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APPENDIX A
APPENDIX A-l Case Study 1.1 GAMS Code

Set i Source stream /i 1*i4/
j Sink stream [j 1*j4/

Parameter

lil 50
i2 100
i3 150
i4 250 [

FS  Source flowrate
il 50
i2 100
i3 70
i4 60/

CKL Sink concentration
fjl 20
j2 50
j3 100
j4 200 7

FK  Sink flowrate
fjl 50
J2 100
j3 80
ja 10 |

Variable 0BJ Objective

Positive variable x(ij) Source split fraction itoj
FW (j) Freshwater flowrate
WW (i) Waste ofeach source
F(ij) Splitting Flowrate itoj
CK(j) Sink stream concentration
OFW  Overall freshwater
OWW  overall waste
OFWC Overall freshwater cost
OWWC overall waste cost
oPC

Binary variable  y(ij)
2(j)
(i)

Scalar OMEGA/10000/
CF Cost Freshwater /1
cw Costwastewater/l/
CP Cost piping /!/



Equation

M BI(j) Mass balance (flowrate)

MB2(j) Mass balance (contaminant)
Consl(i) Constraint for X

Cons2(j) Concentration constraint

Flow (ij) Flowrate source i to sink j

W aste(i) W aste ofeach source

OFresh Overall freshwater

0 Waste Overall waste

Logical I(ij) Logical constraint!
Logical2(j) Logical constraint2
Logical3(i) Logical constraints
FreshCost Overall freshwater cost
W asteCost Overall waste cost
PipingCost ~ Overall Piping cost
Object Objective

M BI(j). sum (i,CS(i)*FS(i)*x(ij)) =e= CK(j)*FK(j) ;
MB2(j). sum (i,FS(i)*x(if)) + FW (j) =e= FK(j) ;
Consl(i) ..sum(jx(ij)) =1= 1;

Cons20 . CK(j) =e= CKL(j);

Flow (ij).. F(ij) =e= FS(i)*x(ij) ;

W aste(i).. WW (i ) =e= (l-sum (jx(ij)))*FS(i);

OFresh .. OFW =e= sum(j,FW (j));

owaste .. OWW =e= sum (i,ww (i));

Logical 1(ij>.. F(ij)-y(ij)*OMEGA =1= (;
Logical2(j).. FW(j)- z(j)*OMEGA =1=0;
Logical3(i).. WW{(i)- ()*OMEGA =1=(;
FreshCost. OFWC =e= OFW*CF;

W asteCost. OWWC =e= OWW*CW;

PipingCost.. OPC =e= sum((i,j),y(ij)*CP)+sum(j,z(j)*CP)+sum (i, (i)*CP);
Object. OBJ =e= OFWC+OWWC+OPC;

Model CASE 11 J/ALL/;
Solve CASE11Using MIP Minimizing OBJ;

Display OBJ.LOFW.ILOWW.I,OFWC.LOWWC.ILOPC.I,FW .IWW .Ix.I.F.Ly.l.zlCK I,

APPENDIX A-2 Case Study 1.1a GAMS Code

Set  iSource stream /i 1*i4/
j Sink stream /j 1*j4/

Parameter
CS  Source concentration
2
13 150°
14250 /



S Source flowrate

il 50
i2 100
i3 70
i4 60 /

CKL Sink concentration
fji 20
j2 50
3 100
ja 200

FK  Sink flowrate
fjl %0
j2 100
j3 80
j4 70

Variable 0BJ  Objective :

Positive variable x(ij) Source split fraction itoj
FW(j) Freshwater flowrate
WW (i) Waste ofeach source
F(ij) Splitting Flowrate itoj
CK® Sink stream concentration
OFW  Overall freshwater
OWW  overall waste
OFWC Overall freshwater cost
OWWC Overall waste cost
OPC

Binary variable  y(ij)

®

Scalar OMEGA /10000/
CF Cost Freshwater /10/
CW cost wastewater /100/
CP Cost piping /10/

)

Equation
M BI(j) Mass balance (flowrate)
MB2® Mass balance (contaminant)
Consl(i) Constraint for X
Cons2(j) Concentration constraint
Flow (ij) Flowrate source i to sinkj
Waste(i)  Waste ofeach source
OFresh Overall freshwater
OW aste Overallwaste

Logical1(ij) Logicalconstraint!
Logical2(j) Logicalconstraint2
Logical3(i)  Logicalconstraints
FreshCost Overall freshwater cost



WasteCost  Overall waste cost
PipingCost  Overall Piping cost
Object Objective

M BI(j).. sum (i,CS(i)*FS(i)*x(ij)) =e= CK(j)*FK (i) ;
MB2(j). sum (i,FS(i)*x(ij)) + FW(j) =e= FK(j) ;
Consl(i) .sum(jx(ij)) =1= 1;

Cons2(j).. CK(j) =e= CKL(j);

Flow (ij).. F(ij) =e= FS(i)*x(ij) ;

W aste(i).. WW (i) =e= (I-sum (j,x(ij)))*F S(i);

OFresh .. OFW =e= sum(j,FW (j));

owaste .. OWW =e= sum (i,w W (i));

Logical I(ij).. F(ij)-y(ij)*OMEGA =1=10;
Logical2(j).. FW(J> zQ)*OMEGA =1=0;
LogicaB(i). WW (i)- w(i)*OMEGA =1=0:
FreshCost. OFWC =e= OFW*CF;

W asteCost.. OWWC =e= OWW*CW ;

PipingCost.. OPC=e= sum((ij),y(ij)*CP)+sum (j,z(j)*CP)+sum (i,w (i)*CP);
Object. OBJ =e= OFWC+OWWC+OPC;

Model CASEL la/ALL/;
Solve CASEL la Using MIP Minimizing OBJ:
Display OBJ.I,OFW .IL.OWW .LOFWC.ILOWWC.LOPC.LFW IWW Ix.I.F.ly.l,zl,.CK.I;

APPENDIX A-3 Case Study 1.1b GAMS Code

Set  iSource stream /i 1*i4/
j Sink stream /j 1*j4/

Parameter
cs Source concentration
b o
13 150

14 250 /
FS  Source flowrate

2 i

3 70
4 60/
CKL  Sink concentration
fjl 20
j2 50
j3 100
j4 200/
FK Sink flowrate
il 50

)2 10
J3

80

117



T

Variable 0BJ  Objective function

Positive variable x(ij) Source split fraction itoj

FW (j) Freshwater flowrate

WW (i) Wasteofeach source

F(ij) Splitting Flowrate itoj

CK{(j) Sink stream concentration
FW  Overall freshwater

_VWV Overall waste

OFWC Overall freshwater cost

OWWC overall waste cost

0PC

Binary variable y(ij)

(i)
w (i)
Scalar OMEGA/10000/
CF Cost Freshwater /I
CW Cost wastewater /10’
CP Cost piping /500/
Equation
M BI(j) Mass balance (flowrate)
MB2(j) Mass balance (contaminant)
Consl(i) Constraint for X
Cons2(j) Concentration constraint
Flow (ij) Flowrate source ito sink j
W aste(i) W aste ofeach source
OFresh Overall freshwater
OWaste Overall waste

Logical I(ij) Logical constraintl
Logical2(j) Logical constraint2
Logical3(i) Logical constraints
FreshCost  Overall freshwater cost
W asteCost Overall waste cost
PipingCost ~ Overall Piping cost
Object Objective

M BI(j).. sum (i,CS(i)*FS(i)*x(ij)) =e= CK.(j)*FK{(j)
MB2(j).. sum (i,FS(i)*x(ij)) + FW (j) =e= FK(j) ;
Consl(i) .. sum(jx(ij)) =1=1;

Cons2(j) .. CK(j) =e=CKL(j) ;

Flow (ij) .. F(ij) =6= FS(i)*x(ij) ;

W aste(i).. WW (i) =e= (I-sum (j,x(ij)))*F S(i);
OFresh .. OFW =6= sum(j,FW (j));

owaste . OWW =6- sum (iTW W (i));

Logical 1(iJ) .. F(ij)-y(ij)*OMEGA =1=0;



Logical2(i) .. FW(j)- z(j)*OMEGA =1=10;

Logical3(i). WW(i)- *OMEGA =1=0;

FreshCost. OFWC =e= OFW*CF;

W asteCost. OWWC =e= OWW*CW;

PipingCost.. OPC =e= sum((ij),y(i,j)*CP)+suni(j,z(j)*CP)+sum (i,w (i)*CP);
Object. OBJ=e= OFWC+OWWC+OPC;

Model CASEL Ib JALLY,
Solve CASEL Ib Using MIP Minimizing OBJ;
Display OBJ.LOFW .lOWW I,OFWC.LOWWC.I,OPC.LFWJWWJxJ,F.ly.lzCK.I;

APPENDIX A-4 Case Study 1.1c GAMS Code

Set  iSource stream /i 1*i4/
j Sink stream [j 1*j4/
r Freshwater /rl*r3/

Parameter

CS  source concentration
b o
13 150
4 250/

FS  Source flowrate
fil 50
i2 100
i3 70
i4 60 /

CKL  Sink concentration
i 20
j2 50
j3 100
j4 200/

FK  Sink flowrate
il 50
j2 100
J3 80
j4 10

CF  Freshwater cost
frl 100
r2 50
r3 0/

ConF  Freshwater concentration
frt 0
r2 20
r3 501/

Variable 0BJ  Objective function



Positive variable x(ij) Source split fraction itoj
FW (rj) Freshwater flowrate
WW (i) Wasteofeach source
F(ij) Splitting Flowrate i toj
CK{(j) Sink stream concentration
OFW(r) Overall freshwater
OWW  overall waste
OFWC Overall freshwater cost
OWWC  overall waste cost
OPC

Binary variable  y(ij)
2(r])
(i)
Scalar OMEGA/10000/

CW Cost wastewater /100/
CP Cost piping/10/

Equation
MB I(j) Mass balance (flowrate)
MB2(j) Mass balance (contaminant)
Consl(i) Constraint for X
Cons2(j) Concentration constraint
Flow (ij) Flowrate source i to sink j
W aste(i) W aste ofeach source
OFresh(r) Overall freshwater
OW aste Overall waste

Logicall(ij) Logical constraintl
Logical2(rj)  Logical constraint2
Logical3(i) Logical constraints
FreshCost  Overall freshwater cost
WasteCost  Overall waste cost
PipingCost  Overall Piping cost
Object Objective

M BI(j).. sum (i,CS(i)*FS(i)*x(ij))+ sum(r,FW (rj)*ConF(r)) =e= CK(j)*FK{(j) ;
M B2(j).. sum (i,FS(i)*x(i.j)) + sum(r,FW (rj)) =e= FK(j) ;

Consl(i) . sum(jx(ij)) =t=1;

Cons2(j).. CK(j)=e= CKL(j);

Flow (ij).. F(ij) =e= FS(i)*x(ij) ;

Waste(i) .. WW (i) =e= (I-sum (j,x(ij)))*F S(i);

OFresh(r). OFW(r) =e= sum(j,FW (rj));

OWaste . OWW =e= sum (i, (i);

Logical1(ij) .. F(ij)-y(ij)*OMEGA =1=0;

Logical2(rj).. FW (rj)-z(rj)*OMEGA =1=0;

Logical3(i) . WW(i)- (i)*OMEGA =1=10;

FreshCost.. OFWC =e= sum(r,OFW (r)*CF(r));

W asteCost.. OWWC ze= OWW*CW;

PipingCost. OPC =e= sum ((ij),y(ij)*CP)+sum((rj),z(rj)*CP)+sum(i, (i)*CP);
Object. OBJ =e= OFWC+OWWC+OPC;



Model CASEL le /ALLJ;
Solve CASEL Ic Using MIP Minimizing OBJ;
Display OBJ.LOFW.LOWW .I,OFWC.ILOWWC.ILOPC.I,LFW .IWW I x.IF.ly.l,zl.CK.I;

APPENDIX A-5 Case Study 1.2 GAMS Code

Set  iSource stream /i 1*i5/
j Sink stream /j 1*j5/

Parameter
CS  Source concentration (ppm)
il 130
2 108
i3 70
R VR
5221
FS  Source flowrate (ton per h)
lil 9
i2 9
i3 9
4 9
i5 4.5/
CKL Sink concentration (ppm)
jjl 1218
j2 108
J3 63.0016667
ja 62975
j5 45721
FK.  Sink flowrate (ton per h)
ljr 10
o ¢
3 12
j4 8
j5 6.5/
5
Variable 0BJ  Objective function

Positive variable x(ij) Source split fraction itoj
FW(j) Freshwater flowrate
WW (i) Waste ofeach source
F(ij) Splitting Flowrate i toj
CK(j) Sink stream concentration
OFW  Overall freshwater
OWW  overall waste
OFWC Overall freshwater cost
OWWC overall waste cost
oPC



Binary variable  y(ij)
1(j)
(i)

Scalar OMEGA/1000/
CF Cost Freshwater /1/
CW Cost wastewater /1/
CP Cost piping/l/

Equation
M BI(j) Mass balance (flowrate)
MB2(j) Mass balance (contaminant)
Consl(i) 1Constraint for X
Cons2(j) Concentration constraint
Flow (ij) Flowrate source i to sink j
W aste(i) Waste ofeach source
OFresh Overall freshwater
O W aste Overall waste

Logical I(ij) Logical constraintl
Logical2(j) Logical constraint2
Logical3(i) Logical constraints
FreshCost Overall freshwater cost
WasteCost  Overall waste cost
PipingCost ~ Overall Piping cost
Object Objective

M BI(j).. sum (i,CS(i)*FS(i)*x(ij)) =e= CK(j)*FK(j) ;
M B2(j).. sum (i,FS(i)*x(ij )) FW( ) =e= FK(j) ;
ij))=1=

Consl(i) . sum(jx(J)= ;

Cons2(j) .. CK(j) =e= CK (J) :

Flow (ij) - ( j) =e= FS(i)*x(ij) ;
Waste(i) .. WW (i) =e= (I-sum (j.x(i,j)))*FS(i);

OFresh .. OFW =e=sum(j,FW(j));

owaste .. OWW =¢= sum (i, WW (i));

Logicall(ij).. F(ij)-y(ij)*OMEGA =1=0;

Logical2(j).. FW(j)-z(j)*OMEGA =1=10;

Logical3(i) .. WW (i)- v(i))*OMEGA =1=0;

