
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Water Network (WN) Design

4.1.1 C ase  s tu d y  1.1 : S im ple  fixed -flo w rate  p rob lem  (P rakash  et al. . 29 05 a) 
From  w a te r  fixed -flo w rate  prob lem  w h ich  is show n before  in background  

and lite ra tu re  rev iew  sec tio n  is p icked  up to  apply w ith  m ath em atica l program . T he  data 
is show n in T ab le  4.1. T h ere  have fou r p rocesses w ith  four sou rce  stream s and fo u r sink 
stream s. S ou rce  s tream s ind ica te  w aste  stream s em it from  each p rocess, and sink  stream s 
indicate in le t stream s w ith  specified  con cen tra tion . W ithou t app ly ing  w ater ne tw o rk , it 
consum es 30 0  t/h o f  freshw ater and  d ischarges 280  t/h o f  w astew ater. M in im um  
freshw ater flow rate  and  w astew ate r flow rate  are iden tified  by w a te r  cascade analysis 
(W C A ) and  w a te r co m p o site  curve (W C C ) show n in T ab le  4 .2  and Fig. 4 .1 . F rom  W CA 
m ethod, am o u n t o f  fre sh w ate r and w astew ate r are 70 t/h  and 50  t/h , resp ective ly  (FCk 
value at th e  firs t row  and  last low ). W C C  show s the  sam e resu lt as W C A . T he w ater 
netw ork fo r th is  case  is p rev iou sly  sho w n  in Fig. 2.11 by N N A  principa l.

Table 4.1 S inks and so u rces data for C ase  study 1.1 (P rakash  et al., 2005a)

Flowrate, Concentration, Flowrate, Concentration,
Process Water FK, CKi Water FSi CSi

sinks, j (t/h) (ppm) Sources, i (t/h) (ppm)
1 1 50 20 1 50 50
2 2 100 50 2 100 100
3 3 80 100 3 70 150
4 4 70 200 4 60 250
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Table 4.2 W ater cascade  tab le  for C ase study  1. 1

k c k F] Fi Fi-Fj FC k Amk C um .A ink FW k
70

1 0 0
70 1400

2 20 50 -50 _ 1400 70
20 600

3 50 100 50 -50 2000 40
- -30 -1500

4 100 80 100 20 500 5
- -10 -500

5 150 70 70
60 3000

0 0

6 200 70 -70
-10 -500

3000 15

7 250 60 60
50 49987500

2500 10

8 1000000 0 539227421 539.227

0 50 100 150 200 250 300 350 400
C u m u la t iv e  f lo w ra te  ( to u /h )

Figure 4.1 W ater com p osite  cu rves for case stu dy  1.1.
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A fte r app lied  th e  M ILP m athem atical m odel (Eq. 3 .1 -3 .1 3 ) by G A M S  w ithout 
cost in c lu d ed  (C ostF  =1 $/t, C ostW  =1 $/t, CP =1 s tr e a m h ) , th e  resu lt is acco rd ing  to 
W CA and  w c c . S ou rces w h ich  have h igher co n cen tra tio n  level w ill transfer 
co n tam in an t at ap p ro p ria ted  sp littin g  flow rate  and com b ined  w ith  m in im um  am ou n t o f  
freshw ater to  gen era ted  sinks at th e ir  specified co n cen tra tio n . A m o un t o f  freshw ater 
used at each  sink  (FW ,), con cen tra tion  o f  sink (CKj) and w as tew a te r  gen era te  o f  source 
(W W |) are  show n in T ab le  4.3. M ass transfer from  so u rces (i) to  s in k s  (j) show n in T able
4.4 th a t ou tco m e is w a te r  reuse /recycle  netw ork sho w n  in Fig. 4 .2  rep resen ted  in grid 
d iagram  and  process flow  d iagram . G A M S  code is sho w n  in ap p en d ix  A -l and th e  result 
from  G A M S  is sho w n  in append ix  B - l .  C om pare w ith  netw o rk  by  N N A  p rin c ipa l (Fig. 
2 .11), T h e  sam e am o u n t o f  freshw ate r and w astew a te r flow ra te  are con sum ed  and 
d ischarged  . T here hav e  th ree  m atch in g  flow rate from  freshw ater to  sinks (j 1, j2  and j3 )  
con sum e freshw ater at 40 , 25 and 5 t/h, resp ective ly  but M IL P  genera te  a low er 
m ath c ing  netw ork . T h ere  are tw o sin k  (j 1 and j2 )  th a t requ ire  freshw ate r at 30  and 40 
t/h , resp ective ly .

Table 4.3 M inim um  fresh w ate r and w astew ater o f  case  study  1. 1 by G A M S

Sink, j 1 2 3 4 O F W
'  FW j (t/h) 30 40 0 0 70

CKj (ppm) 20 50 100 200
Source, i 1 2 3 4 o w w

W W i (t/h) 0 0 25 25 50
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Table 4.4 T ran sfe r f lo w  rate , Fjj (t/h) from  sou rce  (i) to  sink  (j) by  G A M S

cs„ FS, cs„ WAV,

Envirouiiieut
A

(b)
F igu re  4.2 W ater n e tw o rk  o f  case  study 1.1 by G A M S  in (a) g rid  d iag ram , (b) p rocess 
flow  d iagram .
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4 .1 .2  C ase  s tu d y  1.1a : S im p le  fixed -flo w rate  p rob lem  w ith  cost inc lu ded  1 
T h is  case  aim  to  genera te  w ater ne tw o rk  to  m in im ize  overall cost o f

freshw ater, w aste  tre a tm en t cost befo re  discharge, and  p ip ing  cost. E ach sec tion  cost will 
do m inate  to  the  o u tco m e  w ater ne tw o rk . T he da ta  o f  sink  and sou rce  are sam e as case
1.1 as sho w n  in T ab le  4 .1 . T his case  still concern  s ing le  sou rce  o f  freshw ater w ith  zero 
ppm . W astew ate r from  excess so u rces  w ill be trea ted  befo re  d isch arg e  at co n stan t price. 
Source and  fre sh w ate r is transferred  to  sink  and so u rce  is transfe rred  to  trea t by p iping 
and p u m p in g  at fixed  ra te . C ost o f  freshw ater (C ostF ) is 10 $/t, co s t o f  w aste  treatm ent 
(C ostW ) is 100 $/t, and  co st o f  p ip in g  (C P ) is 10 $/ s tr e a m h .

A fte r app lied  M1LP m athem atical m odel (Eq. 3 .1 -3 .1 3 ) to  th is  data, the 
ou tco m e n e tw o rk  is sam e as case 1.1 because th e  ne tw ork  is th e  m in im um  freshw ater 
flow rate  and  w astew a te r  flow rate  netw ork . The co s t o f  fresh w ate r and trea tm en t are 
m in im ized  at low est flow rate  o f  freshw ate r and w aste . P ip ing  co st do es no t im pact to the 
ne tw ork  because  it co s t is low er than  freshw ater and  trea t cost. T he oveall cost is 5790 
$/h by 70 t/h  o f  fresh w ate r and 50 t/h  o f  w astew ater and 11 stream s as see in Fig. 4.2. 
G A M S cod e  is sho w n  in app end ix  A -2 and the resu lt from  G A M S  is show n in append ix  
B-2.

4 .1 .3  C ase  stu dy  1.1b : S im p le  fixed -flo w rate  p rob lem  w ith  cost in c lu ded  2 
For o th e r  scenario , the  data  o f  sink  and  sou rce  are sam e as case  1.1 as

show n in T ab le  4 .1 . T h is  case still concern  sing le  sou rce  o f  fresh w ate r w ith  zero  ppm . 
W astew ater from  ex ce ss  sources w ill be treated  befo re  d ischarge  at co n stan t price. 
Source and  fresh w ate r is transfe rred  to  sink and so u rce  is transferred  to trea t by p ip ing 
and p u m p in g  at fixed rate. C ost o f  freshw ater (C ostF ) is 1 $ /t, co s t o f  w aste  treatm ent 
(C ostW ) is 10 $ /t, and co s t o f  p ip in g  (C P) is 500 $ /s tre a m h . For th is  case, p ip ing  cost is 
m uch h ig h er than fre sh w ate r and trea t cost that w ill im pact to  the  resu lt netw ork  to 
generate  lo w er s tream s o f  sou rce  to  sink  or freshw ater to  sink o r sou rce  to  trea tm ent.
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A fte r  app lied  M IL P  m athem atical m odel (E q . 3 .1 -3 .1 3 ) to  th is data, the 
o u tco m e n e tw o rk  is d iffe ren ce  from  prev iou s case sho w n  in Fig. 4 .2  in grid diagram . 
T h e  ne tw o rk  try  to  have  lo w er stream s because  o f  high p ip ing  co st by increase 
freshw ater flo w ra te  and un used  source. T he oveall cost is 5753 .333  $ /h  by  86.667 t/h  o f  
freshw ate r an d  66 .66 7  t/h  o f  w astew ater and  10 stream s. G A M S co d e  is show n in 
app en d ix  A -3 and  th e  resu lt from  G A M S is show n in ap p en d ix  B-3.

cs„ FS, <'ร,, vvw,

F ig u re  4.3 W ate r ne tw o rk  o f  case  study 1.1 b by  G A M S in grid  d iagram .

