kinetic and potential exergy 
of streams in heat recovery system can be neglect due to small changing. The process
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does not involve with reaction, chemical term can neglect also. Thermo- mechanical 
(È™ ) can be decomposed into pressure based part (Èp) and temperature based part 
(ÈT) for the accuracy of exergy analysis due to the process stream is under change of 
state from (Ti, Pi) to (T2, p2). Figure 2.17 shows this exergy decomposition 
graphically.
The thermo-mechanical exerg)' is written as:
È™  (T1 P) =  ÈT + Èp = H(T, p) -  H (T o ,  p0) -  T0[s (T, p) -  ร (T0, P0)] (2.32) 
ÈT (T, P) = H(T, P) -  H (To, p) -  T0[s (r, p) -  5 (T0, P)] (2.33)
Fp (r, p) = H(T0,P )~  H (T0, P0) — T0[s (T0, p) — 5(T0,P0)] (2.34)

2.3.2.1.2 Exergy o f  Heat.

Figure 2.18 Dimensionless exergy of heat temperature diagram (Gundersen et al., 
2013).

The exergy of heat depends on temperature. In 
Figure 2.18 , it is shown that the exergy o f heat above To is horizontally asymtotic to 
Q in equation (2.35); the minimum work produced even by an ideal (reversible) heat 
engine will always be less than te energy supplied by the heat reservoir (Ç). Below 
To, the exergy of heat is vertically asymptotic to zero in equation (2.36); the 
minimum work required to take Q from To to lower temperature can be equal or 
larger than Q (at T = 0 K, an infinite amount o f work is required). Actually, for
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temperatures below half of To, the ratio between ËQ and Q is larger than one as 
shown in Figure 2.18, meaning taht heat is more valuable than work.

ÈQ = Q ( l  -  fo r  T > T0 (2.35)

= Q Çy  — 1 j  fo r  T < T0 (2.36)
2.3.2.2 The Application o f  Exergy Analysis

The maximum amount of work that can be obtained from a 
given form of energy using the environmental parameters as reference state is called 
exergy. The specific flow exergy of a fluid at any cycle is obtained from equation
(2.37).

e = h — h0 — T0(s -  So) (2.37)
where To is the dead state temperature, h and ร are the enthalpy and entropy of fluid 
at specified state and ho and So are properties at dead state. When multiple the 
specific flow exergy by mass flow rate gives the exergy rate

É =  me (2.38)
The change of exergy shown below represents the minimum amount of work is 
added or removed to change from state 1 to state 2 when there is increase or decrease 
in internal energy or enthalpy resulting from the change. (Remeljej et al.,2004)

A e = (h — T0s )state 2 — (/i — T0s )state 1 (2.39)
There are two types of exergy losses. First, exergy losses include a) diffusive heat 
losses from process equipment and pipelines (insufficient insulation) b) heat 
exchange with environment (cooler using air, freshwater or sea water) c) energy 
content (thermal and/or chemical) in material streams that are not utilized (exhaust 
gases, purge gases, etc.). Such losses can be referred to as external losses. Second, 
the destruction of exergy is caused by irreversibilties within the process that referred 
as internal losses. Irreversibilities are caused by finite driving force and dissipative 
effects (friction and diffusion) and spontaneous processes (combustion). (Gundersen 
et al.,2012) The exerg}' destroyed in the system as the difference o f incoming and 
outgoing streams as

i =  Ëm -  K u t  (2.40)

o
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Refer multistage cascade refrigeration cycle as shown in Figure 2.8, considering 
evaporators and condensers, they are essentially heat exchangers designed to perform 
different tasks. In the cycle consists of four evaporators-condensers system. The first, 
evaporator-condenser I, is the evaporation of propane cycle and the condenser of 
ethane and methane cycles that express the exergy destruction.

i =  [ x ( m p e p )  +  I ( m 6ee) +  £ (rh mer71) + mnen] .71 -  [z (rh pep) +  

X ( m e f?e )  +  £ ( r n m e m ) +  m ,1 e n ] 0 u t (2 .4 1 )