FreshCost .. OFWC =e= OFW*CF;

W asteCost. OWWC =e= OWW'CW,;

PipingCost .. OPC =e= sum((i,j),y(ij)*CP)+sum(j,z(j)*CP)+sum (i,w (i)*CP);
Object. OBJ =e= OFWC+OWWC+OPC;

Model CASE 12/ALLY;

Solve CASE12 Using MIP Minimizing OBJ;

Display OBJ.LOFW .l,oww.LOFWC.IOWWC.I,OPC.I,FW.IL.WW.]x.I.F.ly.l.2.i,CK I,



APPENDIX A-6 Case Study 1.3 GAMS Code

Set  iSource stream /i 1*i5/
j Sink stream [jl*j5/

Parameter

CS  Source concentration (ppm)
fil 130
i2 108
i3 70
i4 44
i5 221

FS  Source flowrate (ton per h)
hil 9
i2 9
i3 9
i4 9

® 5 45

CKL  Sink concentration (ppm)
i 20
j2 20
i3 20
j4 20
j5 20/

FK  Sink flowrate (ton per h)
o1
j2 4
3 12
j4 8
j5 6.5/

Variable OBJ  Objective function

Positive variable x(ij) Source split fraction ito]
FW(j) Freshwater flowrate
W W (i) Waste of each source
F(ij) Splitting Flowrate i toj
CK{(j) Sink stream concentration
OFW  Overall freshwater
OWW  overall waste
OFWC Overall freshwater cost
OWWC overall waste cost
0oPC

Binary variable  y(ij)
2(j)
w(i)

Scalar OMEGA/10000/
CF Cost Freshwater /!/



CW Cost wastewater \
CP Cost piping /!/

Equation
MBI(j) Mass balance (flowrate)
MB2(j) Mass balance (contaminant)

Consl(i) Constraint for X

Cons2(j) Concentration constraint
Flow(ij)  Flowrate source i to sink j
W aste(i) W aste ofeach source
OFresh Overall freshwater

OW aste Overal waste

Logical J(ij) Logical constraintl
Logical2(j) Logical constraint2
Logical3(i) Logical constraints
FreshCost Overall freshwater cost
W asteCost Overall waste cost
PipingCost ~ Overall Piping cost
Object Objective

M BI(j). sum (i,CS(i)*FS(i)*x(ij)) =e= CK(j)*FK(j) ;
M B2(j).. sum (i,FS(i)*x(i] )) + FW(J)—e— FK(j) s
Consl(i) .sum(j,x(ij)) =L

Cons2(j).. CK(j)=e= CKL(])

Flow (ij).. (IJ)= FS(i)*x(ij) ;

Waste(i) . WW (i) =e= (I-sum (jx(ij)))*F S (i);
OFresh .. OFW =e= sum(j,FW(j));

owaste .. OWW =e= sum (i,ww (i));

Logical 1(ij) .. (IJ) y(ij)*OMEGA =1=10;
Logical2(j) . FW(j)- z(j)*OMEGA =1=0:
Logical3(i). WW() w(i)*OMEGA =1=0;
FreshCost. OFWC =e= OFW*CF;

W asteCost. OWWC =e= OWW*CW;

PipingCost. OPC =e= sum((ij),y(ij)*CP)+sum (j,z(i))*CP)+sum (i, (i)*CP);
Object. 0BJ =e= OFWC+OWWC+OPC;

Model CASE 13/ALL/;
Solve CASE13 Using MIP Minimizing OBJ;
Display OBJ.I,OFW.LOWW.I,OFWC.LOWWC.LOPC.LFW.ILWW .Ix.LF.ly.l,z.I,CK.I;

APPENDIX A-7 Case Study 2 before regeneration GAMS Code

Set iSource stream /i 1*i4/
j Sink stream [j 1*j6/

Parameter
CS  Source concentration (ppm)
fit 100



2 230

i3 170
i4 250/
FS  Source flowrate (ton per h)

lil 1554

2 1305.78

i3 201.84

4 469.8/

_ CKL Sinkconcentration (ppm)

il 20

j2 80

i3 100

j4 200

j5 20

j6 200/

FK  Sink flowrate (ton per h)

jjl - 1554

j2 83112

J3 201.84

j4 1149.84

j5 34.68

j6  68.7/

Variable 0BJ  Objective function

Positive variable x(ij) Source split fraction 1
FW (j) Freshwater flowrate
WW (i) Waste of each source
F(ij) Splitting Flowrate ito]
CK{(j) Sink stream concentration
OFW  Overall freshwater
OWW  overall waste

Binary variable y(ij)
z(i)

Scalar OMEGA/10000/ .
GAMMA /100/

F A ('i4Vj6')=54;F lo('i 17]4")= 155.4;
Flo('i2''j4')=41.28;F lo( i3',j4')=201.84;

Equation
M BI(j) Mass balance (flowrate)
MB2(j) Mass balance (contaminant)
Consl(i) Constraint for X
Cons2(j) Concentration constraint
Flow (ij) Flowrate source i to sink j
W aste(i) Waste ofeach source

OFresh Overall freshwater
OWaste Overall waste



Logical I(ij) Logical constraint
Logical2(j) Logical constraint
Object Objective

M BI(j).. sum (i,CS(i)*FS(i) .j)) e= CK(j)*FK(j) ;

MB2(j).. sum (i,FS(i)*x(i] ))+ FW(J) e—FK(J),
Consl(i) ..sum(jx(ij)) =

Cons2Q)..C ()= e= CKL()

Flow (ij).. F(ij) =e= FS(i)*x(ij) ;

W aste(i).. WW(i) =e= (]-sum (j,x(ij)))*FS(i);
OFresh .. OFW =e=sumO,FW (j));

owaste .. OWW =e= sum (i,w W (i));
Logical 1(ij ) .. F(ij)-y(ij)*OMEGA =1=;
Logical2(j).. FW(j)- z(j)*OMEGA =1=0;

Object. OBJ ze= OFW +OW W +sum ((i,j).y(i)*GAMM A)+sum (j,z(j)*GAM M A):

Model CASE2 /ALLY,
Solve CASE2 Using MIP Minimizing OBJ;

Display OBJ.ILOFW .ILOWW J,FW.LWW I x.LF.1y.lz.l,CK.I;

APPENDIX A-8 Case Study 2 with regeneration GAMS Code

Set i Source stream /i 1*i5/
j Sink stream /j 1*j6/

Parameter

cs Source concentration
fil 100
2 230
i3 170
i4 250 /

FS Source flowrate
lil 1554
2 1305.78
i3 201 84
i4 4698 |/

CKL  Sink concentration limit
jjl 20
j2 80
i3 100
j4 200
j5 20
j6 200 /

Sink flowrate

Jjl 1554
J2 o 831.12
j3  201.84
j4  1149.84

j5  34.68
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j6 687
Scalar
CR Regeneration Concentration (ppm) /30/
HL Hydraulic loading rate (ton per m3hr) /1.807/
FC Freshwater Cost ( perm3)/0.043/
TC River Treatment Cost ( perm3)/0.297/
RC Operation Cost ( per ton) 0. 15/
RFC Regeneration fix cost ( ) /780876/
~ RVC Regeneration variable cost ( per m3) /2310.6/
HY Operation time (Hour) /7080/
Variables 0BJ Objective
Positive variables x (i) Spliting fraction
y(i) Spliting fraction after Regeneration
' FW(j) Freshwater flowrate (ton per h)
Fx(ij) Splitting Flowrate (ton per h)
Fy(j) Regeneration Splitting Flowrate (ton per h)
FR Regeneration Flowrate (ton per h)
FKI(j) Sink flowrate before Regeneration (ton per h)
CKI(j) Sink concentration before Regeneration (ppm)
CK2(j) Sink stream concentration after Regeneration (ppm)
W W (i) W aste flowrate of each source (ton per h)
oww Overall Wastewater (ton per h)
OFW Overall Freshwater (ton per h)
TW W aste to treat flowrate (ton per h)
Rarea Area of Regeneration unit (m3)
RINV Regeneration investment Cost ()
PINV * Piping investment cost ( )
INV Total investment cost ()
INC Initial operating Cost ( per year)
OptCost New operating Cost ( per year)
Save Saving Cost ( per year)
Pay Payback period (year)
“% Q N ) & A
Equation
M BRI(j) Overall material balance before Regeneration (Contaminant)
MBR2(j) Overall material balance before Regeneration (M ass flowrate)
Consl(i) Constraint for X value
Cons2(j) Constraint for CK 1 and CK2
MBR3(j) Overall material balance after Regeneration (Contaminant)
MBRA4(j) Overall material balance sfter Regeneration (Mass flowrate)
Cons3(j) Constraint for CK2 and CKL
Fresh Overall Freshwater usage of
Flow (i) Flowrate each sink
W aste(i) W aste ofeach source
0 Waste Overall waste

127



RegenF Regeneration flowrate

Treat Treatment flowrate

ConR Constraint for y value

Area Regeneration area calculation
INCost Initial operation cost
NewCost New operation cost

RCost Regeneration investment cost
PCost Piping investment cost

Invest Total investment cost

Saving Saving calculation

Objective Objective function

M BRI(j). sum (i,CS(i)*FS(i)Tx(ij)) =e= CKI(j)*FKI(j) ;
MBR2(j).. sum (i,FS(i)*x(ij)) + FW(j) =e= FK1(j) ;
Consl(i) .. m(jx(ij)) =1=1;

cons2(j). CKI()=g= cka):

MBR3(j) .. CKI(j)*FKI(j) + Fy(j)*CR =e= CK2(j)*FK(j);
MBRA(j). FKI(j) + Fy(j) =e= FK(j);

Cons3(j).. CK2(j) =1= CK.L(j);

Fresh .. OFW =e= sum(j,FW (j));

Flow(ij ) .. Fx(ij) =e= FS(i)*x(i,j) ;

X (i))*FS ),

W asted).. WW (i) =e= (1-sum
oW aste .. FR =1=sum (i.W W (i)
RegenF(j). Fy(j)=e= FR*y(j);
Treat .. TW =e=sum(i,WW (i))-FR;

ConR ., (jy() =1=

Area.. Rarea=e= FR*sum(j,y(j))*HL;

INCost. INC =e= FC*HY* 1989.1 + TC*HY* 1680.3;

NewCost . OptCost =e= FC*HY*OFW + TC*TW*HY + RC*FR*HY;

RCost.. RINV =e= RFC+RVC*Rarea;

PCost. PINV =e= RINV*(0.16;

Invest .. INV =e= RINV + PINV;

Saving .. Save =e= INC - OptCost;

Objective ..OBJ =e= Save;

Model CASE2 JALLI;

Solve CASE2 Using NLP Maximizing OBJ;

Display OBJ.LINV.LINC.I,Optcost.1Save.l.FR.I.OFW .I,LFW-LWW hTW I.Rarea.lx.l,Fx.,Fy.l,CK2.1;

APPENDIX A-9 Case Study 3.1 GAMS Code

SETS i Source streams /i 1*12/
j Sink streams /j1*j2/
Treatment unit /ul * 2/
Treat streams /vvl* 2/
rFreshwater source /ri*r2/
Treatment stage /n 1*n3/

PARAMETERS
CS Source composition



il

0.035

12 0.024 |/
FS Source flowrate (kg per h)
fil 2500
i2 2870 |/
CKL | Sink composition limit
fil oo
j2 0.012
FK. Sink flowrate (kg per h)
fjl - 2800
j2 2300 /
CostFW Freshwater cost ( per kg)
Irl0.0019
r2 0.0014 |
CFW Freshwater composition
Irl 0
r20.005 /
TFCL Treatment fix cost extra ( )
ful 800
2 900 /
TVC1 Treatment variable cost extra ( per kg)
ful 1.1367
209548 |
0cC Treatment operation cost (per kg)
ful 0.79e-3
2 0.63e-3 |/
Alpha Treatment efficiency
ful 091
2 072 |
CPF6 Piping fix cost source to waste ( pery)
lil 0.6
i2 13 /
CP6 Piping variable cost source to waste ( per kg)
lil - 0.7e-4
2 1lde-4 |
CPF7 Piping fix cost treat to waste ( pery)
wl 11
2 .09
CpP7 Piping variable cost treat to waste ( per kg)
Iwl 0.2e-4
2 024 |

InYT(u, ) YT parameter

InYTI(u)
FTP(w)
FTIP(u)
CTIP(u)
CTP(w)
CKP(j)
CWP
XFP(ij)

YT1 parameter
FT parameter

FT1 parameter
CTI parameter
CT parameter
CK parameter

cw parameter
xF parameter



yEP(i, ) yF parameter
ZFP(wj) ZF parameter
tFP(w, ) tF parameter
FRP(rj) FW parameter
W W IP(i WW1 parameter
W W 2P (w) WW?2 parameter

TABLE TFC(u, ) Treatment fix cost ( pery)
nl 2 3
1 9875.43 13852.9  16125.94
2 782252 11133.56 13025.75
TABLE TVC(u, ) Treatment variable post ( per kg)
nl 2 3
1 8.58269 6.36064  5.72571
2 1.14466 529491  4.76637 ;
TABLE CPF1(ij) Piping fix cost source to sink (- pery)
g2
1 11 13
2 08 14 ;
TABLE CP 1(ij) Piping variable cost source to sink ( per kg)
i
n lle-4  1.2e-4
12 0.8e-4 13e-4 Y
TABLE CPF2(i, ) Piping fix cost source to treat ( pery)

ul 2
n 12 14
2 11 15 ;
TABLE CP2(i, ) Piping variable cost sourceto treat ( per kg)
ul 2

n 1.2e-4 lle-4
12 0.9e-4 1.0e-4 ;
TABLE CPF3(\V, ) Piping fix cost treat! to treat2 ( pery)

ul 2
wl 06 04
2 06 0.4
TABLE GP3(w, ) Piping variable cost treatlto treat2 ( per kg)
ul 2

WF  0.4e-4 0.5¢-4
2 0.4e-4 0.5e-4 X
TABLE CPF4(Wj) Piping fix cost treat to sink ( pery)

R
1
TABLE CP4(wj) Piping variable cost treat to sink ( per kg)
it
wl 1.3e-4 l.le-4
2 lle-4 0.8e-4 ;
TABLE CPF5(rj) Piping fix cost fresh to sink ( pery)
il J2
rl 14 1.7
rz 13 1.9
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TABLE CP5(rj) Piping variable cost fresh to sink ( per kg)
il j2
rl l.6e-4 1.7e4
r2  lde-4 15e-4