4 .1 .4  C ase  study  1.1c : S im ple F ixed-flow rate p rob lem  w ith severa l freshw ater 
sou rces
For o ther scenario , the data  o f  sink  and sou rce  are sam e as case 1.1 as 

sho w n  in T ab le  4 .1 . T h is case  consider m u ltip le  sou rces o f  freshw ate r w ith several 
con cen tra tio n  and  cost. T h is  case  propose to  let the m odel cho ose  th e  m o st econom ical 
sou rce  o f  f re sh w ate r for th e  m in im um  co s t netw ork . T here  are th ree  sources o f  
fresh w ate r co n cen tra tio n  (C o n F ) consist o f  0, 20  and 50 ppm  w here co s t (C ostF ) is 100,
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50 and  0 $/t, re sp ec tiv e ly . C ost o f  w aste  trea tm en t (C ostW ) is 100 $/t, and co st o f  p ip ing 
(C P) is 10 $ /s tr e a m h .

A fte r  app lied  M 1LP m athem atical m odel (E q . 3 .14 -3 .24 ) to  th is  data, the 
p ro p er source o f  fresh w ate r is 20  ppm  w ith 50 $/t. T he re su lt ne tw ork  is sho w n  in Fig.
4 .4  in grid d iagram . B ecause o f  v ery  high cost o f  zero  ppm  freshw ate r so u rce , the  m odel 
w ill cho ose  the o th e r  source  for less cost o f  netw ork . E v en th o u g h  50 ppm  freshw ater 
sou rce  is free o f  c o st, it is no t cho sen  cause  the  netw o rk  w ill hav e  m ore w aste  stream  to 
treat. T he oveall co s t is 10287.5 $ /h  by 81.25 t/h  o f  20  ppm  freshw ate r sou rce  and 61.25 
t/h  o f  w astew a te r  and  10 sp litter. G A M S code is show n in app end ix  A -4  and the result 
from  G A M S is sho w n  in app end ix  B-4.

cs„ KS, < ร 1, พ - พ ,

Figure 4.4 W ater ne tw o rk  o f  case  study  1.1c by  G A M S  in grid  d iagram .
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4.1.5 C ase s tu d y  1.2 : F ixed-flow rate  p rob lem  w ith  zero  fre sh w ate r and 
w as tew a te r  (Foo, 2008)
From  w a te r  reuse/recycle  p rocess ex am p le  show n in T ab le  4.5, th ere  have 

five sou rce  stream s and  five sink stream s from  d iffe ren t seven un its. T his exam ple  
process is show n in Fig. 4.5. T he orig inal p rocess con sum es 40.5 t/h  o f  freshw ate r and 
d ischarge  w astew a te r at th e  sam e value. F reshw ater reduction  p o ss ib ility  is iden tified  by 
W CA sho w n  in T ab le  4.6 and w c c  show n in Fig. 4.6. T he resu lting  freshw ate r requires 
and w as tew a te r  d ischarge  are both zero  (FCk value at th e  first row  and  last low ) for th is 
case. W ater reuse /recyc le  generated  by N N A  p rin c ipa l is show n in Fig. 4.7 and Fig. 4.8 
in grid d iagram .

Fresh 
water 
12 t/h

--------  FEED —  ►  ^ORG ANICSH SEPARATOR!

REACTOR
Wastewater 

108ppm. 9 IT)

W astewater 
130ppm, 9 t/h

FIRST WASH 10 Vh

HOSEPIPES (Equipm entร washing):-

SECOND ,.. J  
WASH

PRODUCT
DRYER

DryProduct►

[ a
W astewater 
44p p m , 9 t /h

!□
Fresh water 

8 t/h

Fresh water 
required as 
40.5 t/h

W astewater 
genera tion  = 

40.5 t/h

Wastewater 
TOppm. 9 t/h

WATER
LAYER

PRODUCT 
REC O VE R Y, 

COLUMN

I t  Organics 
Recycle

โ เ - H 3
Wastewater 

22ppm. 4.5 t/h

Figure 4.5 P rocess d iag ram  o f  case  stu dy  l .2 (F o o , 2008).
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Table 4.5 C ase  stu dy  1.2 data  (Foo , 20 08 )

j W a te r
F low rate ,

FKj
C o ncen tra tio n , 

CK, i W a te r F low rate,
FSi

C oncen tra tion
CSi

sinks (t/h) (ppm ) sources (t/h) (ppm )
1 F irs t

wash 10 127.8 1 R eac to r
d ischarge 9 .130

2 H osepipe 4 108 2 S e p a ra to r 9 108
3 R eac to r 1 2 63.002 3 Second wash 9 70
4 Second

w ash 8 62.975 4 D ry er 9 44

5 S tream 6.5 45.72 5 C olum n
bottom 4.5 2 2

Table 4.6 W ater cascad e  tab le  for case  study 1.2 (Foo , 2008)

k c k Fj Fi F.-Fj FCk Amk Cum.Amk FW k
0

1 0 0
0 0

2 22 4.5 4.5
4.5 99

0 0

3 44 9 9
13.5 23.22

99.00000 2.25000

4 45.72 6.5 -6.5
7 120.785

122.22000 2.67323

5 62.975 8 -8
-1 -0.02667

243.00500 3.85875

6 63.002 12 -12
-13 -90.97829

242.97833 3.85670

7 70 9 9
-4 -152

152.00004 2.17143

8 108 4 9 5 -
1 19.8

0.00004 3.704E-07

9 127.8 10 -10
-9 -19.8

19.80004 0.15493

10 130 9 9
0 0

0.00004 3.077E-07
1000000
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Figure 4.6 W ater co m p o site  curves for case  study 1.2.

Figure 4.7  W ater reu se /recy c le  ne tw ork  by N N A  m eth od  (Foo , 20 08 ).
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c %  FS,
130, 9 ----
108, 9 ----

70, 9 ----
44, 9 ----
22, 4.5 _  

CKr FKj 
127.8, 10 «~|

108, 4 ' '̂'' r

63.00167, 12 ^  (*j

62.975, 8 «ะ-

9< y - i ô
< }

è - .^
1 'TO< J — — —* 0 — —

- O -
45.72. 6.ร -̂'-l i f t ---------

O F W =  0 ton /h

O  WAV— 0 ton /h  

— >

0 to n /h , 
0 p p iïî

Figure 4.8 W ate r  reu se /recy c le  ne tw o rk  by  N N A  m ethod  in grid d iag ram  (Foo, 2008).

A fte r  app lied  th e  M ILP m athem atica l m od el (Eq. 3 .1 -3 .1 2 ) by G A M S , 
th e  resu lt is acco rd in g  to  W C A  and wcc th a t there are  zero  freshw ate r input and zero 
w astew ate r d ischarge . In ad d itio n , the  m ass transfer from  sou rces (i) to  sinks (j) 
generated  as  tran sfe r  flow ra te  show n in T ab le  4.7 that ou tco m e is w a te r  reuse/recycle  
netw ork  sho w n  in Fig. 4 .9  rep resen ted  in grid d iag ram . S ources w h ich  have h igher 
co n cen tra tio n  level w ill tran sfe r  co n tam in an t at app ro p ria ted  sp littin g  flow rate  to 
m in im ize  th e  am o u n t o f  fre sh w ate r usage to  zero. G A M S  code  is show n in app end ix  A-5 
and  the  re su lt from  G A M S  is show n in app en d ix  B-5. T h e  op tim al w a te r  netw ork  has 11 
stream s sp lit from  source to  sink  that is low er than  orig inal ne tw o rk  w hich has 12 
stream s (Fig. 4 .8 ) because  o f  ob jec tive  function  o f  M IL P  m odel that in c lu de  m in im iz ing  
o f  m atch ing  flow ra te  b e tw een  source and sink.
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T a b le  4 .7  T ra n sfe r  flow  rate, Fjj (t/h) from  sou rce  (i) to  sin k  (j)

\ S i n k ,  j 

Source, i
1 2 3 4 5

1 9 - - - -

2 1 4 - 3.683 0.317
3 - - _ 8.770 0.230 -
4 - - 3.230 - 5.770
5 - - - 4.087 0.413

c:s„ FS,
130, 9 --------

108, 9 --------

70, 9 --------

44, 9 --------

22, 4.5_____
CKj, FK, 

127.8, 10 . j j

108. 4 < - M

63.002, 12 -<~H

62.975, 8

9  i f
“ O — Q -

4  w

o ~ -

4 5 .7 2 , 6 .5  p ,v fl

พf id  .
m  .... 0 .31 ^

8.770X
O -
0 .2 3 0

3 -2 3 0  j k
o

- O
4 .0 8 7 ,

o

— >
O W W =  0  t o n / h  

— »

0 t o n / h ,  
0  p p m

0 . 3 1 7 X  5 .7 7 0 2 k .  0 .4 1 3  ง/' - o ------------ — •— (0 ).......... -  O -
O F \ V =  0  t o n / h

F ig u re  4 .9  W ater ne tw ork  o f  c ase  study 1.2 by G A M S.