Where the subscripts in, out, p, e, m and ท are inlet, outlet, propane, ethane, methane, 
and natural gas, respectively. The summation signs are due to there are three stages 
in each refrigerant cycle with different pressures, evaporation temperatures, and mass 
flow rates.
For evaporator-condenser II, the exergy destruction is expressed 
1 E (m ee6) + Z(^ra^m) "F mnen]jn ECrOe^e) T S(nim^m) ~F ท̂ ,?!]out(2-42) 
For the evaporator of methane cycle, the exergy destruction is expressed

1 — "F ทใ71£ท]in ~ [S(rnm^m) "F m ne n] out (2.4j )
For the condenser of propane cycle, the exergy destruction is expressed

i =  H ( m p e p )  +  m n e „ ] jn -  [ l ( m p e p )  +  m n e „ ]out (2 .4 4 )
There is one multistage compressor in the cycle for each refrigerant. The total work 
consumed in the cycle is the sum of work inputs to Jjie compressors. If 
irreversibilities are totally eliminated, there will be no exergy destruction in a 
compressor that lead to a minimum work input for the compressor. In reality, there 
will be irreversibilities due to friction, heat loss, and other dissipative effects. The 
exergy destruction in propane, ethane, and methane compressor are expressed.

Ip = x(rhpep) .71 + พ  p,in — ü(rh p e p )  0 u t  (2.45)
1ร X(^*e^e)m "F พ e,in 5j(f^e^e)out (2.46)
1ท1 Yi(mm ^m )in  "F Wm,in 771) out (2.47)

Where พ,->1111, พ 011ท, and w m,in are the actual power inputs to the propane, ethane, and 
methane compressor, respectively.

๐
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For expansion valves, they are used to drop the pressure of LNG to storage pressure. 
The exergy destruction for propane, ethane, methane, and LNG expansion valves are 
expressed.

*p =  s ( ทํ1pep )in ~  ร (rï'pep)out (2.48)
le SC ̂ e^e)in (2.49)

S(rriT7i^7n)in S(romGn)(nit (2.50)
S(^7iGi)in S(*^nGi)out (2.51)

The exergy efficiency of cycle can be defined as
£ _  ^ actual~hotal _  ^ min 

^ actual พ actual (2.52)

พ actual ~  Wp,in T พ e,in T ^m,in (2.53)
Where the exergy difference or the actual work input to cycle that is the sum of the 
work inputs to compressors minus the total exergy destructions in condensers, 
evaporators, compressors, and expansion valves. พ mm is the minimum work input to 
the cycle.

To evaluate the minimum work can utilize a reversible or 
Carnot refrigeration. The minimum work input for the liquefaction process of 
multistage cascade refrigeration cycle as mention above is simply the work input 
required for operation of Carnot refrigerator for a given heat removal that can be 
expressed as ปี'

พ น ,, =  J * ? ( l - ^ )  (2.54)
Where dq is the differential heat transfer and T is the instantaneous temperature at 
the boundary where the heat transfer take place. Note that T is smaller than To so take 
a negative sign to heat transfer in order to get a positive work input since it is a heat 
output.

To remove heat from natural gas can be achieved by three 
Camot refrigerator as shown in Figure 2.19 (a). The first Carnot refrigerator receives 
heat from the natural gas and supplies it to the heat sink at To as the natural gas is 
cooled from T] to T2 and for the other cycles are repeated completely to exist as 
LNG. The amount of power for supplying each Camot refrigerator can be 
determined.

๐
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Figure 2.19 (a) The system used in development of minimum work required foe 
liquefaction of natural gas (b) The system that is equivalent to the system given in (a) 
(Kanoglu, 2002).

พ 1 =  rhn(e1 -  e2) = m j / i i  - h 2 -  T0(ร 1 -  ร2)] (2 .5 5 )
พ 2 =  rhn(e2 -  e3) - m n[h2 -  h3 -  T0(s2 -  ร3)] (2 .5 6 )

พ 3 = ท่าท(e3 -  eA) =  ท่าท[ท่3 -  &4 -  To(ร3 -  54)] (2.57)
Where พ ่1, พ 2, and พ 3 are the power inputs to the first, second, and third Carnot 

"  refrigerators. So the total power input as the minimum power input for the 
liquefaction process can be determined

พ min = w 1 + พ 2 + พ 3 ะ= rhn(e1 -  e4) = m j/ii -  h A -  70(54 -  54)] (2.58)

2.4 Methods and Tools for Cryogenic Process

In subambient process, pressure is more important design variable because 
phase change link temperature to pressure through evaporation and condensation and 
pressure change link temperature to power through expansion.