SCALAR CWL Waste concentration limit (ppm) /0.0 15/
HY  Operation time (h pery) 8000/
K.Y  Operation year (1pery) /0.333/
-OMEGA /1000000/
VARIABLE OBJI,0BJ2, 0BJ3,0BJ4, TAC

POSITIVE VARIABLE

x(ij) Split fraction source to sink
v(i, ) Split fraction source to treat
vi(i) Split fraction source to treat for model 1
t(w, ) Split fraction treat to treat
z(wj) Split fraction treat to sink
FR(rj) Freshwater flowrate (kg per h)
W W I(i) Waste i flowrate (kg per h)
WW 2(w) Waste  flowrate (kg per h)
FT(wv) Treatment flowrate out (kg per h)
FTI(u) Treatment flowrate in (kg per h)
CT(W) Treatment composition out
CTI(u) Treatment composition in
oww Overall waste flowrate (kg per h)
OFW Overall freshwater flowrate (kg per h)
cw Waste discharge com position
CK(j) Sink composition
FACost Freshwater annual cost ( pery)
TFCost Treatment investment cost ( pery)
TFCostl Increase capacity treatment investment cost ( pery)
TTCost Total treatment investment annual cost ( pery)
TOCost Treatment operation annual cost ( pery)
PA I Piping cost source to sink ( pery)
PA2 Piping cost source to treat ($-per y)
PA3 Piping cost treat to treat ( pery)
PA4 Piping cost treat to sink ( pery)
PAS Piping cost fresh to sink ( pery)
PAG Piping cost source to waste ( pery)
PAT Piping cost treat to waste ( pery)

PACost Piping annual cost ( pery)

xF (i) Split Flowrate source to sink (kg per h)
yF(i, ) Split Flowrate source to treat (kg per h)
1F(wj) Split Flowrate treat to sink (kg per h)
tF(w, ) Split Flowrate treat to treat (kg per h)
Am (i)

Bm (i)

Ac(i)

Be(i)

Alt(u)



********Bounding**********
X, lo(ij)=0;x.up(ij)=1;
y. lo(i, J=05y.up(i, = 1;
2. lo(wj)=0;z.up(wj)= 1;
BINARY VARIABLES
YT(u, )
YTI(u)
2x(ij)
2y(i, )
22(wj)
zfr(rj)
t(w, )
zw (i)
w2(w)

EQUATIONS
“Model 1 ******** ] jnear
M1_mass(j)
MI__cont(j)
M lcons(i)
M1_cons2(j)
M Iwaste(i)
kkkkkkkkkkkkkkkkkkkkkkk*k
SMBI(i)
SMBI(i)
SMBI(i)
SCBJ(i)
SCB~2(i)
SCB~3(i)
Consx(i)
kkhkkkkkkkkkkkhkkkkkkkkkkkxk
TMBL_I()
TMBI~2(u)
TMBI~3(u)
TCBIJ()
TCBI~2(u)
TCBI~3(u)
TMB2(w)
TCB2(w)
TR(U, )
ConsTI( , )

u
u

Existing Treatment unit
Existing Increase capacity treatment unit
Existing Split Flowrate source to sink
Existing Split Flowrate source to treat
Existing Split Flowrate treat to sink
Existing Flowrate fresh to sink
Existing Split Flowrate treat to treat
Existing Split Flowrate source to waste
Existing Split Flowrate treat to waste

kkkkkkkkkkk

LP mass balance

LP contaminant balance

X constraint

Sink composition constraint

y value
Balance*************:

Source Mass Balance eql

Source Mass Balance eq2

Source Mass Balance

Source Contaminant Balance eql

Source Contaminant Balance eq2

Source Contaminant Balance

X variable constraint

*x kA eafjyjoflt Mass Balance*x**xxksx+

Treatment Mass Balance 1eql
Treatment Mass Balance I eq2
Treatment Mass Balance 1eq3
Treatment Contaminant Balance 1eql
Treatment Contaminant Balance 1eq2
Treatment Contaminant Balance 1eq3
Treatment Mass Balance 2

Treatment Contaminant Balance 3
Treat unit Contamiant balance

Treat Constraint!
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ConsT2(u,w) Treat Constraint2

ConsT3(w) Treat Constraints

'Fix parametergt*xktrkxk
TMBLIP() Treatment Mass Balance 1eql
TMBI~2P(u) Treatment Mass Balance 1eq2
TMBIIP(u) Treatment Mass Balance 1 eq3
TCBIP(u) Treatment Contaminant Balance Leql
TCB1~2P(u) Treatment Contaminant Balance 1eq?2
TCB1JP(u) Treatment Contaminant Balance 1eq3
TMB2P(w) Treatment Mass Balance 2
TCB2P(w) Treatment Contaminant Balance 3
TRP(u, ) Treat unit Contamiant balance
ConsTIP(u, ) Treat Constraint 1
ConsT2P(u, ) Treat Constraints
ConsT3P(vv) Treat Constraints

c******* *****************: (:*_A()EI\ Mass Bé]cuicc**************
WASTE '‘Overall Waste Flowrate
cWASTE Overall Waste Concentraion
Consw W aste constraint
FRESH Overall freshwater

1 Fixparameter************
WASTEP Overall Waste Flowrate
CWASTEP Overall Waste Concentraion
FRESHP Overall freshwater

t*************************

*kkkkk 1 kkkkkkkkkkkkkkkkk

****Sink M ass Balance**************’

SKMBI(j) Sink Mass Balance eql
SKMBIJ(j) Sink Mass Balance eq2
SKMBIG) Sink Mass Balance eq3
SKMBJO) Sink Mass Balance eq4
SKCBIJG) Sink Contaminant Balance eql
SKCB~2(j) Sink Contaminant Balance eq2
SKCBJO) Sink Contaminant Balance eq3
SKCBJG) Sink Contaminant Balance eq4
ConsSKIj) Sink Contaminant Constraint
"Fix parameter************
SKMB IP(j) Sink Mass Balance eql
SKMB~2P(j) Sink Mass Balance eq2
SKMBJP(j) Sink Mass Balance eq3
SKMB~4P(j) Sink Mass Balance eq4
SKCBJPO) Sink Contaminant Balance eql
SKCB~2P(j) Sink Contaminant Balance eq2
SKCBJPO) Sink Contaminant Balance eq3
SKCBJPO) Sink Contaminant Balance eq4
ConsSKPO Sink Contaminant Constraint

)-I\*************** *kkkkkkkk

***********************p]owrate ex'stmg and constraint*********

Disl(ij) Split Flowrate source to sinkil
Dis2(i, ) Split Flowrate source to treat
Dis3(wj) Split Flowrate treat to sink



Disd(w, ) Split Flowrate treat to treat

xexist(ij) Existing Split Flowrate source to sink
yexist(i, ) Existing Split Flowrate source to treat
zexist(wj) Existing Split Flowrate treat to sink
texist(w, ) Existing Split Flowrate treat to treat
frexist(rj) Existing Flowrate fresh to sink
wwlexist(i Existing Flowrate source to waste
ww2exist(w) Existing Flowrate treat to waste
xcons(ij) Split Flowrate source to sink constraint
yeons(i, ) Split Flowrate source to treat constraint
zeons(wj) Split Flowrate treat to sink constraint
freons(rj) Flowrate fresh to sink constraint
tcons(w.u) Split Flowrate treat to treat constraint
wlcons(i) Flowrate source to waste constraint
2cons(w) _ Flowrate treat to waste constraint
le parameters**************
DislP (ij) Split Flowrate source to sink
Dis2P(i,u) Split Flowrate source to treat
Dis3P(wj) Split Flowrate treat to sink
DisdP(w, ) Split Flowrate treat to treat
xexistP (ij) Existing Split Flowrate source to sink
yexistP(i, ) Existing Split Flowrate source to treat
zexistP (wj) Existing Split Flowrate treat to sink
texistP (w, ) Existing Split Flowrate treat to treat
frexistP(rj) Existing Flowrate fresh to sink
ww lexistP (i Existing Flowrate source to waste
ww 2existP (w) Existing Flowrate treat to waste
xconsP (i) Split Flowrate source to sink constraint
yconsP(i, ) Split Flowrate source to treat constraint
zconsP(wj) Split Flowrate treat to sink constraint
freonsP(rj) Flowrate fresh to sink constraint
tconsP (w,u) Split Flowrate treat to treat constraint
wlconsPti) - Flowrate source to waste constraint

ook JoS ARSI Mk kkBlau ate treat to waste constraint

kkkkkkkkkkkkkkkkhkkkhkkx ***E,O Ca|CU|atI0n*** kkkkkk kkkkkkkkk

rue ]( ) Treatment Unit Choosing 0-3187
TUC2(u) Treatment Unit Choosing 3188-6374
TUC3(U) Treatment Unit Choosing 6375-INF
ConsB Binary constraint

ConsB2 Flowrate constraint

FreshCost Freshwater costl

FreshCost2 Freshwater cost2

TreatCost Treatment unit cost

TreatOCost Treatment Operation Cost
PIPCostl Piping Cost source to sink
PIPCost2 Piping Cost source to treat
PIPCost3 Piping Cost treat to treat

PIPCost4 Piping Cost treat to sink

PIPCost5 Piping Cost fresh to sink



PIPCostd Piping Cost source to waste

PIPCost7 Piping Cost treat to waste

PIPCost Total Piping Cost

Total Total annual cost
meter**************

TUCIP(u) Treatment Unit Choosing 0-1700
TUC2P(u) Treatment Unit Choosing 1701-3580
TUC3P(u) Treatment Unit Choosing 1701-3580
ConsBP| Binary constraint

ConsBP2 Flowrate constraint

FreshCostP Freshwater cost fix parameter
TreatCostP Treatment unit cost fix parameter
TreatOCostP Treatment Operation Cost fix parameter
PIPCost IP Piping Cost source to sink
PIPCost2P Piping Cost source to treat
PIPCost3P Piping Cost treat to treat

PIPCost4P Piping Cost treat to sink

PIPCost5P ~ Piping Cost fresh to sink

PIPCostdP Piping Cost source to waste
PIPCost7P Piping Cost treat to waste

&mﬂu@»@@&%@mwta' Piping Cost

******************************05jective funCtion**************************

Objectl Objective Function 1
Object2 Objective Function2
Object3 Objective Function3

s S e L R e

*Model 1******** Linear*****************

MI_mass(j) .. FK(j) =e= SUM(i,FS(i)*x(i}))+SUM (r,FR(r.j));

M I~cont(j).. FK(j) CK(j) =e= SUM(|,FS(i)*x(ij)*CS(i))+SUM(r,FR(rj)*CFW(r)>;
MI_cons(i).  M(jx(ij)) =1

M f cons2(j).. CK(j) =1= CKL(])

M lwaste(i).yl(i) =e= (I-sum(j,x(ij))>;

khkkkkkkkkkkkkkkkx ***********Eource n355 Balance***************************

SMB_I(i).. Am(i) =e= sum (j,FS(i)*x(ij));

SMB_2(i).. Bm(i) =e= sum(u,FS(i)*y(i,u));

SMBJ(i). FS(i) =e= Am(i)+Bm(i)+W W I(i);

SCB_I(i).. Ac(i) =e= sum (j,FS(i)*x(i,j)*CS(i));

SCB_2(i).. Be(i) = -sum(u FS()*y(i, )*c (i);

SCBIJ(i).. FS(i)*CS(i) =e= Ac(i) + Be(i) + WWI(i)*CS(i);
)

Consx(i).. sum(j,x(ij))+sum(uy(i, )) =1= 1,

*k kkkkkkkkkkk *************Ijlj.ea{m enJ M ass guJance*** kkkkkkkkkkkkk kxkkkkkx

TMBI_I(u). Alt(u) =e=sum(i,FS(i)*y(i, ));
(

TMB1_2( ). Blt(u) =e= sum(vv,FT(\W)*t(w, ));

TMBIJ(u) Alt(u)+B 11 )=e= FTI(u);

TCBLJI( ). A2t(u) =e=sum(i,FS(i)*y(i, )*c (i));

TCB12( ).B2t(u)=e=sum(w,FT(w)*t(w, )*CT( ));

TCBIJ(u). A2t( J+B2t(u) =e= FTI(u)*CTI(u);

TMB2(w). FT(w) =e= sum(u,FT(w)*t(w, ))* m(j,FT(w)*z(wj))+WW2(vv);

TCB2(w). FT(w)*CT(w) =e=sum(u,FT(w)*t(w, *CT( ))* m(,FT(w)*z(wj)*CT(w))+WW2(w)*CT(w);



TR(u, )$(ord(w) eq ord(u)). CT(w ) e= (1-Alpha) )*CTi( );
ConsTI( , )$(ord(w)eqord(u)). FTI(u) =e= FT(w);
ConsT2(u, )$(ord(w)eqord(u)).. CTI(u) =g= CT(vv)
ConsT3(w)..sum(ut(w, )+ m(j,z(wj)) =1=
*Fixparameters***************

TMBL_1P( ). Alt(u) = (i, FS(i)y*y (i, ));
TMBI_2P(u). BIt(u) =e= sum(w,FTP(w)*t(w, ));
TMBI~3P(u) - Alt(u)+BIt(u) =e= FTIP(u);

TCBL1J P(u). A2t(u)-e= sum(i,FS(i)*y(i, )*c¢ );
TCB1_2P( ). B2t(u) =e= sum(w,FTP(w)*t(w, )*CTP( ));
TCBIJP(U). A2t(u)+B2t(u) =e= FTIP(u)*CTIP(u);
TMB2P(w). FTP(w) =e= sum(u,FrP(w)*t(w, )+ NFETP(W)*z(wj))+W W 2(w);
TCB2P(w). FTP(w)*CTP(w) =e=

sum(u,FTP(w)*t(w, )*CTP( ))+ ))FTP(W)*z(wj)*CTP(W))+WW2(W)*CTP(W);
TRP(u, )$(ord(w)eqord(u)).. CTP(w) =e= (I-Alpha(u))*CTIP(u);

ConsTIP(u, ) )Jord(w)eqord(u)). FTIP(u) e= FTP(w);

ConsT2P(u, ) )ord(w)eqord(u)). CTIP(u) = g CTP( );