4 .1 .6  C ase  study 1.3 : A p p lied  F ix ed -flo w rate  p rob lem  (Foo, 20 0 8 )
T h is  case  is adap ted  from  case study  1.2 (F oo , 2008) by chan ge  the  sinks 

con cen tra tio n  (C K ,) to low er v a lu e  for m ore realistic . M o st o f  param eters still are the
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sam e, ex ce p t sinks con cen tra tio n  that is changed  to 20  ppm  w h ich  low ers than orig inal 
values sh o w n  in T ab le  4 .8 . F irst, W C A  and w c c  are  used to  iden tify  the m in im um  
freshw ate r flo w ra te  sho w n  in T able 4 .9  and  Fig. 4 .10 . T his case  con sum es 20 .5  t/h  o f  
freshw ate r and  gen era tes  w astew ate r at th e  sam e value.

Table 4.8 C ase  study  1.3 da ta

j Water
sinks

Flowrate,
FK(

Concentration,
CK, i Water Flowrate,

FSi
Concentration,

CSi
(t/h) (ppm) sources (t/h) (ppm)r

1 First 10 20 1 Reactor Q 1301 wash 1 discharge y

2 Hosepipes 4 20 2 Separator 9 108
3 Reactor 12 20 3 Second

wash 9 70

4 Second
wash 8 20 4 Dryer 9 44

5 Stream 6.5 20 5 Column
bottom 4.5 22

Table 4.9 W ater cascad e  tab le  o f  case stu dy  1.3
k c k Fj Fi Fj-Fi F C k Amk C um .A m k F W k

22.5
1 0 0

22.5 450
2 20 40.5 -40.5 450 22.500

_ -18 -36
3 22 4.5 4.5 414 18.818

_ -13.5 -297
4 44 9 9

-4.5 -117
117 2.659

5 70 9 9
4.5 171

0 0

6 108 9 9
13.5 297

171 1.583

7 130 9 9 468 3.6
22.5
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0 10 20 30 40 50 60 ,  70
C u m u la tiv e  flow rate (ton /h )

F ig u re  4 .1 0  W ate r co m p o site  cu rves fo r  case study 1.3.

N ex t, M IL P  m athem atica l m odel (E q . 3 .1 -3 .1 2 ) is app lied  by G A M S . It 
consum es 22 .5  t/h  o f  freshw ater and  generates 22 .5  t/h  o f  w astew ate r. A m o u n t o f  
freshw ater u sed  at each sin k  (FWj), concen tra tion  o f  sin k  (CK,) and  w astew ate r generate  
o f  sou rce  (WWj) are sho w n  in T ab le  4 .10  and tran sfe r  flow rate  (Fjj) from  so u rce  (i) to 
sink (j) is sho w n  in T ab le  4 .11. W ater netw ork  for th is  case is show n in Fig. 4.11 as  grid 
d iagram s. G A M S  code for th is case  is show n in ap p en d ix  A -6  and the re su lt from  
G A M S is sho w n  in ap p en d ix  B-6.

T a b le  4 .1 0  M in im u m  fresh w ate r and w astew ater o f  case  study  1.3 by G A M S

Sink, j 1 2 3 4 5 O F W
FWj (t/h) 5.826 0.364 6.545 5.714 4.051 22.5

CKj (ppm ) 20 20 20 20 20
Source, i 1 2 3 4 5 o w w

WWi (t/h) 9 9 4.5 0 0 22.5
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T a b le  4.11 T ra n sfe r  flow  rate, Fjj (t/h ) from  sou rce  to sink  o f  case  study 1.3 by G A M S

cs„ FS,
130, 9 • 

108. 9

‘ ร,
->  130, 9

-»  108, 9

F ig u r e  4.11 W ate r ne tw o rk  o f  case  study 1.3 by G A M S
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Case study 2 is paper mills process (Tan et a l., 2007) described before in 
background and literature review section shown in Fig. 4.12 and Fig. 4.13 for grid 
diagram. Sinks and sources stream data are shown in Table 4.12. This existing process 
has six sinks and four sources, consumes 1989.06 t/h of freshwater with operating cost 
of 0.043 $/t for treat freshwater before use and discharges 1680.3 t/h of wastewater with 
treatment cost of 0.295 $/t to satisfy the river contaminant limitation. Pinch analysis was 
used to retrofit the water network of this process by design more complex network and 
add regeneration unit. Economics data of regeneration unit shown in Table 4.13 is used 
to determine the most cost effective water network with regeneration units. Dissolve air 
floatation (DAF) which is physical treatment equipment that removes suspended solids 
(TSS) from wastewater by bubble air is used for regenerate wastewater.

4.2 Water Network Design with Regeneration Unit

F r e s h  w a t e r

Figure 4.12 Paper mills existing process case study 2 (Tan e t a l ,  2007).
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CS,, FS,

F ig u re  4 .1 3  P aper ทานIs ex is ts  process case  study 2 on grid  d iagram .

T a b le  4 .12  S in ks and so u rces  data  for case  study 2 (T an  et a l ,  20 07 )

j Sinks
Flowrate,

FK,
Concentration,

CKj i Sources
Flowrate,

FS,
Concentration,

CSi
(t/h) (ppm) (t/h) (ppm)

1 Pressing 155.4 20 1 Pressing" 155.4 100
-2 Forming 831.12 80 2 Forming 1305.78 230
3 Others 201.84 100 3 Others 201.84 170
4 DIP 1149.84 200 4 DIP 469.8 250
5 CP 34.68 20
6 AF 68.7 200
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Table 4.13 Economics data for regeneration unit (Tan e t  a l ,  2007)

Regeneration unit 
DissolveAir Floatation (DAF)
CR (ppm) 30
Hydraulic loading rate (ton/m 2 h) 1.807
O perating cost ($/t) 0.15
Costing equation per unit (ร) 2310.6 (Area)+780876
Piping estimation fraction 0.16

First, th e  m in im u m  freshw ate r usage befo re  re tro fittin g  by regenera tion  is found 
by w a te r  cascade  an a ly sis  and  w a te r com p osite  cu rve  show n in T ab le  4 .14  and  Fig. 4 .14  
acco u n tin g  fo r 84 8 .1 2  t/h  and  generates 53 9 .3 6  t/h  o f  w astew ate r. B oth  m eth ods can 
foun d  the  m in im u m  fresh w ate r and w astew a te r flow rate w ith o u t con cern in g  som e o f  
m a tch in g  from  so u rce  to  sink  in ex istin g  ne tw o rk  (Fig. 4 .1 3 ). A fter app lied  w ith N L P  
m ath em atica l p ro g ram , real po ten tia l to  sav e  freshw ater is found in regard  to  the 
m atch in g  o f  ex is tin g  netw ork . T he resu lt is 852 .816  t/h o f  freshw ate r is requ ired  and
5 4 4 .0 57  t/h  o f  w as tew a te r  is d ischarged . A m o u n t o f  freshw ater used at each  sink  (FW j), 
co n cen tra tio n  o f  s in k  (C K ,) and  w astew ate r generate  o f  sou rce  ( พ ’พ j) are show n in 
T ab le  4 .15 and tra n s fe r  flow rate  (Fjj) from  sou rce  (i) to sink  (j) is show n in T able  4 .16. 
T he  op tim al w a te r  n e tw o rk  for th is  case is sho w n  in Fig. 4 .15 . G A M S co d e  for th is case 
befo re  re tro fitting  is show n in app end ix  A -7 and the resu lt from  G A M S  is show n in 
ap p en d ix  B-7.