There are several methods and tools for the cryogenic process.
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2.4.1 Shaft Work Targeting
The design of a chemical process shows in term of onion diagram as 

shown in Figure 2.19. The design starts with core process to yield the heat and 
material balance. The energy target is evaluated by Pinch analysis which indicated by 
shaded area. Therefore, the utility heat load targets are set directly from a process 
heat and material balance. However, utility requirements involve power as well as 
heat. Pinch analysis only involves heat load targets; power component is the 
limitation especially in low temperature process as shown in Figure 2.21.

H e a t  a n d  M a t e r ia l

P in c h  A n a ly s is  s e ts  

H e a t  L o a d  T a r g e t s

Figure 2.20 The design of chemical processes (Linnhoff et al., 1990).

Heat and Material 
- V  < BalanceNX

\  for Refrigeration 
/ \  Levels

Pinch Analysis sets 
Heat Load Targets

• Shaft Work from 
I r  Refrigeration 
r  System Design

R E F R IG E R A T IO N .

Figure 2.21 The onion diagram of subambient process (Linnhoff et a l ,  1990).
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Linnhoff and Dhole (1990) had introduced the concept of “shaft work 
targets”, which allows the designer to obtain quantitive changes in the refrigeration 
shaft work requirement with exergy analysis and bypass the exact design of both 
HEN and refrigeration system. To show the exergy loss in a heat exchanger network, 
Carnot factor has been used to form the grand composite curve (EGCCs) as shown in 
Figure 2.22.

ๆc = 1 -  Y  (2.59)
Where 7]c is the Carnot efficiency and To is the environment temperature.

!n Figure 2.22, assumed with no change in the process but in the HEN 
and refrigeration only. Therefore, case A and B have the same EGCCs but different 
refrigeration profiles. Consider case A in the bar chart. AExp = X and ( c T o) hen 
(shaded area) = Y so AExr (supplied to HEN) = X+Y. The loss in the refrigeration 
system represents in equation where ?7ex is the exergetic efficiency of refrigeration 
system and WA is the shaft work for case A.

WA = ï t ( X  + Y)
le x

(2.60)
In case B, a new refrigeration level is introduced and corresponding modification in 
HEN. AExp = X since dealing with the same process. (oTo)HEN.is reduced by z  so 
AExr= X+Y-Z. In equation (2.61) where Wb is the shaft work for case B.

พร = ^ - (X + Y - Z )  (2.61)
I ex

AW is the reduction in shaft work from case A to case B represents in equation.
A พ  = WA - พ ร = ^ - (Z)

lex
(2.62)

In other words, the shaded area between curves is proportional to the exergy loss in 
the HEN and is denoted as ( o T o) hen- Thus the amount of ideal work equivalent lost 
in heat transfer IS proportional to the shaded area. When the reduction o f shaded area 
is ( o T o)hen , the reduction of the shaft work is

พ  =  A(พ ^ " (2.63)l̂ex

o
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C ase ( ร ) Case (§ )

■ 'HEN”

H E N

^ 7 > w A 0 - ^ e x ) AEX,
X + Y -Z

T e x

(oT*พ N-[Y-2J

> wBG-nex)

W A = ท  _(X + Y ) w e^ (X+Y-Z)

Figure 2.22 Changes in shaft work are directly related to changes in the shaded area 
(Linnhoff et al., 1990).

Linnholï (1994) is introduced an overall design of low temperature 
processes by utilizing the combination of pinch and exergy. A low temperature 
process consists of three components; processes, heat exchange system, refrigeration 
system. Due to all three components are interlinked and interactive, the proposed IS 

resolve these interactions and combine all three components in one design task that 
based on a combination of pinch analysis and exergy analysis. This process consists 
of two distillation columns with Carnot factor-enthalpy (r|c-H). The Exergy Grand 
Composite Curve (EGCCs) as shown in Figure 2.23 represents the overall process 
exergy balance. The utility system provides exergy, part of which is lost in heat 
exchange (area between EGCCs and utility levels, ( o T o)h en )- The remainder is 
supplied to the process (area inside EGCCs, AExproccss). For subambient, the 
refrigeration system is the utility system. Linnhoff and Dhole (1992) have shown that 
changes in the area representing ( o T o) iien  are proportional to the changes 
refrigeration shaft work requirement, the proportionality constant being the inverse 
of the exergy efficiency (T|ex) of refrigeration system. The change in ( o T o)hen  direct 
to changes in refrigeration shaft work requirement. The bar chart as shown in Figure
2.24 is represented the concept of low temperature process design. The refrigeration