ConsT3P(w)..sum(u,t(w, )+ m(jz(wj)) =1

***************************I\//\/b alanCe***************************
WASTE .. OWW =e-= sum (i, WW I(i))+sum (w ,WW2(w));

CWASTE .OWW'CW =e= sum (i, WW I(i)*CS(i))+sum (w,WW 2(w)*CT(w));

ConsW ..CW =1=CWL;

FRESH .. OFW =e= sum((rj),FR(r.j));

*FIX parameter*************

WASTEP . OWW =e= sum (i, WWIP(i))+sum (w,W W 2P (w));

CWASTEP .OWW*CWP =e= (W WIP(i)*CS(i))+sum (w,WW2P(vv)*CTP(w));
FRESHP . OFW =e= sum((rj),FRP(rj));

***************************gj1 PV4aSSBaIance*** khkkkkkkkhkhhkk khkkkhkkkkxkk
SKMBJO). Alk(j) =e= sum (i,FS(i)*x(ij));

SKMB_2(j).. BIk(j) =e= sum (w,FT(w)*z(wj));

SKMB_3(j).. ¢ 1k(j) =e= sum(r,FR(rj));

SKMBJO). FK(j) =e= Alk(j) + BIk(j) + Clk(j);

SKCBJO).. A2k(j) =e= sum (i,FS(i)*x(ij)*CS(i));
SKCB_2(j).. B2k)j) =e= sum (w,FT(w)*z(wj)*CT(w));
SKCB~3(j). C2k(j)=e sum(r,FR(rj)*CFW (r));
SKCB~4(j).. FR(j)*CK(j) =e= A2k(j) + B2ku) + C2k(j);

ConsSK(j). CK(j) =1= CKLO);

*FiX parameter******************
SKMBIP(j). Alk(j) =e= sum (i,FS(i)*x(i.j));
SKMB_2P(j).. BIk(j) =e= sum(w,FTP(w)*z(wj));

SKMB~3P)j) = C|k(j) e=sum(r,FR(rj));

SKMB~4P(j). FK(j) =e= Alk(j) + BIk(j) + Clk(j);

SKCBJP(j).. A2k(j) =e= sum (i,FS(i)*x(ij)*CS(i));

SKCB~2P(j) .. B2k(]) =e= sum (w,FTP(w)*z(wj)*CTP(w));

SKCB~3P(j). CZk()=e sum(r,FR(rj)*CFW (r));

SKCB~4P(j).. FK(j)*CKP)j) =e= A2k(j) + B2k(j) + C2k(j);
*****T*****************P‘OWIa\e eXIstIng and COnStraint****‘k*************
Disl(ij).. xF(ij) =e= x(ij)*FS(i);

Dis2(i,u).. yF(i, )=e=y(i, )*F (i);

Dis3(wj). zF(wj) =e= z(wWj)*FT(vv);

Disd(w, ). tF(w, )=e=t(w, *FT( );



*FIX parameter*************
D isIP (ij).. xFP(ij) =e= x(ij)*FS{(i);
Dis2P(i, ) ..yFP(i, ) =e=y(i, )*F (i);
Dis3P(wij).zFP(wj)=e=z(wj)*FTP(vv);
DisdP(\v,u). tFP(w, )=e=t(vv, )*FTP( );
xexist(ij).. xF(ij)-OMEGA*zx(ij) =1=10;
yexist(i, ) . yF(i,u)-OMEGA*zy(i, )-1- 0;
zexist(wij). zF(w,j))-OMEGA*zz(wj) =
texist(w, ). tF(\v, )-OMEGA*zt(w, )=1=
frexist(rj) .. FR(rj)-OMEG A *zfr(rj) =1=10 ;
wwlexist(i). WW I(i)-OMEGA*zwI(i) = ;
vvw 2exist(\v).. WW 2(w)-OM EGA*ZW2(W) 1=0;
xcons(ij). xF(ij) =g=300*zx(ij) ;
yeons(i, ).yF(i, )=g=300%zy(i, );
zeons(vvj). zF(wj) =g=300*zz(wj) ;
freons(rj).. FR(rj) =g= 300*zfr(rj) ;
tcons(w,u) .. tF(w, )=g= 300*zt(w, ) ;
wlcons(i) . WW I(i) =g= 300*zwI(i) ;
2cons(w). WW2(vv) =g= 300*zvv2(w) ;
**FixX parameterg**xxxkxxx
xexistP(ij) .. xFP(ij)-OMEGA*zx(ij) == 0 ;
yexistP(i.u). yFP(i, )-OMEGA*zy(i.u)=1=0
ZexistP(wj). zFP(wj)-OMEGA*zz(wj) =1 0,
texistP(w, ). tFP(w, )-OMEGA *zt( , )=1=0;
frexistP (rj).. FRP(rj)-OMEGA *zfr(rj) =1=10;
wwlexistP(i). WW IP(i)-OMEGA*zwl(i) =1=
ww2existP(w) .. WW2P(w)-OMEGA*zw2(w )- 0;
xconsP(ij) . xFP(ij) =g= 300*zx(ij) ;
yconsP(i, ). yFP(i.u)=g= 300*zy(iu);
zconsP(wij). zFP(wj) =g=300*zz(wj) ;
frconsP(rj).. FRP(rj) =g= 300*zfr(r,j) ;
tconsP(w,u). tFP(w,u) =g= 300*zt(w,u) ;
wlconsP(i). WWIP(i) =g= 300*zwl(i) ;
2consP(w). WW 2P (w)=g= 300%zw2(w) ;

kkkkkkkkkhkkhkhkkkkkkkk kkkk*x%x ****Qng Calculation***** EEEREE RS EEEEEEEEEEEEEEEES

=0,
0;

1

TUCL( ). FTI(u) =1= 1790*YT(u,nl )+OMEGA*YT(u.'n2)+OMEGA*Y T (u,n3):
TUC2(u). FTI(u) =1=3580*YT(u," 2)+OMEGA*YT(u,/n)*OMEGA*YT(u,n3);
TUC3(u) . FTI(u) =1= 5370*Y T(u,n3)+OMEGA*YTBin2)+GMEGA*YT(u,nl";
ConsBI( ).sum(n,YT(u,n))=I=1;

ConsB2 ..sum(u,FTI(u)) =1=sum (i.FS(i));

*FlX parameter***********'k**

TUCIP(u).. FTIP(u) =1= 1790*YT(u,n F)+OMEGA*YT(u.n2)+OMEGA*YT(u,’ 3);
TUC2P(u). FTIP(U) =1= 3580*YT(u,n2 }+OMEGA*YT(u.'nl }+OMEGA*YT7( , 3);
TUCS3P(u). FTIP(u) =1=5370*Y T (u,n3)+OMEGA*YT(u.n2)+OMEGA*YT(u,nF);
ConsBP 1( ).sum(n.YT(u, ))=1=1,

ConsBP2 .. sum(u,FTIP(u)) =1= sum(i.FS(i));

FreshCost .. FACost =e= sum ((rj),FR(rj)*CostFW (r)*HY);

FreshCost2 . FACost=e= sum ((rj),FR(rj)*CostFW (r)*HY *zfr(rj));

TreatCost. TTCost=e= sum((u, )(TFC(u, J*FTI( )*TVC( ,n))*KY*YT(u, ));
TreatOCost . TOCost=e= sum(u,0C(u)*FTI(u)*HY);

PIPCostl .. PAL =e=sum ((ij),(CPFI(ij)*+ CPI(ij)*xF(ij)*H Y )*zx(i]));



PIPCost2 .. PA2 =e=sum((i, )(CPF2(i, )+CP2(i, )*yF(i, )*HY)*zy(i, ));
PIPCosO .. PA3 =e=sum((w, ),(CPF3(w,u)+CP3(w, )*tF( . )*HY)*zt(w, ));
PIPCostd .. PA4 =e= (W), (CPF4(wj)+CPA(wW])*zF(wj)*HY )*zz(W]));
PIPCosts .. PA5 =e= sum ((rj),(CPF5(rj)+CP5(rj)*FR(r.j)*HY )*zfr(rj));

PIPCostd .. PAG =e= sum (i,(CPF6(i)+CPE(I)*W W I(i)*HY )*zw I(i));

PIPCost7 .. PAT =e= sum(w ,(CPFT(w)+CPT(vv)*WW 2(w)*HY )*zw2(w));

PIPCost. PACost=e= PAI+PA2+PA3+PA4+PAS+PAG+PAT;

Total. TAC =e= FACost+ TTCost+ TOCost+ PACost;

*Fix Parameter************ —

TreatOCostP . TOCost=e= sum(u,0C(u)*FTIP(u)*HY);

TreatCostP .. TTCost=e=sum((u, )(TFC(u, JHFTIP(u)*TVC(u, N*KY*YT(u, ));
FreshCostP . FACost=e= sum ((rj),FRP(rj)*CostFW (r)*HY *zfr(rj));

PIPCostlP .. PAL =e= sum ((ij),(CPFI(ij)+ CPI(ij)*xFP(ij)*HY )*zx(i]));

PIPCost2P . PA2 =e=sum((i, ),(CPF2(i, }-KIP2(i, )*yFP(i,u)*HY)*zy(iu));
PIPCost3P . PA3 =e= (( )(CPF3(w, J+CP3( , )*tFP( , )*HY)*zt(w, ));
PIPCostdP .. PA4 =e= sum ((wj),(CPF4(wj)+CP4(wj)*zFP(wj)*HY )*zz(w]));
PIPCost5P .. PA5 =e=sum ((rj),(CPF5(rj)+ CP5(rj)*FRP (rj)*HY )*zfr(rj));
PIPCostoP .. PA6 =e= sum (i,(CPF6(I)+CP6(I)*W W IP(i)*HY )*zwl(i));

PIPCost7P . PAT =e= sum (w.(CPF7(w)+CP7(w)*W W 2P (w)*HY )*zw 2(w));
PIPCostP .. PACost =e= PAL1+PA2+PA3+PA4+PAS+PAG+PAT;
kkkkkkkkkkhkkkhkkdhkhkkkkkkdhhkkx*k *Ohjectlve fUﬂCIIOﬂ*** EEEE SRS EEEEEEIEEEEEEEE S
Object] . OBJL =e= FACost;

Object2 OBJ2 =e= FACost+TTCost+TOCost;

Object3 .0BJ3 =e= TAC;

Objectd . 0BJ4 =e= TAC;

*******************************I\Qi/\Yg ]*******************************
MODEL CASE31CAL!1

[MI_mass,M J_contM] cons,MI_cons2,M lwaste,FRESH ,ObjectLFreshCost,Disl/
SOLVE CASE31CALLUSING LP MINIMIZING OB,

DISPLAY OBJITx.I.FR.L.y LI xF.I;

H(***************I\******** * k k % SOLVE 2*******************************

Parameter
Inx(ij) intermediate parameter X
InFR(rj) intermediate parameter FR

Iny(i)

Inx (ij) = x.1(i);
INFR(rj) = FR.I(rj);
Iny(i) = yLI(i);
x.A(ij) = Inx(ij);
FR.I(rj) = InFR(rj);

WL
WWIlofi2)=300;
WW2.1lo('wl)=300;
yF.fx('i2''ur)=0;

FR.fx('r2Vj1)=0,

FR.fx('r2,j2)=0; ,

MODEL CASE31CAL2



/ SMB_I,SMB_2,SMB_3,SCB_LSCB_2,SCB_3,Consx

JMBIJTMBI 27TMBI_3,TCBr I,TCB~I_2,TCBI_3,TMB2,TCB2,TR,ConsTI.

ConsT2,ConsT3,WASTE,CWASTETconsW FRESH,SKMB_1,SKMB_2,SKMB _3,

SK.MB_4,SKCBJ ,SKCB_2,SKCB_3.SKCB_4,ConsSK.Dis1,Dis2,Dis3,Dis4,TUC 1,
TUC2, JC3,ConsBI,ConsB2,FreshCost,TreatCost,TreatO Cost,0bject2 /;

SOLVE CASE31ICAL2 USING MINLP MINIMIZING 0BJ2:
DISPLAY 0BJ1.1,0BJ2.1 xF.I.yF.I.ZF.L,FR.I,WW LIWW2.1,CW.ILFTLLYT.I;

*****************'k*'k****-£.**** **EQll\yp- IS EEEEEEEE SRR EEEEEREEEREEEREEEEESES]

XFP(ij) = xF.I(ij);
YEP(i, )= YRG0, );
ZFP(xvj) = zF.I(vvj);
tFP(vv, )= tF.l(w, );
FRP(rj) = FR.I(rj),

W W IP(i)= WW LI(i);

WW2P(w)=WW2.1(w);
FTIP(u) = FTLI(u);
CTIP(u) = CTLI(u);
CTP(w) = CT.I(w);
CWP=cw.l;
FTP(w) = FT.l(w);
CKPU) = CK.I(i);

MODEL CASE31CAL3

I SMB1 SMB _2,SMB _3,SCB _I,SCB _2,5CB_3,Consx

JIMB11PJM Bl 2P.TMBI_3P,TCB L RTCB1JP,TCB 1 3P, TMB2P,I'CB2P,TRP.
ConsTIP,ConsT2ILConsT3P ,WASTEP.FRESHP.SKMBJP.SKMB_2P,SKMB_3P,SKMB_4P SKCBIJP,
SKCB_2P,SKCB _3P,SKCB 4P,DisIP.Dis2P.Dis3P,Dis4P, TUC IP,TUC2P,TUC3P ,ConsBPL
xexistP,yexistP,zexistP texistP frexistP.wwlexistP,ww2existP,xconsP,yconsP,

zconsP,tconsP frconsP,wlconsP,w2consP.PIPCostIP,PIPCost2P.PIPCost3P,PIPCostdP,
PIPCost5P,PIPCost6P.PIPCost7P,PIPCostP,FreshCostP, TreatCostP,TreatO CostP,

Total,0bjectd /| ;

SOLVE CASE3ICAL3 USING MIP MINIMIZING OBJ3;

DISPLAY 0BJ2.1,0BJ3.1,FACostl,TOCost.I,TTCostI,PACostI,CT.I,CTILITAC.I,
XFP,yFP,ZFP,FRPWW IP.WW 2P,Y 1 lzx.l.zy l,zz.l,zfr.l,zwl.l,zvv2.1;

EEE RS S SRR EEEEEEEEEEEEEEEEEEEE] **SOLV E 4*******************'k***********

parameter

Inzx(ij)