T he w ay  to  im prove  is add ing the D A F  un its for trea t the w astew a te r at the  
p ro p e r am ount o f  regenera tion  flow rate. F rom  prev ious s tu dy  (Tan et a l,  2007), the  
m ax im u m  reg en era tio n  flow rate  (F R max) is so u g h t by plot th e  freshw ater flow rate  versus 
regenera tion  flow ra te . T he re su lt show n in F ig. 4 .16 , m ax im u m  regeneration  flow rate is 
62 0 .2 65  t/h im p ly  th a t at th is  po in t o f  FRmax, the  regenera ted  w ater can n o t be further 
reused  since  the  w a te r  ne tw o rk  had  reached its lim itation  in te rm s o f  reusin g /recyclin g  o f  
th e  regenerated .
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T a b le  4 .14  W ate r cascade  ta b le  before re tro fitting  for case  study  2

k c k Fj Fi Fi-F; FCk Am k C um .A m k F W k
848.1209

1 0 0
848.120 16962.417

2 20 190.08 -190.08
658.040 39482.452

16962.417 848.120

3 80 831.12 -831.12 56444.87 705.560■ -173.079 -3461.5826
4 100 201.84 155.4 -46.44

-219.519 -15366.339
52983.287 529.832

5 170 201.84 201.84
-17.679 -530.37391

376Î6.948 221.276

6 200 1218.54 -1218.54
-1236.21 -37086.574

37086.574 185.432

7 230 1305.78 1305.78
69.560 1391.2174

0 0

8 250 469.8 469.8
539.3609 539226029

1391.2174 5.56486

9 1000000 0 539227421 539.227

0 500 1000 1500 2000 2500 3000 3500

C um ulative  flow rate  (ton/h)

F ig u re  4 .14 W ater co m p o site  cu rves before re tro fitting  fo r case  stu dy  2.
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Table 4.15 Minimum freshwater and wastewater o f case study 2 before retrofitting by
GAMS

Sink, j j l j2 J3 J4 j5 • j6 O FW
FWj (t/h) 141.887 542.035 114.083 9.49 31.664 13.657 852.816

CKj (ppm ) 20 80 100 200 20 200

Source, i i l i2 i3 i4 o w w
W W i (t/h) 0 128.25 7_ 0 415.8 544.057

T a b le  4 .16  T ran sfe r  flow  ra te , Fjj (t/h) from  source to  sin k  o f  case stu dy  2 before 
re tro fitting  b y  G A M S

R etro fit m in im um  freshw ater is identified  by  reca lcu la te  w ith  m ax im um  
regenera tion  flow  in w ater cascad ing  w h ich  show n in T ab le  4 .17. A m o u n t o f  freshw ater 
can be red u ced  to  308 .76  t/h . A nd th ere  d ischarge no w aste  because  o f  620 .265  t/h  o f  
w aste  is regenera ted  and reuse  that be added  on row  3 at 30  ppm .
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C S , ,  F S ,

F ig u re  4 .1 5  W ater n e tw o rk  o f  study 2 by G A M S.

Figure 4.16 Freshwater versus regeneration (Tan e t  a l ,  2007). „
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Table 4.17 Water cascade table after regenerate with 620.265 t/h

k ck Fj Fi Fi-Fj F C k Am k C um .A m k F W k
308.76

1 0 - 0
308.76 6175.2

2 20 190.08 -190.08 6175.2 308.76
- 118.68 1186.8

3 30 620.265 620.265
738.945 36947.25

7362 245.4

4 80 831.12 -831.12
-92.175 -1843.5

44309.25 553.8656

5 100 201.84 155.4 -46.44 42465.75 424.6575
-138.615 -9703.05

6 170 201.84 201.84
63.225 1896.75

32762.7 192.7218

7 200 1218.54 -1218.54
-1155.32 -34659.45

34659.45 173.2973

8 230 1305.78 1305.78
150.465 3009.3

0 0

9 250 469.8 469.8
620.265 620109934

3009.3 12.0372

10 1000000 0 620112943 620.1129

R etro fit Water netw o rk  by p inch  analysis (T an  et a l. , 20 07 ) is show n in 
Fig. 4 .17. N ex t, th e  w ate r n e tw o rk  w ith  regenera tion  un it w h ich  is gen era ted  by N L P  
m athem atical m od el by Eq. 3 .26-3 .43  w h ere  ob jective  is to  m ax im ize  cost sav ing  is 
show n in Fig. 4 .1 8 . T h ree  sp littin g  flow rate are the sam e as ex is tin g  ne tw o rk  excep t 54 
t/h  from  sou rce  fo u r to  sink  six  on the left part o f  dash  line. M ore e ig h t sp litte rs  are 
add ed  to  ne tw o rk  befo re  and a fte r regenera tion  on the righ t part o f  dash  line. F resh w ate r 
and  w astew ate r a re  reduced  c o m p a re 'w ith  p inch  analysis. A m o u n t fresh w ate r ach ieve  
th e  m in im um  v a lu e  w hich  is 308 .76  t/h , all w astew ater is recycle  by regenera tion  un it 
and  no w aste  d isch arg e  to  trea tm en t. T ab le  4 .18 show s th e  co m p ariso n  o f  resu lts  and  
econ om ic  v a lu es  be tw een  p inch  analysis and  m athem atica l m odel. G A M S  code  fo r th is  
case  w ith  regenera tion  is sho w n  in app end ix  A -8  and the  re su lt from  G A M S  is sho w n  in 
app end ix  B-8.
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Fr„= 620.27 ton/h
C'r»»= 30 ppm

150.47 92.52
0 — 0 -

oww = 92.52 (on/h

• 170. 201.84 
250, 469.8

CKL), FK,
20, 155.4
80, 831.12

_ 100, 201.84
200, 1149.84

20, 34.68 <T—

200, 68.7 ,£1..,.,.,

- - ๐ - -------
2 1 3 .7 5 ,,

------------ — — O - -
8 7 .7 6 ,,

(^)
155.4 41.28 201.84 705 3

■ .......- — 1 ± 5- .

103.6 r \
4 ^ 7

\
............. _............_................ ....... ________ r ร . .

23โ12
t ><

< y
14.7

0 to n /h , 
0  p p m

OFW = 401.82 lon/h

F ig u re  4 .1 7  R e tro fit w a te r  ne tw o rk  o f  case  study  2 by  p inch  an a ly sis  in grid  d iagram  
(Tan et a l. , 2007 ).
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Fkcs— 620.265 ton/h 
CRrg= 30 ppm

150.4656

oww = 0 ton/h

20, 155.4 <-
80. 831.12

100, 201.84 m m  
200, 1149.84

20. 34.68 B f f i g }

200, 68.7 8.961
OFW = 308.76 ton/h 59.739

0 ton/h,
0 ppm

F ig u re  4 .18  R e tro fit w a te r  n e tw o rk s o f  case study  2 by N L P  (G A M S ) in grid  diagram .

T a b le  4 .18  E co n o m ics  resu lt com p ariso n

Results Existing WN Retrofit WN
Pinch (Tan et a i ,2007) NLP (GAMS)

Overall freshwater (t/h) 1989.06 401.28 308.76
Overall wastewater (t/h) Î680.3 92.52 0
Regeneration flowate (t/h) 0 620.27 620.265
Num ber o f  splitting 4 12 12
Investment cost ($) 0 3,909,985.30 3,909,942.45
Operating cost ($/y) 4,138,829.23 975,439.78 752,720.32
Saving ($/y) 0 3,163,389.45 3,386,108.91
Payback period (y) - 1.236 1.155