o
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system provides the overall exergy and the portion is lost in heat transfer (o T o) hen 
then the remainder is supplied to the process (AExprocess)- Morover, a part of AExprocess 
is lost as process losses then remainder is supplied to the process as minimum 
theoretical requirement called process core. The reduction in overall area will reduce 
proportionally in the refrigeration shaft work requirement. The area of (o T o) hen 
outline is the scope for HEN refrigeration system modifications.

Figure 2.23 The EGCCs representation (Linnhoff et a i, 1994).

ambient

Figure 2.24 Overall exergy balance for a subambient plant (Linnhoff e t  a i ,  1994).
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2.4.2 Heuristic Rules to Support Subambient Process Design
The heuristic rules are used in pinch analysis based on the 

fundamental pinch decomposition. A set of 10 heuristic rules address the following 
issues. First, compression requires power and reduces external heating. Second, 
expansion produces power and reduces external cooling.” Third, phase changes at 
constant temperature should be avoided when heating or cooling by a stream with 
non-constant temperature. Fourth, pressure increased by pumping IS preferable to 
compression. (Aspelund et al.,2007)

A set of ten heuristics consist of: Heuristic 1, available pressure 
(Ps>Pt) can be utilized through expansion to reduce cold utilities requirements with 
power generation. Contrary, lack of pressure (Ps<Pt) requires power but it reduces 
hot utility requirement. Heuristic 2, temperature gap (AT>Tmin) between the hot and 
cold CCs, result in unnecessary irreversibilities. The pressure of stream may be 
manipulated to decrease irreversibility. Heuristic 3, compression of vapor or dense 
phase stream require power and will add heat to system. From PA point of view, 
compression should be dense above pinch point. It should nr note that heuristics 
refers to case where a stream has to be compressed. The actual amount of hot utility 
saved depend on compressor inlet temperature (outlet should be above pinch) and 
possible pinch changes (compression will change the shape of CCs). Heuristic 4, 
expansion of vapor or-cdense phase stream in an expander will provide cooling to 
system and generate power. So expansion should be done below pinch. It is noted 
that expansion at low temperature will provide less cooling and generate less work 
than at high temperature but colder outlet temperature can be achieved. The 
expansion process will modify shape of CCs. Heuristic 5, if  expansion of a vapor or 
dense phase stream above pinch is required, a valve should be used to minimize the 
increase in utility consumption. Heuristic 6, hot gas or dense phase fluid that is 
compressed above pinch point cooled to near pinch point temperature and then 
expanded will decrease the need for both cold and hot utilities and additional work is 
required. Heuristic 7, a fluid with Ps<Px should be compressed in liquid phase if 
possible to save compressor work. Heuristic 8, in a liquid stream with Ps=Pr a phase 
transition is necessary for CCs to be manipulated, since the effect o f expansion or 
compression in liquid phase alone is marginal. Heuristic 9, if  cold liquid stream to be

๐
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vaporized does not create a pinch point, it should be pumped to avoid vaporization at 
constant temperature; reduce the total cooling duty and increase the pressure based 
exergy. Heuristic 10, compression of hot gas stream to be condensed will increase 
the condensation temperature. The latent heat of vaporization will be reduced. So 
work is used to increase the driving forces and thereby reduce the heat requirements.