Inzy(iu)

Inzt(w, )

Inzz(wj)

Inzfr(rj)

InzvvlI(i)

Inzw2(w)

InYT(u,n)

InxI(ij) intermediate parameter x
Inyl(i, ) intermediate parametery
Inzl(wj) intermediate parameter z
INFRI(rj) intermediate parameter FR



Inzx(ij)=zx.I(ij);

Inzy(i, )=zy.I(i, );

Inzt(vv,u)=ztl(w, );

Inzz(wj)=zz.l(wj);

Inzfr(rj)=zfr.I(rj);

Inzwl(i)=zw L.1(i);

Inzw2(w)=zw2.1(w);

InYT(u, =YT.Iu, )

Inx 1(ij) = x.1(ij);

Iny 1(i, ) = .0 )

Inzl(wj) =z.l(wj);

INFRI(rj) = FRP(r});

*Innitial variahle*xx*xkxakkkx

x. (ij)=1Inzx(ij);

zy. (i )=Inzy(i, );

zth(w, )=Inzt(w, );

2z, Kwj)=Inzz(wj);

zfrd(rj)=Inzfr(rj);

zw L) =Inzw I(i);
(

w2.1(w)=Inzw2(w);
YT.A(u, )=InYT(u, );
x. (i) = InxI(ij);
yo I )=Inyl( )
. Hwj)=Inzl(wj);
FR.I(rj)=InFRI(rj);

MODEL CASE3ICAL4

| SMBJ SMB_2,SMB_3,5CB_1,SCB _2,SCB_3,Consx
JMBI_[,TMBI 27TMBI_3,TCBr LTCBI 2JCB13JMB2JCB2,TR,ConsTI.ConsT2,ConsT3,
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WASTE,CWASTE'consu7FRESHASKMB _].SKMB3.SK.MB_3,SKMB_4SKCBJ.SKCB_2,SKCB_3,SKCB_4)

ConsSK,Disl,Dis2,Dis3.Dis4, TUCI,TUC2,TUC3,ConsBI,ConsB2,xexist,yexisl,zexist,
frexist,texist,wwlexist,ww2exist,xcons,ycons,zcons,frcons,tcons,w Icons,
PIPCostl,PIPCost2 PIPCost3 PIPCerst4.PIPCost5,PIPCost6,PIPCost7,PIPCostFreshCost,
TreatCost,TreatOCost,TOtal,0bjectd
SOLVE CASE3ICAL4 USING MINLP MINIMIZING OB4;

DISPLAY OBJ3.1,0BJ4.1,PACost I xF.I,yF.l.zF.1,LFR.I,OFW .IWW LLWW 2.1,0W W .1,
YT.ACT.LCTI I, e W .I,zx.Lzy.i,zfr.1

APPENDIX A-10 Case Study 3.2 GAMS Code

SETS i Source streams /i l*i4/
j Sink streams [jlI*j2/

Treatment unit/ul * 3/

Treat streams /w 1*

r Freshwater source /rl*r2/

Treatment stage /nl*n3/

PARAMETERS

CS Source concentration (ppm)



FS

Ijl

j2
CostFwW
Irl

r2

CP7
w
2

InYT(u, )
mYTI()

FTP(w)
FTIP (u)

0
14
25
34
Source Oowrate (kg per h)
2880
18000
21240
5040 /
Sink concentration limit (ppm)
0
10/
Sink flowrate (kg per h)
4320
20880 /
Freshwater cost ( per kg)
0.00145
0.00094 /
Freshwater concentration (ppm)
0
5 /
Treatment operation cost ( per kg)
0.9e-3
0.6e-3
0.5e-3 |/
Treatment efficiency
0.93
0.84
076 [
Piping fix cost source to waste ( pery)
0.82
0.82
0.82
082 |/
Piping variable cost source to waste ( per kg)
1,4e-3
1.4e-3
1.4e-3
1.4e-3 |
Piping fix cost treat to waste ( pery)
0.89
0.89
0.89 /
Piping variable cost treat to waste ( per kg)
I.1le-3
I.1le-3
I.lle-3 [
YT parameter
YTI parameter
FT parameter
FTI parameter

14]



CTIP(u)
CTP(w)
CKP(j)
CWPp
XFP(ij)
yFP(i, )
ZFP(wj)
tFP(w, )
FRP(rj)
W W IP (i)
WW 2P (w)

TABLE TFC(u,n)
ni

CTI parameter
CT parameter

CK parameter

CWparameter

XF parameter

yF parameter

zF parameter

tF parameter

FW parameter
WW1 parameter
WW?2 parameter

Treatment fix cost ( pery)
2 3

1 12470.71 19438.22 23420.05
2 913452
3 7873.48

TABLE TVC(u.n)

nl

1 8.4443
2 65109
3 6.1027

14506.78 17576.92
12908.94 15786.6

Treatment variable cost (- per kg)
2 3

6.2581 5.6334
4.8252 4.3436
5.5227 4.0713

TABLE CPF 1(ij) Piping fix cost source to sink ( pery)

j j2
il 0.82
2 082
i3 082
i4 082

TABLE CPI(ij)

il
il 1.4e-3
12 1.4e-3
i3 1.4e-3
i4 1,4e-3

Piping variable cost source to sink ( per1

j2

0.82
0.82
0.82
0.82

1.4e-3
1.4e-3
1.4e-3-
1,4e-3

TABLE CPF2(i, ) Piping fix cost source to treat ( pery)

ul

il 0.96
2 0.96
i3 0.96
4 0.96

TABLE CP2(i, )
ul

il 1.2e-3
i2 1.2e-3
i3 1.2e-3

i4 1,2e-3

2 3

096 096
0.96 0.96
0.96 096
0.96 0.96

Piping variable cost source to treat ( per
2 3

1.2¢-3  1.2e-3
1.2¢-3  12e-3
1,2e-3  1.2e-3
1,2e-3  172e-3
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TABLE CPF3(w; ) Piping fix cost treat Ltotreat2 ( pery)
ul 2 3

107 07 07
2 07 07 07
307 07 07

TABLE CP3(w, ) Piping variable cost treat1to treat2 ( per kg)
ul
w! 0.63e-3 0.63e-3_0.63¢-3
2 0.63e-3 0.63e-3 0.63e-3
3 0.63e-3 0.63e-3 0.63e-3

TABLE CPF4(wj) Piping fix cost treat to sink ( pery)

il 2
1089 089
2 089 089
3 089 0.89

TABLE CP4(wj) Piping variable cost treat to sink ( per kg)

j! j2
1 111e-3 I.lle-3
2 I.1le-3  1.1le-3

3 111e-3 l.lle-3

TABLE CPF5(rj) Piping fix cost fresh to sink ( pery)
il 2
rl 1.635 1.635
r2 1.635 1.635

TABLE CP5(rj) Piping variable cost fresh to sink ( per kg)
jrje
rl 0.67e-3 0.67e-3
2 0.67e-3 0.67e-3

SCALAR CWL Wasteconcentration limit (ppm) /5/
HY Operation time (h pery) /8000/
KY Operation year (1pery) /0.333/
OMEGA /1000000/

VARIABLE OBJ1,0BJ2,0BJ3,0BJ32,0BJ4r0BJ5, TAG

POSITIVE VARIABLE

x (i) Split fraction source to sink

y(i. ) Split fraction source to treat

y 1(0 Split fraction source to treat for model 1
t(w, ) Split fraction treat to treat

(wj) Split fraction treat to sink

FR(rj) Freshwater llowrate (kg per h)

W W I(i) W aste i flowrate (kg per h)

WW2(w) Waste  flowrate (kg per h)

FT( ) Treatment flowrate out (kg per h)



FTI(u)
CT(w)
CTI(u)
oww
0OFW
cw
CK{(j)
FACost
TFCost
TFCostl
TTCost
TOCost
PA1
PA2
PA3
PA4
PAS
PAG
PAT
PACost
xF(if)
yE@, )
zF (wj)
tF(w,u)
Am (i)
Bm (i)
Ac(i)

Treatment flowrate in (kg perh)
Treatment composition out
Treatment composition in

Overall waste flowrate (kg per h)
Overall freshwater flowrate (kg per h)
W aste discharge composition

Sink composition
Freshwater annual cost ( pery)
Treatment investment cost ( pery)
Increase capacity treatment investmentcost ( pery)
Total treatment investment annual cost ( pery)
Treatment operation annua] cost ( pery)
Piping cost source to sink ( pery)

Piping cost source to treat (- pery)

Piping cost treat to treat ( pery)

Piping cost treat to sink ( pery)

Piping cost fresh to sink ( pery)

Piping cost source to waste ( pery)

Piping cost treat to waste ( pery)

Piping annual cost ( pery)

Split Flowrate source to sink (kg per h)
Split Flowrate source to treat (kg per h)
Split Flowrate treat to sink (kg per h)
Split Flowrate treat to treat (kg per h)

********Boundi g**********

x. lo(ij)=0;x.up(ij)=1;
y. lo(i, )=0;y.up(iu)=1;
z. lo(wj)=0;z.up(wj)=1;

BINARY VARIABLES

YT(u,n)

Y TI(u)
zx(ij) X1
zy(Lu)
zz(wj)

Existing Treatment unit
Existing Increase capacity treatment unit
Existing Split Flowrate source to sink
Existing Split Flowrate source to treat
Existing Split Flowrate treat to sink



2fr(rj)

Existing Flowrate fresh to sink

() Existing Split Flowrate treat to treat
zw (i) Existing Split Flowrate source to waste
w2 (w) Existing Split Flowrate treat to waste
EQUATIONS
*M Odel I kkkkkkkk L|near kkkkkkkkkkk
M1 _mass(j) LP mass balance
MI _cont(j) LP contaminant balance
| cons(i) Xconstraint
MI _cons2(j) Sink composition constraint
M Iwaste (i) y value
***************************£0 Bala Ce**************
SM BI(i) Source Mass Balance eql
SM BI(i) Source Mass Balance eq2
SM BI(i) Source Mass Balance
SCBI(i) Source Contaminant Balance eql
SCB~2(i) Source Contaminant Balance eq2
SCBI(i) Source Contaminant Balance
Consx(i) x variable constraint
*****'****H****************_1_rea‘ment Mass Balance***********
TMB1J() Treatment M ass Balance legl
TMB(u) Treatment Mass Balance 1eq2
TMBII(u) Treatment Mass Balance 1eq3
TCBII() Treatment Contaminant Balance 1eql
TCBI~2(u) Treatment Contaminant Balance 1eq2
TCBI~3(u) Treatment Contaminant Balance 1eq3
TMB2(w) Treatment Mass Balance 2
TCB2(w) Treatment Contaminant Balance 3
TR(u.w) Treat unit Contamiant balance'
ConsTI(u, ) Treat Constraint!
ConsT2(u.w) Treat Constraint2
ConsT3(w) Treat Constraints
*Fix parameters****xxxxxx
TMBIP(u) Treatment M ass Balance 1eql
TMB1~2P(U) Treatment M ass Balance 1eq2
TMBIIP(u) Treatment M ass Balance 1eq3
TCBIP(u) Treatment Contaminant Balance 1eql
TCBIIP(u) Treatment Contaminant Balance 1eq2
TCBI~3P(u) Treatment Contaminant Balance 1eq3
TMB2P(w) Treatment Mass Balance 2
TCB2P(w) Treatment Contaminant Balance 3
TRP(u, ) Treat unit Contamiant balance

ConsTIP(u.w)
ConsT2P (u.w)

Treat Constraint1
Treat Constraint2

ConsT3P(w) Treat Constraints
IR RS S EEEEREREREEREEEEEESEERSEESN Mass Balance**'k***********
WASTE Overall Waste Flowrate
CWASTE Overall Waste Concentraion
Consw W aste constraint

FRESH

Overall freshwater



FiX parametereeieeek

WASTEP Overall Waste Flowrate
CWASTEP Overall Waste Concentraion
FRESHP Overall freshwater
RS S SRS R RS S SRR EEEEEEEESS
~k**************************gjnjl gajance**************
SKMBJO) Sink Mass Balance eql
SKMBIJG) Sink Mass Balance eq2
SKMBJO) Sink Mass Balance eq3
SKMBI(j) Sink Mass Balance eq4

SKCBIJG) Sink Contaminant Balance eql
SKCBIJG) Sink Contaminant Balance eq2
SKCBJO) Sink Contaminant Balance-eq3
SKCBJO) Sink Contaminant Balance eq4
ConsSKO) Sink Contaminant Constraint
Fixparameter************

SKMBIPO) Sink Mass Balance eql
SKMBIJPO) Sink Mass Balance eq2
SKMBIPO) Sink Mass Balance eq3
SKMBJPO) Sink Mass Balance eqd
SKCBIPO) Sink Contaminant Balance eql
SKCBJPO) Sink Contaminant Balance eq2
SKCBIPO) Sink Contaminant Balance eq3
SKCBIPO) Sink Contaminant Balance eq4
ConsSKPO) Sink Contaminant Constraint

(RS S S S SRR RS S EEEREEEEEEEEES

***************»***«**piOWrate eXlStlng and COnStfaint*********

Disl(ij) Split Flowrate source to sink
Dis2(i, ) Split Flowrate source to treat
Dis3(wj) Split Flowrate treat to sink
Disd(w,u) Split Flowrate treat to treat
xexist(ij) Existing Split Flowrate source to sink
yexist(i, ) Existing Split Flowrate source to treat
zexist(wj) Existing Split Flowrate treat to sink
texist(w, ) Existing Split Flowrate treat to treat
frexist(r.j) Existing Flowrate fresh to sink
ww lexist(i Existing Flowrate source to waste
ww2exist(w) Existing Flowrate treat to waste
xcons(ij) Split Flowrate source to sink constraint
ycons(i, ) Split Flowrate source to treat constraint
zeons(vvj) Split Flowrate treat to sink constraint
freons(rj) Flowrate fresh to sink constraint
tcons(vv, ) Split Flowrate treat to treat constraint
wlcons(i) Flowrate source to waste constraint
2cons(w) Flowrate treat to waste constraint
Fix parameters**************
D islP (ij) Split Flowrate source to sink
Dis2P(i, ) Split Flowrate source to treat
Dis3P(wj) Split Flowrate treat to sink
DisdP(w, ) Split Flowrate treat to treat