86

4.3 Water Network Design with Several Treating Units

4.3.1 C ase  study 3.1 : T w o trea tin g t un its and  no n -fix ed  p ip in g  cost
C ase  study 3.1 con sist o f  tw o  p rocess so u rces  and tw o  p ro cess  sinks w ith  

know n flow ra te  and  co m p o sitio n  w hich show n in T ab le  4 .1 9 . W aste co m p o sitio n  lim it is 
0 .015 . T rea tm en t un it da ta  are  show n in T ab le  4 .20  th a t have  tw o un its  w ith  d ifferen ce  
effic iency  an d  co s t data  and  p ip in g  cost da ta  are sho w n  in T able 4 .2 1 . T here  have  tw o 
sou rces o f  f re sh w a te r w h ich  com position  are 0 and 0 .005  th a t cost are  1 .9x10 '3 $/kg and 
1.4x10 '3 $ /k g  resp ective ly . T h e  m in im um  flow rate  is 30 0  kg/h . T he p ro p o sed  m odel w as 
im p lem en ted  in G A M S . T he param eter H Y  and KY w ere  fixed as 80 00  h/y and 0.333 
y e a r '1, resp ec tiv e ly . T he op tim al so lu tion  is carried  ou t by cascad in g  four-step  
ca lcu la tion  p ro ced u re . F irst LP so lver is run for in itia liza tio n  to  the n ex t so lver. Second 
so lver is run  by  in itia liz ing  som e variab le  in o rder to  m ake all d isp lay  flow rate  over 300 
kg/h . A nd th e  p ro p er trea tm en t unit and stage is cho sen  from  th is  step . For the  th ird  
ca lcu la tion , a ll va riab les  w h ich  found from  prev ious step  are  set as p aram ete r in o rder to 
get p ip ing  c o s t and  to tal ann ua l cost (T A C ). T hen, all v a riab le  are re -ca lcu la ted  to  find 
th e  m ost o p tim a l so lu tion  by changing  o f  som e flow rate  to  satisfy th e  m ost econom ical 
p in ing  cost. T h e  resu lts  from  each step ca lcu la tion  are show n in T ab le  4 .22 w here  the 
m in im al T A C  is 39 ,33 1 .12  $/y. T he op tim al w ater n e tw o rk  is show n in Fig. 4 .19  and  the  
resu lt co m p ariso n  are show n in T able 4 .23 th a t app ro x im ate ly  be s im ila r to  litera ture  
resu lts  (S ien iu ty cz  et al. , 20 09 ). G A M S cod e  for th is case  is show n in app en d ix  A -9  and 
th e  resu lt from  G A M S  is sho w n  in append ix  B-9.



Table 4.19 Sources and sinks data for case study 3.1 (Sotelo-Pichardo e t  a l ,  2011)

Source i Flowrate, FSi Composition, CSi 
(kg/h)

Sink j Flowrate, FKj 
(kg/h)

Composition, CKLj

1 2500 0.035 1 2800 0.014
2 2870 0.024 2 2300 0.012

Waste Flowrate Composition limit, CWL
1 - 0.014

Table 4.20 T rea tm en t un it da ta  fo r case study 3.11 (S o te lo -P ich ard o  et a l ,  2011 )

Treatment unit Unitl Unit2
Efficiency factor 
0< Flowrate <1790

0.91 0.72

Installation fixed cost (ร) 9875.43 7822.52
Installation variable cost ($/kg) 
1791< Flowrate <3580

8.58269 7.14466

Installation fixed cost (ร) 13852.9 11133.56
Installation variable cost ($/kg) 
3580< Flowrate <5370

6.36064 5.29491

Installation fixed cost (ร) 16125.94 13025.75
Installation variable cost ($/kg) 5.72571 4.76637
Unitary operation cost ($/kg) 0.79x10 '3 0.63x10'3
Capacity increasing fixed cost (ร) 800 900
Capacity increasing variable cost (ร/kg) 1.1367 0.9548
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Table 4.21 Piping cost data for case study 3.1 (Sotelo-Pichardo et a l ,  2011)

บ CPF1 (ร/y) CPI X 104 (S/kg)
น 1.1 1.1
1,2 1.3 1.2
2,1 0.8 0.8
2,2 1.4 1.3
i, น CPF2 (S/y) CP2 X 104 (S/kg)
น 1.2 1.2
1,2 1.4 1.1
2,1 1.1 0.9
2,2 1.5 1
น,พ CPF3 (S/y) CP3 X 10  ̂(S/kg)
1,2 0.4 0 5
2,1 0.6 0.4
พ,i CPF4 (S/y) CP4 X 104 (S/kg)
1,1 1.4 1.3
1,2 1.3 1.1
2,1 1.2 1.1
2,2 1 0.8
r ,j CPF5 (S/y) CP5 X 104 (S/kg)
1,1 1.4 1.6
1,2 . 1.7 1.7
1,3 1.3 1.4
1,4 1.9 1.5
i CPF6 (S/y) CP6  X 104 (S/kg)
1 0.6 0.7
2 1.3 1.4
พ CPF7 (S/y) CP7 X 10̂  (S/kg)
1 1.1 , 0.2
2 0.9 0.2
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Table 4.22 Result o f case study 3.1 by four-step calculation

Result Calculation 1 Calculation 2 Calculation 3 Calculation 4
FW rJ(kg/h) FW2,,= 1473.684 

FW2,2= 1452.632
FW,,2 = 405.417 FW,,2= 405.417 FW,,1 = 405.417

x F ^ k g /h ) xF2 1 = 1326.316 
xF2,2 = 847.368

xF2 1 = 1457.074 
xF2,2= 1037.509

xF2 1 = 1457.074 
xF2 2 = 1037.509

xF2,i = 1518.32.4 
xF2,2 = 976.259

yFi,u (kg/h) - yF |, = 2500 yF,., = 2500 yF,,, = 2500
tFw>11 (kg/h) - - - -
zF„j (kg/h) zF|,| = 1342.926 

zF,,2 = 857.074
zF,11 = 1342.926 
zF],2 = 857.074

zF, 1 = 876.259 
zF ,,2 = 1323.741

w w i j  (kg/h) - WW12 = 375.417 WW12 = 375.417 WW12 = 375.417
WW2w(kg/h) - WW2| = 300.000 WW2| = 300.000 WW2, =300.000

FTIU (kg/h) - FT1| = 2500 FT1, =2500 FT1, =2500
Waste Composition - 0.0147 0.0147 0.0147

Freshwater Cost (S/y) 32,774.74 6,162.33 6,162.33 6,162.33
Treatm ent Cost (S/y) - 9,908.25 9,908.25 9,908.25
Operation Cost (S/y) - 15,800 15,800 15,800

Piping Cost (S/y) - - 7,592.44 7,460.54
Total Annual Cost (S/y) - - 39,463.02 39,331.12

o w w  = 675.417 kg/h 

c w  =0 .0147

0 kg/h

F ig u re  4 .19  Optimal water network o f  case study 3.1 in grid diagram.
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Table 4.23 Result comparison o f case study 3.1

Result Sotelo e t  a l . ,  2011 Four-step calculation
Waste composition 0.015 o"oi47
Freshwater flowrate (kg/h) 405.42 405.417
Waste flowrate (kg/h) 675.42 675.417
Freshwater cost ($/y) 6162.384 6162.333
Treatm ent capital cost ($/y) 9908.248 9908.248
Treatm ent operation cost ($/y) 15800 15800
Piping cost ($/y) 7460.544 7,460.54
Total annual cost (S/y) 39331.176 39331.12

4.3 .2  C ase  s tu dy  3.2 : T h ree  trea ting t un its  and fixed  p ip in g  cost
C ase  study  3.2 co n s is t o f  four p ro cess sou rces and  tw o  p rocess s inks w ith  

know n flow rate  an d  concen tra tion  w h ich  show n in T able  4 .24 . W aste  con cen tra tion  lim it 
is 5 ppm . T rea tm en t un it data  are  show n in T ab le  4 .25 th a t have tw o  un its w ith  
d ifferen ce  e ffic ien cy  and cost da ta  and p ip ing  co st da ta  are sho w n  in T able  4 .26 . T here 
have tw o  so u rces o f  freshw ater w h ich  con cen tra tion  are 0 and  5 ppm  th a t cost are 
1.45x1 O'3 $ /kg  and  0.94x1 cr3 $ /k g  respectively . T he m in im u m  flow rate  is 300  kg/h. 
T he p ro p o sed  m od el w as im p lem ented  in G A M S . T he p a ram ete r H Y  and K Y  w ere  fixed 
as 8000  h/y and 0 .333  y ea r '1, respective ly . T he op tim al so lu tio n  is ca rried  out by 
cascad ing  fo u r-s tep  ca lcu la tion  p roced ure . F irst LP  so lver is run for in itia liza tio n  to  the 
nex t so lver. S econ d  so lv e r is run by in itia liz ing  F T IU variab le  to  get the  m ost econom ical 
trea tm en t un it and stage. For the  th ird  ca lcu la tion , all v a riab le s  w hich  found  from  
p rev iou s step  are se t as param ete r in o rder to get p ip ing  co s t and to tal annual cost 
(T A C ). T he  last ca lcu la tio n  show  th e  sam e so lu tion  as p rev io u s  ca lcu la tion  because  o f  
p ip ing  cost w ere  fixed  th a t no need  to  change flow rate  and m atch ing . T he  resu lts  from  
each step  ca lcu la tio n  are  show n in T ab le  4.27 w h ere  the  m in im al T A C  is 9 5 7 ,8 84 .80 4  
$/y. T h e  op tim al w a te r  netw ork  is show n in Fig. 4.21 and th e  resu lt co m p ariso n  are 
show n in T able  4 .2 8  th a t app ro x im ate ly  be s im ila r  to  lite ra tu re  resu lts  (S ien iu ty cz  et a l ,
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2009). G A M S  code  fo r th is  case is show n in ap p en d ix  A - 10 and  th e  resu lt from  G A M S 
is sho w n  in ap p en d ix  B -10 .