2.4.3 The Extended Pinch Analysis and Design Methodology
This method is focused on utilizing pressure exergy in subambient 

processes. It also uses exergy calculation and provides step by step procedure that 
utilizes the insight from the graphical representation. (An Extended Pinch Analysis 
and Design procedure utilizing pressure bases exergy for subambient cooling) 
(Aspelund et a i ,2007)

There are seven steps in the overall design procedure. First, using 
exergy analysis to determine the total exergy in hot and cold stream in order to verity 
it is possible to create a process without utilities. If it is not the case, the minimum 
required work can be found. Second, if it is possible, the estimate for irreversibilities 
given the minimum temperature differences and equipment efficiencies. Third, using 
pinch analysis to improve composite curves for hot and cold streams to identify the 
pinch point and the minimum amount of hot and cold utilities. Fourth, selecting an 

.0 appropriate heuristic to find the best way of manipulating the pressure. Fifth,
developing the expanded pinch curves after expansion and compression of process 
streams. Sixth, calculate the new exergy efficiency and compare the old and new 
minimum utility values and evaluate the current design with new exergy efficiency. 
Seventh, the design procedure IS based on heuristics so it does not guarantee global 
optimality. The exergy analysis will indicate there is room for further improvements 
of the process.

2.4.4 New Graphical Representation of Exergy
Linnhoff and Dhole (1992) have combined PA and EA methods which 

are represented in graphical method called Exergy Composite Curves (ECCs) and 
Exergy Grand Composite Curves (EGCCs) based on Carnot factor as shown in 
Figure 2.25. An alternative graphical exergy targeting for heat recovery systems. The
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exergy availability diagram, the Carnot factor is used as y axis and enthalpy as X  axis 
so called exergy composite curves (ECCs) is used as reference for the appropriate 
placement of heat engine, heat pumps and refrigeration cycles as energy utilities.

Figure 2.25 ECCs diagram (Gundersen et a i,  2012).

In Figure 2.25, the Camot factor with enthalpy is non-linearly that has 
drawbacks that are multiple data points must be calculated between supply and target 
conditions, it is necessary' to calculate data for the traditional composite curves for 
construction of ECCs diagram and exergy analysis of a rather large HRS is a tedious 
task due to exergy destruction in HRS is equal to area between curves. Second, 
exergy targets are not explicitly shown in diagrams.

The new exergy is represented by Gundersen et a i, 2012, they claim 
that in process design, the energy availability concept is always implicit in any 
energy targeting study. For heat recovery system that (i) operates below To and (ii) 
where streams exhibit pressure changes, the calculation of exergy targets may be 
high relevant. Exergy of process stream can be transferred in form of temperature 
based exergy by heating and cooling with another process stream. Moreover, ÈT of 
the streams can also be increased or decreased by. correspondingly decreasing or 
increasing pressure based exergy, trading one for another. For instance, consider a 
stream that needs to be cooled and expanded below To The required refrigeration 
load can be reduced by making use o f the cooling provided by expansion. In
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addition, shaft work is generated as a byproduct. Thus, there is a need for explicitly 
obtaining the exergy targets of heat recovery system with operating below To As a 
result, the design becomes more efficient processes and easier.

2.4.4.1 Exergelic Temperature
The relationships between the exergy of material streams and 

their pressure and temperature are nonlinear; therefore, it is not easily visualized. 
Thus, the specific heat capacity is assumed constant with respect to temperature and 
pressure for Ér and Ép. In addition ideal gas conditions are assumed constant for Ép 
in equation (2.34) can be written as equation (2.73). The factors inside the square 
brackets have the unit temperature (Kelvin, K). These factors are called exergetic 
temperatures. For ÈT, the exergetic temperature (TeT) is only function of temperature
and for Ép , the corresponding exergetic temperature (TeP) is only function of 
pressure. The differential form of Thermo-mechanical exergy is as:

z + ( ! f ) . * >  12

Where,

+ r0 ( l f ) p] - ๔r (2.66)

+7' ° © TH P (2.67)

(2.68)

(2.69)

(2.70)

(2.71)
Thus,

ET = j £ c p - ( l  - T- f ) - d T  (2.72)

E P = lpo[v ~ (-T ~ To)' ( ^ ) p \ ' dP (2 7 3 >

o
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Assuming specific heat capacity and ideal gas are constant in equations (2.33, 2.34)
become equations (2.74, 2.75);

Er = rhCp [r0 ( โ ^ - ๒ ^ -  l ) ]  = mCpT£T

Èp =  mC„ =  m CpT e

(2.74)

(2.75)

F ig u r e  2 .2 6  Comparison between exergetic temperature, regular temperature and 
Carnot factor (Gundersen et al., 2013).