XexistP (ij) Existing Split Flowrate source to sink



yexistP (i, ) Existing Split Flowrate source to treat

zexistP(w.j) Existing Split Flowrate treat to sink
texistP(w, ) Existing Split Flowrate treat to treat
frexistP (rj) Existing Flowrate fresh to sink
ww lexistP (i) Existing Flowrate source to waste
wWw2existP(w) Existing Flowrate treat to waste
xconsP(ij) Split Flowrate source to sink constraint
yconsP(i, ) Split Flowrate source to treat constraint
zconsP(wj) Split Flowrate treat to sink constraint
freconsP(rj) Flowrate fresh to sink constraint
tconsP(w, ) Split Flowrate treatto treat constraint
wlconsP-fi) Flowrate source to waste constraint
2consP(w) Flowrate treat to waste constraint

khkkkkkhkkhkhkkkkhkhkhhkhkkhkhkhkhkhkkkkkhxx

khkkkkhkkhhkhhkkkkhkhhkhhkkkkkkkhxx QqS{CaICulatlon kkkkkkhkhkhkkhkhkkkkkkx

TUCL() Treatment Unit Choosing 0-3187
TUC2(U) Treatment Unit Choosing 3188-6374
TUC3(u) Treatment UnirChoosing 6375-INF
ConsBI Binary constraint
ConsB2 Flowrate constraint
FreshCost Freshwater costl
FreshCost2 Freshwater cost2
TreatCost Treatment unit cost
TreatOCost Treatment Operation Cost
PIPCostl Piping Cost source to sink
PIPCost2 Piping Cost source to treat
PIPCost3 Piping Cost treat to treat
PIPCostd Piping Cost treat to sink
PIPCosth Piping Cost fresh to sink
PIPCost6 Piping Costsource to waste
PIPCost? Piping Cost treat to waste
PIPCost Total Piping Cost
Total Total annual cost

*le parameter**************
TUCIP(u) Treatment Unit Choosing 0-1700
TUC2P(u) Treatment Unit Choosing 1701-3580
TUC3P(u) Treatment Unit Choosing 1701-3580
ConsBPI Binary constraint
ConsBP2 Flowrate constraint
FreshCostP Freshwater cost fix parameter
TreatCostP Treatment unit cost fix parameter
TreatO CostP Treatment Operation Cost fix parameter
PIPCostIP Piping Costsource to sink
PIPCost2P Piping Costsource to treat
PIPCost3P Piping Cost treat to treat
PIPCost4P Piping Cost treat to sink
PIPCost5P Piping Cost fresh to sink
PIPCost6P Piping Cost source to waste
PiPCost7P Piping Cost treat to waste

PIPCostP Total Piping Cost



******************************Qkjgg“ygfuncnon**************************

Objectl
Object?
Object3
Objectd

Objective Function |
Objective Function?
Objective Function3
Objective Function4

************************************************************************

‘M Odel 1******** Linear*****************

M1_mass(

')”FKU)+:

j
M I-cont(j). FK(j)*CK(j)
SUM (.x(if)) =1= 1

M1 caons(i).
Ml~cons20).. CK(j) =1=
M1 waste(i). yI(i) =e=

SOM (i,F S (i)*x
ze= SUM (i,FS(i)*

CKL(j)
(I-sum (j.x(i]))):

(if))+ SUM (r.FR(r});
X(ij)*CS(i))+SUM (r,FR(rj)*CFW (r));

kkkkkkhkkkkhkkkkkkx *kk k¥ 1 - khhkhkkhkhkhkhkhhkhkhhkhkhhhkhkhkkk k%
FREEXF KKK X KX IR KR IR R IR0 m-ce |viass g-ji-ipce *xk

tw.u)*CT(w));

m(j,FT(w)*z

SMB _I(i).. Am(i) =e= sum (j,FS(i)*x(i))>;

SMB 2(|) m (i) =e= sum(u,FS(i)*y(i, ))

SM BI(i) - (|) e= Am(i)+Bm(i)+W W I(i);
SCB _I(i).. Ac(i) =e= sum (j,FS(i)*x(i,j)*CS(i));
SCB~2(i) Bc(i)=e= sum(u,FS(i)*y(i,u)*CS(i));
SCB~3(i).. FS(i)*CS(i) =e= Ac(i) + Be(i) + WW I(i)*CS(i);
Consx(i).. sum (j,x(ij))+sum(u,y(i,u)) =1="1,
**************************'”pa“npm

TMBI) (). Alt(u) =e= sum(i,FS(f)*y(i, )
TMBI_2(u).. BIt(u) =e= sum(w,FT(w)*t(w,u));
TMBI~3(u). Alt(u)+BIt(u) =e= FTI(u);
TCBLJ( ). A2t(u) =e=sum(i,FS(i)*y(i, )*C (i),
TCBI~2(u) B2t(u)=e= sum(w,FT(w)*
TCBLJ(u). A2t(u)+B2t(u) =e= FTI(u)*CTI(u);
TMB2(w). FT(w) =e= sum (u,FT(w)*t(w, )+
TCBZ( ). FT(w)*CT(w) =e=sum (u.FT(w)*t(w,

R(u, )$(ord(w)eqord(u)).

ConsTI(u )$(ord(w) eq
ConsT2(u, )$(ord(w) eq
ConsT3(w)..sum (u,t(w
*Fixparameters***xx*xx
TMBI IP(u).. Alt(u)
TMB1_2P( ). Blt(u)
TMBI~3P(u
TCBLJP (u). A2t(u
TCB1~2P(U) -

TCBHP(u).
TMB2P(w).
TCB2P(w).
sum (u,FTP(w)*t(w,
TRP(u,
ConsTIP(u,
ConsT2P (u,
ConsT3P(w

A2t(u
FTP(w
FTP(w)*CT

+B

)$(ord(w) e
)$(ord(w) e

A

CWASTE

ConsW .CW =1=CWL,;

ok

e=

¥CTP( )
Y$(ord(w) eq ord(u)).. CTP(w)

). sum (u,t(w,

CT(w)=¢e=
ord(u)).. FTI(u)
ord(u)).. CTI(u)
m(j.z(wj))

kkkkkkk

=e=sum (i,FS(D)*y(i, ));
=e=sum(w,FTP(w)*t(w,
Y. Alt(u)+BIt(u)=e= FTIP(u):

) =e=
B2t(u) =e=

)

) =

-sum (i,FS(i)*y(i, )*C
sum (w,FTP(w)*t(w
2t(u) =
sum (u,FTP(w)*t(w
P(w)=e=

)t

g ord(u)).

DEom(jiz(wi)

JCTO))

e= FT(vv);

W
(I-Alpha(u))*CTI(u):
:g CT( );

():

CJCTP))

UFTP()

e= FTIP(U)*CTIP(u);

C )t m(FTP(w)*z

. OWW'CW =e= suml(i,WWIl(i)*CS(i))+sum(w,

Damnfﬁ************************

(Wi tWW2(w);

(j,FT(w)*z

(WH*CT(w))+WW2(w)*CT(w);

(Wi)+WW2(w);

Z(Wj)*CTP(w))+W W 2(vv)*CTP(w);

(I-Alpha(u))*CTIP(u);

FTIP( ) =e= FTP(w);

gord(u))..CTIP(u) =g= CTP(w);
=1= 1

20 )*CT( )
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FRESH .. OFW =e= sum ((rj),FR(rj));

*FlX parameter*************

wASTEP . OWW == LW WP (i) +sum (w,WW 2P (w));

CWASTEP . OWW*CWP =¢= sum(i,WW IP(i)*CS(i))+sum (w,WW 2P (w)*CTP(w));
FRESHP .. OFW =e= sum((rj),FRP(r}));

***************************E JYIoggBaIance*** KKK IIEK ek hkhkhkhkhkhhkhkhkkh ki
SKMBIO). Alk(j> =e= sum (i,FS(i)*x(ij));

SKMB20).BIk(j) =e= sum (w.FT(w)*z(wj));

SKMBIO).CIkO) =e= rER(rj));-
SKMB~4(j).. FK(j) =e= A 1k(j) B 1k(j) T C 1k(j);

SKCBIJO) . A2k(j

) = 'Sum(hFS() x(ij)*CS (i)
SKCB20). B2k()
)

=sum(w FT(w)*z(wj)*CT(w));
SKCBJO) . C2k(j) =e= ILER(r))*CFW (1));
SKCBJO).FKO0)*CKO0)=e= A2k(j) + B2k0) + C2k0);
ConsSKO)..CK(j)=1=CKLO);

*FIX parameter******************
SKMBIPO).AlkO)=e= sum(i,FS(i)*x(ij));
SKMB 2P0). BIktj) =e= sum (w,FTR(w)*z(w,j));

SKMB 3P0) CIkO)=e= sum(r.FR(r.j));
SKMBIPO).FKO)=e= AlkO) +Blk(j)+ ClkO);
SKCBIP(j). A2k(j)=e= sum(i,FS(i)*x(ij)*CS(i));
SKCBIJPO). B2k(j) =e= sum(w ,FTP(w)*z(wj)*CTP(w));
SKCBIJPO)..C2k0) =e= sum(r,FR(rj)*CFW (r));
SKCBIJPO).FKO)*CKPO0)=e=A2k0)+ B2k0) + C2kO0);

IR E RS SRR EEEEEEEEEREEERS] PlOWrateel\Xlstlngand Constraint******************

Disl(ij).. xF(i.j) =e= x(ij)*FS(i);
Dis2(i, ). yF(i, )=e=y(i, )*F (i);
Dis3(vv.j).. zF(vvj) =e= z(W])*FT(vv);
Disd(vv.u). tF(w, )=e= t(w.u)*FT(w):

*FIX parameter*************
DislIP (ij).. xFP(ij) =e= x(ij)*FS(i);
Dis2P(i, ). yFP(iu)=e=yd )*FS(i);
Dis3P(\vj). zFP(wj) =e= z(wj)*FTP(w),
Dis4P(w,u). tFP(vv, )=e= , J*FTP( );
xexistoj) .. xF(lJ)OMEGA*ZX(lJ)- 0,
yexisto, ). yF(i, )-OMEGA*zy(i,u)=1=0
zexist(wj).zF(wj)-OMEGA*zz(wj) =1=0;
texist(w, )..tF(w, )-OMEGA*zt(w, )=1=
frexist(r.j) .. FR(rj)-OMEG A *zfr(r]) =1= 0 ;
wvvlexist(i). WW I(i)-OMEGA*zwl(i) =1=
2exist(vv). WW 2(w)-OMEGA*zw2(w)
xcons(ij) . xF(ij) =g= 300*zx(ij) ;
yconsO, ). yF(i, )=g= 300*zy(i, );
zeons(wj) .. zF(wj) =g= 300*zz(vvj) ;
freons(rj).. FR(r.j) =g= 300*zfr(r.j) ;
tcons(w, ). tF(vv, ) =g= 300*zt(vv, ) ;
wilcons(i). WWI(i) =g= 300*zw (i) ;
2cons(w). WW2(w) =g= 300*zw2(w) ;
*FIX parameters************
XexistP (ij).. xFP(ij)-OMEGA *zx(ij) =1= 0
yexistPO, ). yFP(i.u)-OMEGA*zy(i,u) =1=

0;
=1=0;



zexistP(wj). zFP(wj)-OMEGA*zz(vvj) =1=0 ;

texistP(w, ). tFP( , )-OMEGA*zt(w,u)=1=0

frexistP (rj).. FRP(r.j)-OMEGA*zfr(r.j) =1=0 ;

vvwlexistP(i). WW IP(i)-OMEGA*zwl(i)=1= 0

vvw2existP(w) .. WW 2P(w)-OMEGA*zw2(w) =1=0

xconsP(ij) . xFP(ij) =g=300*zx(i,j) ;

yeonsP(i, ).yFP(i, )=g=300*zy(i, );

zconsP(wj). zFP(wj)=g=300*zz(wj) ;

freonsP (rj).. FRP(r.j) =g= 300*zfr(r.j) ;

tconsP(w, ). tFP(w,u)=g= 300*zt(w,u) ;

wlconsP(i). WWIP(i) =g= 300*zwl(i) ;
2consP(w). WW2P(w)=g= 300*zw2(w) ;

KRR KRR AR KRR A AR AR % QO] CalCUIAtIONFFR K F AR KKK R KA K KR KA KRR AR

TUCI(u).. FTI(u) =N 3187*YT(u,'nn+OMEGA*YT(u," 29+OMEGA*YT(u,'n3");

TUC2(u). FTI(u) =1=6374*YT(u,” 2)+OMEGA*YT(u,nl)+OMEGA*YT(u,'n3);

TUC3(u).. FTI(u) =1=OMEGA*YT(u,'n3 )+OMEGA*YT(u,’ 2)+OMEGA*Y T (u,nl");

ConsBltu)..sum(n,YT(u, ))=1=1:

ConsB2 ..sum(u,FTI(u)) =1= (i,FS(D);

*le parameter**************

“]cip( ). FTIP(u) =1= 3187*YT(u.'n I)+OMEGA*Y T(u.’n2")+OMEGA*YT(u,'n3");

TUC2P(u).. FTIP(u) =1=6374*YT(u," 2)+OMEGA*YT(u,'nl )J+OMEGA*YT(u,'n3 );

TUC3P(u). FTIP(u) =1=OMEGA*YT(u.'n3)+OMEGA*YT(u.n2)+OMEGA*YT(u,nl");

ConsBP 1( )..sum(n,YT(u,n))=I=1:

ConsBP2 ..sum(u,FTIP(u)) =1= sum(i,FS(i));

FreshCost .. FACost =e= sum ((rj),FR(rj)*CostFW (r)*HY ),

FreshCost2 .. FACost =e= sum ((rj),FR(rj)*CostFW (r)*HY *zfr(r.j));

TreatCost. TTCost =e= sum ((u, )(TFC(u,n)+FTIU)*TVC(u, ))*KY*YT(u, )),

TreatOCost.. TOCost =e= sum (u,0C(u)*FTI(u)*HY);

PIPCostl .. PAL =e=sum ((ij),(CPFI(ij)+ CPI(ij)*xF(ij)*HY )*zx(ij));

PIPCost2 .. PA2 =e=sum((i, ),(CPF2(i,u)+CP2(i, )*yF(i, )*HY)*zy(i, ));