T a b le  4 .2 4  S ou rces and  sinks da ta  for case s tu dy  3.2 (S o te lo -P ich ard o  et a l ,  2011 )

Source
i

Flowrate,

! i

Concentration,
CSi

Sink
j

Flowrate,

< £ .
Concentration, CKLj

1 2880 0 1 4320 0
2 18000 14 2 20880

Flowrate
10

Concentration limit,
3 21240 25 Waste CW L
4 5040 34 1 - 5

T a b le  4 .2 5  T rea tm en t un it data  for case  study 3 .2  (S o te lo -P ich ard o  et a l ,  2011 )

Treatment unit Unitl Unit2 Unit3
Efficiency factor 0.93 0.84 0.76

0< Flowrate <3187
Installation fixed cost 12470.71 9134.52 7873.48

Installation variable cost 8.4443 6.5109 6.1027
3187< Flowrate <6374

Installation fixed cost 19438.82 14506.78 12908.94
Installation variable cost 6.2581 4.8252 4.5227

6375< Flowrate
Installation fixed cost '  23420.05 17576.92 15786.6

Installation variable cost 5.6334 4.3436 4.0713
U nitary operation cost ($/kg) 0.9x10‘3 0.6x10 '3 0 .5 x l0 '3
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Table 4.26 Piping cost data for case study 3.2 (Soteio-Pichardo e t  a l . , 2011)

CPF1 (S/y) CPI X 10"3 (S/kg)บ 0.82 1.4
CPF2 (S/y) CP2 X 10° (S/kg)i,น 0.96 1.2
CPF3 (S/y) CP3 X 103 ($/kg)

0.7 0.63
CPF4 (S/y) CP4 X 103 (S/kg)"ง 0.89 1.11
CPF5 (S/y) CP5 X 103 (S/kg)r 1.635 0.67 -
CPF6 (S/y) CP6 X 10'3 (S/kg)

0.82 1.4
CPF7 (S/y) CP7 X 10'3 (S/kg)

0.89 1.11

Table 4.27 R esu lts  o f  case  study  3.2 by  four-step  ca lcu la tion

Result Calculation 1 Calculation 2 Calculation 3 Calculation 4
FWrJ(kg/h) FW, 1= 1440 FW, , = 1440 

FW,12= 5965.714
FW, 1= 1440 FW, 11= 1440

xFij (kg/h) xF, 1 =2880 xF, 1 = 2880 x F |1 = 2880 xF,,, = 2880
xF22 = 14914.2 xF212 = 12485.857 xF2i2 = 12485.857 xF2i2 = 12485.857

yFi>u (kg/h) - yF2'2 = 3280.408 
yF3'2 = 21240

yF212 = 3280.408 
yF3 2 = 21240

yF212 = 3280.408 
yF3 2 = 21240

- yF4 2 = 5040 yF42 = 5040 yF42 = 5040
tFw,„ (kg/h) - - -
zFw>j(kg/h) - zF212 = 8394.143 zF2i2 = 8394.143 zF22 = 8394.143

W W lj (kg/h) - WW12 = 2233.735 WW12 = 2233.735 WW12 = 2233.735
VVW2w (kg/'h) - WW2| =21166.26: WW2, =21166.26: WW2| =21166.26:

FT1U (kg/h) - FTI2 = 29560.408 FT12 = 29560.408 FTI2 = 29560.408
Waste Concentration (ppm) - 5 5 5

Freshwater Cost ($/y) 85,906.286 16,704 16,704 16,704
Treatment Cost ($/y) - 48,609.844 48,609.844 48,609.844
Operation Cost ($/y) - 141,889.959 141,889.959 141,889.959

Piping Cost ($/y) - - 751,118.926 751,118.926
Total Annual Cost ($/y) - - 958,322.730 958,322.730



9 3

cs„ FS,
0. 2880 -

14, 18000.
25, 21240.
34, 5040 -

2880

CK> FK1 FWt.1
0. 4320 «J M B - O

12485.857 3280.408 2233.13S

10, 20880 «*"

21240

5040

mmmamsxt
8394.143—& ..ô - ô  f ü i - 1

“O

21166.265

o w  = 23400 kg/h 
OV = 5 ppm

0 kg/h.
o -

O-FW = 1440 kg/li

F ig u re  4 .2 0  O ptim al w a te r  ne tw o rk  o f  case study 3.2 in grid d iagram .

T a b le  4 .28  R esu lt com p ariso n  o f  c ase  study 3.2

R esults Sotelo et al., 2011 F ou r-step  calculation
Waste concentration (ppm) 5 5
Freshwater flowrate (kg/h) 1440 1440
Waste flowrate (kg/h) 23400 23400
Freshwater cost ($/y) 16,704 16,704
Treatment capital cost ($/y) 48,609.85 48,609.84
Treatment operation cost ($/y) 141,889.97 141,889.96
Piping cost ($/y) 751,116.13 751,118.93
Total an n u a l cost (S/y) 958319.945 958,322.729
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4.4 พ ater-and-Heat-Exchanger Network (WHEN) Design

T he  case  study  4 is adap ted  from  case study  1.3 w ith  defin ed  tem p era tu re  to 
illustrate  th e  sequen tia l W H E N  m odel con sists  o f  five p rocess so u rces  and five process 
sinks w ith  kn ow n  co n cen tra tio n , flow rate and tem pera tu re . T he ex am p le  process show n 
in Fig. 4 .22  and  defin ed  in T ab le  4 .29. C o st data are sho w n  in T ab le  4 .30 . P ip ing fixed- 
cost (C P F ) and  variab le  co st (C P) o f  all possib le  s tream s are sho w n  in T able 4.31 and 
T able  4 .32 . W ithou t W H E N  design, the  process requ ire  44 .5 t/h  o f  freshw ater and 
d ischarge 44 .5  t/h  o f  w astew ate r. In o rd er to  increase s in ks tem p era tu re  to desired  values 
(100 °C ) and  decrease  sources tem p era tu re  to regu la tio n  v a lu es  (30°C ) before  

- d ischarg ing , th e  process co n su m e hot and cold u tilities for 3543 .75  k w  and 4147 .5  k w , 
respectively . T otal annual cost o f  based  case  is $ 2 ,34 3 ,023 .16  per year.

F irs t o f  all, w ith o u t sinks and sources tem p era tu re  included , m in im um  
freshw ater and  w astew a te r  are iden tified  by w ater cascade  analysis  (W C A ) and  w ater 
com p osite  cu rve  (W C C ) w h ere  result are sam e as p rev iou s resu lt o f  case study 1.3 as 
show n in T ab le  4 .9  and T ig . 4 .10. T he p ro cess m in im ally  con sum e 22 .5  t/h o f  f reshw ater 
and d ischarge  22.5 t/h o f  w astew ater.

F ive scenario s o f  netw ork  are stud ied  con ssis t o f  based case , op tim al netw o rk  
by W N w ith o u t F1EN, op tim al netw ork  by HEN  w ith o u t W N, o p tim al W H E N  by tw o- 
step design , and  op tim al W H E N  by four-step  design.

Table 4.29 S ources and  sinks data for case  study 4

Source i c s ,
(ppm )

TS,
( ๑ Sink j CKj

(ppm )
TK,
( ๑

1 9 130 120 1 10 20 100
2 9 108 100 2 4 20 100
3 9 70 130 3 12 20 100
4 9 44 140 4 8 20 100
5 4.5 22 80 5 6.5 20 100
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Figure 4.21 P rocess d iag ram  o f  case study  4.