Figure 2.26 shows a comparison between the behavior of the ^  
exergetic temperature, the regular temperature scale, and the Carnot factor. Some 
important features that can observe from Figure are (i) that the exergetic temperature 
is always positive, (ii) the minimum value is zero at To and (iii) its increase IS  in 
linear relation with exergy.

When plotting the exergetic temperatures vesus exergy , it is 
possible to read directly from this diagram the corresponding exergy targets as 
shown in Figure 2.27.

Some characteristics of diagrams as shown in Figure 2.27, 
first, exergy sources and sinks are plotted in a composite manner using T eTinstead of 
regular supply and target temperature of streams. Second, the coldest temperature 
ties with the largest exergetic temperature for streams below To. Third, the exergy 
deficit and surplus figures are calculated ahead of design from the exergy cascade.

๐
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Fourth, the heat and exergy pinch points are placed in corresponding enthalpy and 
exergy intervals. Thus, if the pinch rules are followed, then exergy is not imported 
below pinch nor exported above pinch, and exergy is not transfer across pinch. Fifth, 
exergyy destruction is shown by transforming the boundary temperatures of the 
overlapping region obtained in the traditional CCs into exergetic temperatures. The 
calculations of exergy targets are expressed.
Above exergy pinch: E;R e q u i r e m e n t ,m i n  ~  ^ D e f i c i t , m i n  T ED e s t r u c t i o n , m i n  (2376)
Below exergy pinch: ^ - R e j e c t i o n ,m in  ~  ^ S u r p l u s , m i n  ~  ^ D e s t r u c t i o n , m i n  (2.77)

F ig u r e  2 .2 7  T eT — Ér diagram below To(Gundersen et al.5 2012).

2 .5  M a th em a tica l P ro g ra m m in g

Nowadays the design and optimization procedure have the trend to identify 
the configurations where the less energy consumption and economic saving can be 
achieved. The optimization of the Fleat Exchanger Networks required for integration 
of the refrigeration system with process streams. Yee and Grossmann (1990) 
proposed M1NLP model based on the superstructure representation. The binary 
variable as 0-1 can be handled with constraint on stream splitting that solved with 
solvers for isothermal mixing assumption.

o
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The series paper o f simultaneous optimization models for heat integration 
by Yee and Grossmann, (1990) is divided into three parts.

In first part of Yee et al. (1990), a stage-wise superstructure is first 
presented and developed for various heat integration problems. The proposed 
representation does not rely on any heuristics. °The objective function for 
simultaneous optimization of energy and area targets involves utilities and area cost. 
They demonstrated that the simultaneous model can trade-offs between utilities and 
area cost. If the utility requirement for network is fixed, the simultaneous model 
modified to only minimize total area requirement is called area targeting model. In 
the last section, the proposed model for area targeting is applied for the modeling of 
multistream heat exchangers.

In second part of Yee and Grossmann, (1990), a mixed integer nonlinear 
programming (MINLP) model is derived from the superstructure representation 
proposed in part I. MINLP model can generate networks where utility cost, 
exchanger area and fixed charge for the number of units are optimized 
simultaneously. Because of the assumption of isothermal mixing, the constraints of 
MINLP model, optimizing simultaneously for the heat recovery approach 
temperature (HRAT), the exchanger minimum approach temperature (EMAT), 
number of units, number o f splits and heat transfer area, are set of linear constraints. 
In addition, the naodel is possible to match pairs of hot streams or pairs of cold 
streams as well as variable inlet and outlet temperatures. Several examples show that 
some heuristic rules do not achieve when optimization is performed simultaneously

In third part of Yee et al. (1990), to simultaneously optimize or synthesize 
of the heat exchanger network and process, the stage-wise representation in part I is 
embedded into the given process superstructure and, then, optimize the combined 
model where flow and temperature of potential hot and cold streams as variables and 
it does not require specification of the heat recovery approach temperature (HRAT), 
the exchanger minimum approach temperature (EMAT). To design the model, either 
nonlinear programming (NLP) or mixed integer nonlinear programming (MINLP) is 
used. For mixed integer nonlinear programming (MINLP), the use o f binaries 
provides an accuracy of HEN capital cost since fixed charges for requiring units can 
be charged explicitly and can be impose constraints on the network structure.

o
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However, The computational time of mixed integer nonlinear programming is 
required larger than that of nonlinear programming formulation.
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