IMPCost3 .. PA3 =e=sum((w, ),(CPF3(w.u)+CP3(w, )*tF( , )*FIY)*zt(w, ));

PIPCostd .. PA4 =e=sum ((wj),(CPF4(wj)+CPA(wj)*zF(wj)*HY )*zz(W]));

PIPCosts .. PA5 =e=sum ((r.j),(CPF5(rj)*+CP5(rj)*FR(rj)*HY )*zfr(rj));

PIPCost6 .. PA6 =e=sum (i.(CPF6(i)*CP6(I)*W W I(i)*HY )*zwl(i));

PIPCost? .. PAT =e= sum(w,(CPFT(wW)+CP7(w)*WW2(w)*HY )*zw2(w));

PIPCost . PACost=e= PAI+PA2+PA3+PA4+PAS+PAG+PAT;

Total. TAC =e= FACost+ TTCost+ TOCost + PACost;

*jpj_l\ kkkkkkkkkk %

TreatOCostP . TOCost=e= sum (u,0C(u)*FTIP(u)*HY);

TreatCostP .. TTCost=e= sum ((u, )(TFC(u, )*FTIP(u)*TVC(u, ))*KY*YT(u, ));

FreshCostP .. FACost =e= sum ((rj),FRP(rj)*CostFW (r)*HY *zfr(rj));

PIPCostlP . PAT =e= m ((i,j)(CPFI(i.j)*CPI(Ij)*xFP(ij)*HY )*zx(i]));

PIPCost2P .. PA2 =e=sum((i, ),(CPF2(i,u)+CP2(i, )*yFP(i, )*HY)*zy(i,u));

PIPCost3P .. PA3 =e=sum((w, ),(CPF3(w, )+CP3( , )*tFP( , )*HY)*zt(w, ));

PIPCostdP .. PA4 =e=sum ((vvj),(CPF4(wj)+CP4(wj)*zFP(wj)*HY )*zz(w]));

PIPCostsP .. PAS =e=sum ((rj),(CPF5(rj)+CP5(rj)*FRP(rj)*H Y )*zfr(r}));

PIPCostoP .. PA6 =e= suni(i,(CPF6(i)+CP6(iI)*W W IP(I)*HY )*zwI(i));

PIPCost7P .. PAT =e= sum(w,(CPFT(w)+CPT7(w)*WW 2P (w)*HY)*zw2(w));

PIPCostP .. PACost =e= PA |+PA2+PA3+PA4+PAS+PAG+PAT;

*kkkkkkkkkkkkkkkkkkkk kkkkkkkkk A it kkkkkkkkkkkkkhkkkkkkkkkkk
QMechve (L
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Objectl . 0BJ1 =e= FACost;

Object2 . 0BJ2 =e= FACost+TTCost+TOCost;
Object3 .. 0BJ3 =e= TAC:

Objectd . 0BJ4 =e= TAC;

LEEEEEEE S SRR RS E SRR EEEEEEEREEE SRR EEE SR EEEEEEEREEREEEEEEEREEEEEERERESEEEEESE]

EEE SRR RS EEEEEEEEEEEEEEEEEEEEEEE] ]*'k******'k**'k******'k******'k******

solye
MODEL CASE32CAL1
[MI1_mass,MI_cont.MI_cons,MI_cons2,M|_waste,FRESH.Objectl,FreshCost,Disl /
SOLVE CASE32CALL1 USING LP MINIMIZING 0BJI:

DISPLAY 0BIJ].Ix.LFR.I,y LIXF.I;

***'k***************************SOLVE 2********************************
Parameter

Inx(ij) intermediate parameter X

InFR(rj) intermediate parameter FR

Inv(i)

nx(ij) = x.1(ij);
INFR(rj) = FR.I(rj);
Iny(i) = yLI(i>;
X.H(if) = Inx(if);
FR.I(rj) = InFR(r));

A A ¢« A
MODEL CASE32CAL?2
/ SMB_I,SMB_2,SMB_3,SCB_LSCB_2,SCB_3,Consx
JMBIJ,TMBI_2/rMBI 3TCBL1~LTCBI 2,TCB1 3 TMB2,TCB2,TR,ConsTLConsT2,ConsT3,
WASTECWASTE,ConsWFRESH.SKMB LSKMB 2,SKMB3,SK.MB 4.SKCBJ,SK.CB_2,SK.CB_3,SKCB _4,
ConsSK.Dis1,Dis2,Dis3,Dis4,TUC 1,TUC2.TUC3.ConsB I,ConsB2,FreshCost,TreatCost,
TreatO Cost,0bject2 /;
SOLVE CASE32CAL2 USING MINLP MINIMIZING OBJ2;
DISPLAY 0BJ1.1,0BJ2.1,xF.IyF.I,zZF.,FRIWW LIWW2.1L,CW.LFTLLYT.I,
FACost.I,TTCostl,TOCost.l:
*******************************CfAI \/p D********************************
XFP(ij)-= xF.I(i));
yFP (i, )= yF G )
ZFP(wj) = zF.I(wj);
tFP(w, )= tF.I(w, )
FRP(rj) = FR.I(r.});
WWIP(i) = WW LI(i);
WW2P(w)=WW2.I(w);
FTIP(u) = FTLI(u);
CTIP(u) = CTLI(u);
CTP(w) = CT.I(vv);
CWP=CW.I
FTP(w) = FT.l(w);

aPQg) = KI@:

MODEL CASE32CAL3

/ SMB I,SMB _2,SMB _3,SCB _I,SCB_2,SCB_3,Consx,

TMB1 1P, TMB1 2P, TMo T_3P,TCB1J pACB 1 2P,TCB1 3P, TMB2P,TCB2P,TRP,
ConsT7p,ConsT2P,ConsT3p7wWASTEP7CWASTEP , FRESHP, SKMB_IP,SKVMB_2P,



SKMB_3P,SKMB_4P SKCB_IP,SKCB_2P.SKCB_3P,SKCB_4P DisIP,Dis2P,Dis3P,
Dis4dP, TUCIP,TUC2P,TUC3P,ConsBPIxexistP,yexistP,zexistP texistP frexistp,

wvv lexistP,ww2existP,xconsP ,yconsP,zconsP tconsP,frconsP, IconsP.w2consP.
PIPCost1P,PIPCost2P,PIPCost3P,PIPCostdP.PIPCost5P.PIPCost6P,PIPCostTP.
PIPCostP,FreshCostP,TreatCostP,TreatOCostP,Total,0bject3 [/ ;

SOLVE CASE32CAL3 USING MIP MINIMIZING OBJ3:

DISPLAY OBJ2.1,0BJ3.I,FACost..TOCost..TTCost.l.LPACost.I.CTICTLLTAC.I,
XFP,yFP,ZFP,FRPWWIPWW2PYT.I.ZX lLzy.lzz.l.zfrlzwl l.zw2.l;
*******************************SOLVE 4***'k***********'k****************
Parameter

Inzx(ij)

Inzy(i, )

Inzt(w, )

Inzz(wj)

Inzfr(rj)

Inzw (i)

Inzvv2(vv)

InYT(u, )

InxI(ij)

Iny 1(i, )

Inzl(wj)

INFRI(rj)

Inzx(ij)=zx.I(ij);

Inzy(i, )=zy.I(i, );
Inzt(w, )=zt.(w,u);
Inzz(wj)=zz.l(wj);
Inzfr(rj)=zfr.i(rj);
Inzw I(i)=zw LI(i);

Inzw2(w)=zw2.1(w);

InYT(u, )=YT.Iu, )
Inx 1(ij) = x.1(ij);
nyli, )=y A0 ),

Inzl(wj) =z.I(wj);
INFRI(rj) = FRP(r]);
zx. 1(ij)=Inzx (ij);
zy. (0, )=Inzy(i, );
ztd(w, )=Inzt(w,u);
7z, I(vvj)=Inzz(wj);
zfrd(rj)=Inzfr(rj);
zwII() Inzvvl(i);
(w

2.(w)=Inzw2(w);
YT [(u, )=InYT(u,n);
X. (i) = InxI(i]);
y. (i =iy I( )
z. Kwj)=Inzl(wj);

FR.I(rj)=InFRI(rj);
*Bounding**********
FTIllIo('u2')=29560.408;
W W I.lo(%2")=300;
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WW Lup(i29=3000;

WW2.lo(w2)=300;

WW?2up('w2)=25000;

FR.o(ri,j1)-1440;

FR.upCrl7j1)=2000;

MODEL CASE32CAL4

I SMB_I,SMB_2,SMB_3,5CB_I,SCB_2,SCB_3,Consx
JMB1J,TMBI_27TMBI_3,TCBr1,7CB1_2,7CB1_3TMB2,TCB2.TR,CansTI,
ConsT2,ConsT3,WASTE,CWASTE~ConsW ,FRESH,SKMB_1,SKMB_2,SKMB_3,
SKMB_4,SKCB_I,SKCB_2,SKCB_3,SKCB_4,ConsSK,Disl,Dis2,Dis3,Dis4, TUCI,
TUC2,TUC3,ConsBI,ConsB2,xexist,yexist,zexist,frexist,texist,vvw lexist,ww2exist,
xcons,ycons,zcons,frcons,tcons,wlcons,w2cons,PIPCostl,PIPCost2,PIPCost3,PIPCostd PIPCost5,PIPCost6,PIPCost?
JPIPCostFreshCost,TreatCost.TreatOCost,Total,

Objectd /;

SOLVE CASE32CAL4 USING MINLP MINIMIZING OBJ4;

DISPLAY OBJII,0BJ2.1,0BJ3.1,0BJ4.1,FACost.I,TOCost.I,TTCost.I,PACost.lxF.I,
yF.1 zF LFRIOFW IWWI-LwW 2 1,0WW . ILYTICT.I,CTIL.I,CW .Izx.l,zy.l,zfr,PA L],
PA2.1,PA3.I,PA4IPAS5.1PAG.IPAT.L;

APPENDIX A-I1 Case Study 4 WHEN without HEN design GAMS Code

set i Source stream /i [ *i5/
j Sink stream/j 1*j5/
K location | firstlocation,location2*location4,lastlocation/

Parameter
cs fil 130
i2 108
i3 70
i4 44
i5 221
FS il 9
i2 9
i3 9
i4 9
i5 4.5/
TS il 120
i2 100
i3 130
i4 140
i5 80/
CKIL 1 20
220
i3 20
j4 20
J5 20/
FKj 10
i 4



4 8
j5 6.5/
TOUTH(I) outlet temperature ofhot stream

fit 30
i2 30
i3 30
i4 30
i5 30/

TOUTC(J) outlet temperature ofcold stream

fjl 100
j2 100
13 100
j4 100
i5 100/
CPF2 Piping fix cost fresh to sink ( peryear)
Ijl 200
12 300
i3 150
j4 120
5 250/
CP2  Piping variable fresh to sink ( perton)
Ijl 0.7e-3
i2 1,4e-3
i3 1.2¢-3
j4 I.le-3
i5 1.3e-3 /
CPF3 Piping fix cost source to waste ($ peryear)
il 100
2 200
i3 250
i 150
i5 200/
CP3  Piping variable cost source to waste ( per ton)
lil - 0.7¢e-3
i2 1,4e-3
i3 I.le-3
i4 1.2e-3
i5 1,3e-3/
TINC (j)
TINH (i)
FH (i)
FC())

TABLE CPF 1(ij) Piping fix cost source to sink ( peryear)
j)oJ2 13 j4 s
1 100 300 150200 200
12200 250 100220 150
13220 300 330300 no
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14 110 400 200 200 250
15 200 300 100 300 250

TABLE CPI(ij) Piping variable cost source to sink ( perton)
il j2 j3 j4 5
il Lie-3 L2e-3 1.3e-3 14e-3 Ille-3
2 0.8e-3 13e-3 I.le-3 1.2e-3 0.9e-3
i3 09e-3 1.3e-3 [lle-3 14e-3 Ille-3
i4 1.3e-3  12e-3 1.3e-3 l4e-3 [lle-3
i5 I.le-3  0.8e-3 1.3e-3 1.4e-3 009e-3

Scalar OMEGA 1 10000/

TFW 25/

OMEGA wupperbound for heat exchange /1000000/

GAMMA upper bound fortemperature difference /1000000/

EMAT exchanger minimum approach temperature /10/

CP  heatcapacity /4.2/

FWC Freshwater cost ( perton)/0.375/

HFL  Heat Exchanger fixed cost ( ) /8000/

HF2  Heat Exchanger fixed cost ( ) /19965.89/

HV  Heat Exchanger variable cost ( perm2)/55.74899/

HUOC Flot utility operation cost ( per kW y) /377/

CUOC Cold utility operation cost ( per kW y) /189/
Overall heat transfer coefficient /0.5/

WH  Working hour/8000/

WY  Annaulize factor/o.333/

TINHU Hot utility inlet temperature /120/

TOUTHU Hot utility outlet tem perature /120/

TINCU Cold utility inlet temperature /10/

TOUTCU Cold utility outlet temperature /20/

Variables
OFW Overall freshwater
oww Overall wastewater
FCost Freshwater cost
INV Investment cost
TAC Total annual cost

PIC 1 Piping costofsource to sink
PIC2 Piping cost of fresh to sink
PIC3 Piping cost ofsource to waste
PICost  Piping cost

0il Objective 1.1

012 Objective 1.2

02 Objective 2

03 Objective 3

Positive variables x(ij)
FFW (j) Freshwater flowrate
F(ij) Splitting Flowrate



CK(j) Sink stream concentration
TK(j) Sink temperature
W W (i) Source Waste water

dt(l,J,K) Temperature approach for match ij at the leftofstage k
dtcu(l) Temperature approach for match hot stream iand cold utility
dthu(J) Temperature approach for match cold stream j and hot utility

q(l,J,K) Heatexchanged between hot stream iand cold stream j at stage k
geu(l) Heatexchanged between hot stream iand cold utility

ghu(J) Heatexchanged between cold stream j and hot utility

A(ij.K)

Ahu(j)

Acu(i)

LMTD(ij,K)

TMTDcu(i)