Table 4 .3 0  C o st and o p e ra tin g  cost param eters

P aram ete r V alue
F resh w ate r cost ($/t) 0 .375
C o oling  u tility  cost (ร /k W - y )  189
H eating  u tility  cost (ร /k พ -  y) 377
E xch ang ers  fixed  cost (ร ) 8000
E x ch an g ers  a rea  co e ffic ien t cost (ร/ทา2) " 1200
C ost e x p o n en t for ex ch an g ers  0.6
O verall hea t-tran sfe rs  co e ffic ien t ( k w /m 2- °C ) 0.5
W ork ing  h o u rs  o f  p lan t p e r year (h) 8000
A n n u a lize  fac to r o f  in v estm en t cost ( y 1) 0 .333
Inlet h ea tin g  steam  tem p era tu re  (°C ) 120
Inlet and  o u tle t coo ling  w a te r  tem p era tu re  (๐C) 10, 20
F resh w ate r tem p era tu re  ( ๐C ) 25
W astew ate r tem p era tu re  (°C ) * 30
E x ch an g ers  m in im um  app ro ach  tem p era tu re  (°C)________________________________ 10
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T ab le  4.31 P ip in g  f ix ed -co st and  variab le  co st o f  sou rce  to  s in k  stream s

\ s i n k  j 1 2 3 4 5
C P F l CPI X n r’ C P F l C P l x l O ' 3 C P F l C P l x l O ' 3 C P F l C P l x l O ' 3 C P F l C P l x l O ' 3

S ourcek ($/y) ($/t) ($/y) (S/t) ($/y) (S/t) ($/y) (S/t) ($/y) (S/t)
1 100 1.1 300 1.2 ISO 1.3 200 1.4 200 1.1
2 200 0.8 250 1.3 100 1.1 220 1.2 150 0.9
3 220 0.9 300 1.3 330 1.1 300 1.4 110 1.1
4 110 1.3 40 0 1.2 200 1.3 20 0 1.4 250 1.1
5 200 1.1 300 0.8 100 1.3 300 1.4 250 0.9

T ab le  4.32 P ip in g  f ix ed -co st and variab le  co st o f  f resh w ate r and w astew a te r  stream s

1 2 3 4 5
Fresh  to  S ink j C P F 2 C P 2

x l O ' 3 C P F 2 C P 2
x l O ' 3 C P F 2 C P 2

x l O ' 3 C P F 2 C P 2
XlO'3 C P F 2 C P 2

x l O ' 3

(S/y) (S/t) (S/y) (S/t) (S/y) (S/t) (S/y) (S/t) (S/y) (S/t)
200 0.7 300 1.4 150 1.2 120 1.1 250 1.3

1 2 3 4 5
S ou rce  i to W aste C P F 2 C P 2

x l O ' 3 C P F 2 C P 2
x l O ' 3 C P F 2 C P 2

XlO'3 C P F 2 C P 2
x l O ' 3 C P F 2 C P 2

XlO'3
(S/y) (S/t) (S/y) (S/t) (S/y) (S/t) (S/y) (S/t) (S/y) (S/t)
100 0.7 200 1.4 250 1.1 150 1.2 200 1.3

4.4.1 B ase  case
W ith ou t W N and H EN  design , the p ro cess  w ill co n su m e m axim um  

am ou t o f  f re sh w ate r and u tilities. T he p ro cess requ ire  44 .5  t/h  o f  freshw ater and 
d ischarge  44 .5  t/h  o f  w astew ater. In o rder to  increase  s in ks tem p era tu re  to  desired  va lues 
(100  °C) and  decrease  sou rces tem p era tu re  to reg u la tio n  va lues (30°C ) befo re  
d ischarg ing , th e  p ro cess co n su m e  hot and co ld  u tilities fo r 3543 .75  k w  and  4147 .5  kW , 
respectively . T o ta l annual co st o f  based case  is $2 ,3 4 3 ,0 2 3 .1 6  per year.
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4.4 .2  W N  design
T h e  op tim al W N  netw ork  is design  w ith  m in im um  fresh w ate r usage to 

generate  W N as sho w n  in Fig. 4 .22  w ith  m in im al fre sh w ate r and p ip in g  cost in annual, 
w h ich  are $ 6 7 ,5 0 0  per year and $3 ,353 .68  per year, resp ective ly . A fte r  do ing W N , 
S inks tem p era tu re  (T K | to  T K 5) are rised to  56 .67  c, 75 c, 77.093 c, 77.273 c, and 
55 c, resp ec tive ly . F lo w rate  o f  residue so u rces i l ,  i2, and  i3 are 9, 9, and 4.5 t/h w ith  
th e  sam e tem p era tu re . W ith ou t HEN design , sink  and so u rce  stream s tem pera tu re  w ill 
sa tisfied  by h o t and  cold u tilitie s , w hich  are  1,496.25 kW  o f  ho t u tilitie s  and 2,205 kW  
o f  cold  u tilitie s  w ith  e ig h t exh ang ers  as sho w n  in Fig. 4 .23  w h ere  the to ta l annual co st is 
$ 1 ,12 9 ,537 .26 2  p e r year. G A M S  code for th is  case is sho w n  in ap p en d ix  A -l 1 and the 
resu lt from  G A M S  is sho w n  in app end ix  B - l 1.

F ig u r e  4 .2 2  W N  o f  case  stu dy  4.
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F ig u re  4 .23 O ptim al ne tw o rk  o f  case  study 4 by  W N design .

4.4.1 H E N  design
'W ith o u t  op tim al W N design , all five sinks is fed by freshw ate r at 

requ ired  values, w h ich  are 10 t/h , 4 t/h , 12 t/h , 10 t/h, and  6.5 t/h  w ith  freshw ater 
tem p era tu re  (25 °C ) w h ere  the  ta rge t tem p era tu re  o f  sinks is 100 °c. T o  increase sink 
tem p era tu re  to ta rg e t va lues, s inks w ill act like co ld  stream s o f  H E N . In o th e r w ords, to 
d ecrease  source tem p era tu re  to  d ischarge  regu la tion  w aste v a lu e  (30°C ), so u rces w ill act 
like ho t stream s o f  H E N . M inim um  cold u tility  is 60 3 .7 5  kW  w ith o u t hot u tility  
co n su m p tio n  as sh o w n  in Fig. 4 .24 . The op tim al H EN  is sho w n  in Fig. 4 .25 . G A M S 
code  for th is  case  is show n in ap p en d ix  A - 12 and the resu lt from  G A M S  is show n in 
ap p en d ix  B-12.
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F igu re 4 .2 4  H eat co m p o site  curve.

F igu re  4 .2 5  O ptim al n e tw o rk  o f  case  study  4 by  H E N  design.
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4 .4 .2  W H E N  by  tw o -s tep  design
A ll data are  p u t in the W H EN  m odel (E q . 3 .13 2 -3 .1 7 8 ) and  calcu la ted  by 

G A M S w ith  tw o-step  ap p ro arch  ca lcu la ion  m ethod w h ere  the  ca lcu la tio n  steps are 
show n in Fig. 3 .7 , there  h av e  tw o m ain steps w ith fou r so lv in g  step.
S te p  1 ะ F or first and secon d  solv ing, m in im um  fresh w ate r flow ra te  (FW j), transfer 
flow rate (Fjj), and m in im um  w aste  (W W ,) are found w ith  app ro p ria te  m ake-up  stream s 
to  com p le te  W N  as sho w n  in Fig. 4.22 w ith  m in im al freshw ater and  p ip ing  co st in 
annual, w h ich  are $ 6 7 ,5 00  p er year and $3 ,353:68  p er year, resp ective ly . A fter do ing  
W N , S inks tem p era tu re  (T K i to  TK s) are rised  to 56 .67  c, 75 c, 77 .093  c, 77 .273  c, 
and 55 °c, resp ective ly . F lo w ra te  o f  residue  sources i l ,  i2, and i3 are  9 „ 9 , and 4.5 t/h 
w ith  th e  sam e tem p era tu re . B efore H EN  design, m in im um  hot and co ld  u tilities  are 
p re lim inary  ta rge ted  by h o t/co ld  com p osite  curve as sh o w n  in Fig. 4 .26 .
S tep  2 ะ H E N  is designed  by th ird  and fourth  so lv ings to  develop  W H E N . T he p rocess 
cosum e ho t u tilitie s  and co ld  u tilities fo r 268.41 k w  and  977 .16  k w , resp ective ly  w ith  
12 ex ch an g er un its. H E N  sho w n  in Fig. 4 .27  w here H 1-H 3 is ho t s tream s and C 1-C 5 is 
cold stream s. T o ta l annual co st is $4 88 ,16 0 .6 24  per year. T he op tim al W H E N  are show n 
in Fig. 4 .28  no tice  that sou rce  stream s and sink  stream s are  d isp layed  as  S1-S5 and D l -  
D 5, resp ec tive ly . T he overall resu lts  are show n in T ab le  4 .33 . G A M S  code  for th is case 
is show n in ap p en d ix  A - 13 and  the resu lt from  G A M S is show n in ap p en d ix  B-13.

Figure 4.26 Heat composite curve after WN design.
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FH, THj1»
9 120 HI
9 100 H2

r z4.5 130 H3
FC, TC,°”' 1
10 100
4 100 j!
12 100
8 100

6.5 100

FH, THr'
9 30
9 30
4.5 30

FCj TC 1'"
10 56.67
4 75
12 77.093

8 77.273
6.5 55

Figure 4.27  H E N  o f  W H E N  by  tw o-step  design .

Figure 4.28 Optimal WHEN by two-step design.
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4.4 .3  W H E N  by  fou r-step  design
A ll d a ta  are put in the  W H EN  m odel as sho w n  in Fig. 3.8 and  calcu lated  

by G A M S  w ith  fo u r-s tep  ap p ro arch  calcu la ion  m ethod  w h ere  th e  ca lcu la tion  steps are 
.show n in Fig. 3 .9 , th e re  have fou r m ain  steps w ith  seven so lv in g  step .
Step 1 ะ O verall W N  is design  w h ere  ob jec tive  is to  m in im ize  freshw ate r and p ip ing  cost 
in ann ual. T he o p tim a l W N is sam e as tw o-step  design , w h ich  are  $67 ,500  p er year and 
$3 ,35 3 .68  p er year, resp ective ly . N ex t, WN are dev ided  in to  tw o  sections (W N1 and 
W N 2). T ran sfe r f lo w ra te  from  sou rce  to  sink (Fjj) calcu la ted  by first step  (see  in Fig. 
4 .22), w h ich  has sev en  stream s (F 3.1, F3,5, F41, F4,3, F4 4, F5>2, and  F5,3) are separa ted  into 
WN1 as F ly  and  W N 2 as F2jj by random  cho osing  co n ce rn in g  feasib ility  o f  sink 
tem p era tu re  in W N 2 a fte r step 3. F or W N 1, th e re  are five s tream s are cho sen  con sist o f  
F l y ,  F 1 3j5, F14,i , F I 5,2 ,  and F I 5 3 . For W N 2, the  o th e r tw o s tream s are cho sen  con sist o f  
F2 4,3 and  F2 4,4.
Step 2 ะ In le t s in k  tem p era tu re  o f  WN1 (TOUTC2j) are req u ired  param eters to  calcu la te  
WN1 w ith  te m p e ra tu re  included and  optim al HEN1 but TOUTC2j have no t calcu lated  
yet. F or co n tin u e  th e  ca lcu la tion  process, TOUTC2j m u st be assigned  by pinch 
tem p era tu re  o f  s in k  o r cold s tream s, w hich around  70 °c (see  in Fig. 4.26). A fte r WN1 
is ca lcu la ted , s in k  flow rate  and concen tra tion  are reached  th e  desired  v a lue , sink 
tem p era tu re  (T K .il - T K ls )  are rised  to  88.224 °c, 79.091 °c, 70.720 °c, 70 °c, and 
87.143 °c, resp ec tiv e ly , som e so u rces  flow rate (S3-S5) are decreased  to  4.5 t/h , 8.659 
t/h , and  0 t/h , re sp ec tiv e ly . A fter th a t, HEN1 is ca lcu la ted  by residu e  sou rce  stream s as 
ho t s tream s and s in k  stream s as co ld  stream s w h ere  the o b jec tiv e  is to  m in im ize  hot and 
cold  u tilitie s  and  ann ua lized  ex ch an g ers  cost. HEN1 con sum e 97.579 k w  o f  ho t utility  
w ith five ex ch an g e rs  as show n in Fig. 4.29. Source o r ho t stream s tem pera tu re  
(TOUTH11 - TOUTHU) are decreased  to 84.05 °c, 100 °c, 130 °c, and  85.85 °c, 

resp ective ly .
Step 3 ะ WN2 is ca lcu la ted  by tran sfe r  flow  ra te  stream s (F2y) w here are cho sen  from  
step  1, sou rces in le t flow rate  (FS2jj), w hich are  residue so u rce  from  WN1, and  sources
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in let tem p era tu re  (TOUTH1,). H ence, som e sinks s tream  (D2, D3) tem p era tu re  th a t are 
com bined  by tran sfe r s tream s and m in im um  freshw ate r s tream s are rised up. S inks 
tem p era tu re  (TK2j) are  25 ๐c, 52.44 °c, 52.66 °c, 25 °c, and 25 °c, resp ective ly  that 
not over th e  lim it v a lu es  (TOUTC2j) w h ere  are assigned  to  be 70 ๐c  at step  2.
Step 4 ะ H E N 2 is ca lcu la ted  by resid u e  ho t stream s from  W N 1 and  W N 2 and m ake-up  
cold s tream s by W N 2 w h ere  the o b jec tiv e  is to  m in im ize  ho t and  cold u tilities  and 
ann ualized  ex ch an g ers  cost. Source o r ho t stream s tem p era tu re  are  decreased  to  w aste 
regula tion  tem p era tu re  (30  °C ) and sin k  o r cold s tream s tem p era tu re  are increased  to 
assigned v a lu e  (T O U T C 2 j). H E N 2 con sum e 80 6 .3 26  k w  o f  co ld  u tilities w ith  eight 
exch ang ers  as show n in Fig. 4 .30. O p tim al W H E N  designed  by s te p l th rough  step  4 is 
show n in Fig. 4 .31 , th e re  consum e 22 .5  t/h o f  freshw ate r w ith  seven  tran sfe r stream s, 
97 .579  kW  o f  ho t u tility , 806 .326  k w  o f  cold u tilitie s  w ith  th irteen  exch ang er units. 
T otal annual cost is $ 385 ,981 .43  p er year. G A M S  code fo r th is  case is show n in 
append ix  A -1 4  and th e  re su lt from  G A M S  is show n in app end ix  B -14 .

T he overall re su lt com p ariso n  betw een  base  case , W H E N  w ith o u t W N design, 
W H EN  w ith o u t H E N  design , W H E N  by tw o-step  design , and four-step  are sho w n  in 
T able  4 .33 . W H E N  by fou r-step  design  g ives a best resu lt com p ared  w ith  o ther m ethods 
by low est to ta l annual co st fo llow ed by netw ork  by H EN  design , ne tw ork  by tw o-step  
design , and  the  last ne tw o rk  by W N design . R esu lt from  fo u r-s tep  design can  reduce 
both fre sh w ate r and u tili tie s  that is a roun d  83 %  save from  base  case .
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Figure 4 .29  H E N  in sec tion  1 o f  W H EN  by  four-step  design .

Figure 4.30 HEN in section 2 of WHEN by four-step design.
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T a b le  4 .33 R esu lts  co m p ariso n  o f  case  s tu d y  4

R esu lts B ased  case W N H E N
i

W H E N  
by tw o -s tep

W H E N  
by four-step

F resh w ater flow rate  (t/h ) 40.5 22.5 40.5 22 .5 22.5
W astew ater flow rate  (t/h ) 40.5 22.5 40.5 22 .5 22.5
H ot u tility  (k w /y ) 3 ,543 .75 1,496.25 0 268.41 97 .576
C o ld  u tility  (kW /y) 4 ,147 .5 0 2 ,205 .0 0 603.75 97 7 .1 6 806.33
N u m b ers  o f  ex ch an g ers 10 8 1 1 12 13
E xch ang ers  to tal a rea  (m 2) 317 .16 180.518 47 4 .3 79 55 8 .5 6 262 .97
F resh w ater cost ($ /y ) 121,500 67 ,500 121,500 67 ,5 0 0 67 ,500
P ip ing  annual cost ($ /y) 2 ,637 .6 0 3 ,353 .68 2 ,637 .6 0 3 ,353 .6 8 3 ,353 .68
H ot u tility  cost ($ /y ) 1 ,335 ,993.75 56 4 ,086 .25 0 101,190 .24 36 ,78 6 .06
C old  utility  cost ($ /y) 78 3 ,8 77 .50 4 1 6 ,7 4 5 .0 0 114,108.75 184 ,683 .07 152,395.57
E xch ang ers  to tal ann ual cost ($/y) 99,014.31 7 7 ,85 2 .34 157,808.83 131 ,433 .64 125,946.13
T otal annual cost ($ /y ) 2 ,3 4 3 ,0 2 3 .1 6 1 ,129 ,537.27 39 6 ,055 .18 4 8 8 ,1 6 0 .6 3 385 ,981 .43

t

I
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