LMTDhuQ

Costh

Costhu

Costcu

0Costhu

0Costcu

Oqcu  Overall heatexchanged between hot stream iand cold utility
Oghu Overall heat exchanged between cold stream j and hot utility
tH(I,K) Temperature of hot stream iatlocation k

tC(J.LK) Temperature of cold stream j at location k

BINARY VARIABLE

y(ij) Binary vriable to denote existence of match source to sink in WN

yFW (j) Binary vriable to denote existence of match FW to sink in WN

yW W (i) Binary vriable to denote existence of match ww from source in WN
z(1,0,K) Binary variable to denote existence of match ij in stage k

zeu(l) Binary variable to denote existence of cold utility with hot stream i
zhu(J) Binary variable to denote existence of hot utility with cold stream

Equation

LR SRR SRR EEEEEEEEEEEEREEEEREREEERSE] *W ATER N ETW ORK**********

MB 1(j) Mass balance (flowrate)
MB2(j) Massbalance (contaminant)
Consl(i) Constraint for X
Cons2(j) Concentration constraint
Fresh Freshwater usage

W aste(i) Wasteofsource
Allwaste Waste discharge

Flow (i.j) Flowrate each sink
Logical I(ij) Logical constraint
Logical2(j) Logical constraint
Logical3(i) Logical constraint
TempK(j) Temperature of sink



FRESHC  Freshwater cost
PIP I Piping cost ofsource to sink
PIP2 Piping cost of fresh to sink
PIP3 Piping cost ofsource to waste
PIPC  Piping cost

0BJFN11

OBIJFNI2

Link 10)
Link2(j)
Link3 (i)
bcw*kv\z’u"p*********£********************** W_K********

abc(U) @#@ 3%

OHB_H(I) overall heat balance for each hot stream
OHB_C(J) overall heat balance for each-cold stream

SHB_H(I,K)  heat balance at each stage for hot stream
SHB C(J,K)  heatbalance ateach stage for cold stream

TINHASSGN(I) assignmentofinlettemperature of hot stream i
TINCASSGN(J) assignmentofinlettemperature ofcold stream j

FH1(1,K) feasibility oftemperature at each stage for hot stream

FH2(I) feasibility of temperature at last stage for hot stream
FCI(J.K) feasibility oftemperature at each stage for cold stream
FC2(J) feasibility of temperature at first stage for cold stream

HULOAD(I) hot utility load
CULOAD(J) cold utility load

HECOUNTI(I.J.K) count heat exchanger
-HECOUNT2(I) count hot utiility
T1IECOUNT3(J) countcold utility

APPTEMPL(I,J,K) approach temperature at the left of stage k
APPTEMPR(1,J,K) approach temperature at the right of stage k
APPTEMPCU(l) approach temperature atcold utility of hot stream i
APPTEMPHU(J) approach temperature at hot utility ofcold stream j

APPTEMPLIMIT(U,K) limiting temperature approach
APPTEMPLIMITCU(I) limiting temperature approach
APPTEMPLIMITHU(J) limiting temperature approach

LOGMH(ij,K) Log mean temperature different of HE
LOGMHU(J) Log mean temperature different of HL)
LOGMCU(I) Log mean temperature differentofcu
HAREA(ij.K) Heatexchanger area

HUAREA()) Hot utility area



CUAREA(I) Cold utility area
TOTAREA Total area

HACOST Heat exchanger area cost
HUACOST Hot utility heat exchanger area cost
CUACOST Cold utility heat exchanger area cost
HUOCOST Hot utility operation cost
CUOCOST Cold utility operation cost

0AQCU Overall Cold utility
0AQHU Overall hot utility
OBJFN2 utility Q

OBJFN3 utility AREA
Invest Investment cost

Total Total annual cost

MB10).. sum(i,CS(i)*FS(i)*x(i.j)) =e= CKO)*FK(j) !

M B20). sum(i,FS(i)*x(ij)) + FFWOQ) =e= FKO) ;

Consl(i) ..sum(jx(i.j))-1 =1=0 ;

Cons2(j). CKO)=1=CKLO) ;

Fresh . OFW =e= sum(j.FFW (j));

W aste(i).. WW (i) =e= (]-sum (j,x(ij)))*FS(i);

Allwaste .. OWW =e= sum (i.W W (i));

Flow (ij).. F(if) =e= FS(i)*x(if) ;

Logicall(ij) .. F(ij)-OMEG A I*y(ij) =

Logical2(j) . FFW()OMEGAI*yFW(J) 1 0:

Logical3(i). WW (i)-OMEGA 1*yWW (i) =1= 0:
TempKO),.sum(|TS()*F(lJ))+TFW*FFW(|) = TK(j)*FK(j);
FRESHC .. FCost=e= OFW*FWC*WH;

PIPL .. PICL =e= sum ((ij),y (ij)* (CPFI(ij)+F(ij)*CPI(ij)*W H));
PIP2 . PIC2 =e=sum(j,yFW (j)*(CPF2(j)+FFW (j)*CP2(j) WH));
P1P3 .. P1C3 =e= sum (i,yW W (i)*(CPF3(i)*W W (i)*CP3(i)*W H));
PIPC .. PICost=e= PIC1+PIC2+P1C3:

OBJFNI1L1 ..0 il =e= FCost;

OBJFN12 .. 012 =e= FCost+PICost;

Link10).. TKO) =e= TINC(J);
Link20). FKO) =e= FC(J);

Link3(i).. TS(i) =e= TINH(I);
Linkd(i). FH(I) =e= W W (i);

abe(ij) .. q(ij, lastlocation’) =e= 0;

OHB _H(i). (TINH())-TOUTH(i))*FH (i)*CP*( 1000/3600) ze= SUM ((3,K).q(1.J,K))+qcu(l);
OHB C'0). (TOUTC(J)-TINC(J))*FC(J)*CP*(1000/3600) =e= SUM ((LK)'q(LJK))+qhu(d);

SHB_H(I,K)S(ORD(K)NECARD (K))..(tH (LK )-tH (LK +1))*FH (I)*CP*(1000/3600)
ze= M (3,q(1,K));

SHB_C(J,K)$S(ORD(K) NE CARD (K)). (tC(J,K)-tC (J,K+1)*FC(J)»CP*(1000/3600)

ze= SUMO.qtlIK));
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TINHASSGN(I).. TINH(]) =e= tH(l,'firstlocation’);
TTNCASSGN(J) -TINC(J) =e= tca TsthaatioT);

FHL(ILK)$(ORD(K) NE CARD (K)).. tH(I,K) =g= tH (I,K +1);
FH2(1). TOUTH (I) =]= tH(l,'lastlocation");
FCI(J,K)$(ORD(K) NE CARD(K)) -10QJ.K) =g= tC(J,KH );
FC2(J) _TOUTC(J) =g=tc (J, firstiaztioT);

HULOAD (1).. (tH (I, Jastlocation’)-TO U TH (I))*FH (1)*CP*( 1000/3600)
CULOAD(J).. (TOUTC(J)-tC (3, Firstlocation))*FC (J)*CP*( 1000/3600)

e= qeu(l);
e= ghu();

HECOUNTI(1,J,K)$(ORD(K)NE CARD (K)).. q(U.K)-OMEGA*z(1JK) =1=0;
HECOUNT2(I).. gcu(l)-OMEGA*zcu(l) =1 0;
HECOUNT3(J). ghu(J)-OMEGA*zhu(J) =1= 0;

APPTEMPL(I,J,K)$(ORD(K)NE CARD (K)).. dt(l,J,K) =1=tH(I,K)-tC(J,K)+GAMMA~*(1-z(1,J K));
APPTEMPR(IJ,K)$(ORD(K)NE CARD (K)).. dt(I,J,K+)=1=tH(ILK+D)-tC(J,K+)+GAMMA*(]-z(1,J,K));
APPTEMPCU (I)..dtcu(l) =!=tH(l,'lastlocation’)-TOUTCU +GAMM A*(]-zcu(l));
APPTEMPHU(J). dthu(J) =1=TOUTHU - tC(J firstlocation )+GAMM A*( L-zhu(J));

APPTEMPLIMIT(1,J,K)$(ORD (K) NE CARD(K)) .. dt(1,J,K) =g= EMAT;
APPTEMPLIMITCU (i).. dtcu(l) =g= EMAT;
APPTEMPLIMITHUO). dthu()) =g= EMAT;

LOGMH(ij,K). LMTD(ij,K) =e= (((dt(i.j.K)*dt(ij,K+]))* (dt(ij,K)+dt(ij,K +1))/2))**(1/3);
LOGMHUC)j)..LMTDhu(j) =e= (((TOUTHU-tC (J;firstlocation’))*(TINHU-TOUTC(J)))*((TOUTHU -

tC(J, firstlocation ))+(TINHU - TOUTC(J)))/Z))**(1I3);

LOGMCU(i). LMTDcu(i)=e= ((((tH(l.'last]ocation,)-TOUTCU)*(TOUTH (I)-TINCU))*((tH (i,'lastlocation,)-
TOUTCU)+ (TOUTFl()TINcu))Z)) *(1/3);

HAREA(ij.K) .. A(ijK)*U*LM TD (ij,K) =e=q(U .K):

HUAREA(j).. Ahu(j) *LMTDhu(j) =e= qhu(j);

CUAREA(i).. Acu(i)*U*LM TDcu(i) =e= qeu(i);

TOTAREA . Atot=e= sum((ij,k),A(ij,K))+sum (J,Ahu(j))+sum(i,Acu(i));

K

HACOST .. Costh =e= sum ((ij,k),((HFI+HF2)*z(ij,k)*+HV*A(ij,k))*W Y);
HUACOST . Costhu =e= sum (j,((FIFI+HF2)*zhu(i)+HV*Ahu(j))*WY);
CUACOST .. Costcu =e=sum(i,(HFI+HF2)*zcu(i)+HV*Acu(i))*WY);
FIUOCOST ..0Costhu =e=sum(j,HUOC*qhu(j));

CUOCOST ..0Costcu =e= (i,CUOC*qcu(i);

0AQCU ..0QCU =e=SUM (L,gcu(l));

0AQFIU .. OQHU =e=SUM(J,qhu(J));

OBJFN2 .02 =e= OCosthutOCostcu;

*+sum ((ij.k),z(ij.k)*(HFI+HF2));

OBJFN3 .03 =e= Costh+Costhu+Costcu+0Costhu+0Costcu;

Invest.. INV =e= Costh+Costhu+Costcu;

Total.TAC =e= Costh+Costhu+Costcu+OCosthu+OCostcu+FCost.l+PICost.l;



Model MIXING 1/MBI ,MB2,Consl,Cons2,Fresh,Logical I,Logical2,Logical3,
W aste,Allwaste.Flow,TempK,FRESHC,0BJFN 11/,

Solve MIXINGYL using MIP minimizing 011;

Display FCostLOFW LOWW .LFFW LyFW .Iww.lyWW Ix.IF.lLyl,CK.I,TK.I;

Parameter
xin(ij)

FFW in(j)
W W in(i)
yin(ij)

yFW in(j)
yW W in (i)

xin(ij) = x.1(ij);
FEWin(j) = FFW.ICi);
WWin(i) = ww.I(i);
yin(ij) = y.1(ij);
yFWin(j) = yFW I(j);
yW Win(i) = yW W .I(i);

. I(if) = xin(ij);
FFW KJ) = FFW in(j);
ww . I(i) = WWin(i);
y. Iij) = yin(ij);
yRW.I(j) = yFW in(j);
yW W 1(i) = yw W in(i);

Model MIXING2 /M BI,MB2,Cons|,Cons2,Fresh,Logical I,Logical2,Logical3.
W aste,Allwaste,FlowJem pK FRESHC PIPI,PIP2,PIP3,PLIPC,0BIFN 12/;
Solve MIXING2 using MINLP minimizing 012;

Display PICLI,PIC2.LPIC3.1.PICost.I,FCost.,OFW .LOWW .LFFW I,
yEW.ILWW LyWw .l x.I F.IylCK.I TK.I;

TINCO):TK Kj)'
TINH(i) = T

FH() vwvl(l)
FC() =FRK();
q.1x(ij.k)=0

MODEL STAGEMODEL! /abc,OHB_H,O0HB_C,SHB_H,SHB_C ,TINHASSGN TINCASSGN FHIFH2,

160

FCIFC2HULOAD CDLOAD HECOUNTI.HECOUNT2HECOUNT3 APPTEMPL APPTEMPR,APPTEMPCU,

APPTEMPHU APPTEMPLIMIT APPTEMPLIMITCU ,APPTEMPLIMITHU,0AQCU,0AQHU,
HUOCOST,CUOCOST, Invest,OBIFN2/

SOLVE STAGEMODELI USING MIP MINIMIZING 02;
DISPLAY z.l,zcu.l,zhu Ltil.LtC.l1,g.Lqcu.Lghu.l.OQHU.LOQCU.LINV.1.02.1;

Parameter
gin(ij k)
geuin(i)
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ghuin (j)
THin(i k)
TCin(jk)
zin(ij,k)
zeuin(i)
zhuinfj)

gin(ijk) = q.1(ij.k);
geuin(i) = qeu.I(i);
qhuin(j) = ghu.Kj);
THin(i,k) = TH.I(i,k);
TCin(j,k) = TC.I(j k);
zin(ij,k) = z.1(ij k);
zeuin(i) = zeu I(i);
zhuin(j) = zhu.I(j);

q.1(ij.k) = gin(ij k);
geu.I(i) = geuin(i) ;
ahu.Kj) = ghuin(j);
TH.I(i,k) = THin(ik):
TC.10,k) = TCin(j k);

z.x(ij.k) = zin(ij k);
zeu.fx (i) = zeuin(i);
zhu.tx(j) = zhuin(j);

LM TD.I(ij.k) = (((dt.0(i,j,K.)*dtI(ij,K .+ D)*(dtI(ij,K)+dtI(ij, K.+ 1))/2))**(1/3);

LMTDhu.I(j) = (((TOUTHU-tC.I(J,"rirstlocationj)*(TINHU-TOUTC(J)))*((TOUTHU -

tC.I1(J, flrstlocation))+(TINHU-TOUTC(J)))/2))**(113);

LMTDcu.I(i) = ((((tH.I(i,'lastlocationj-TOUTCU)*(TOUTH (I)-TINCU ))*((tH .I(i,'lastlocationj-
TOUTCU)+(TOUTH(I)-TINCU))I2))**( 113);

AI(ij.k) = qin(ijk)/((U*LM TD.I(ij,k)+0.001);

Ahul(j) = ghuin(j)/(U*LM TDhu.I(j)+0.001);

Acu.l(i) = qcuin(i)/(U*LM TDcu.l(i)+0.001);

MODEL STAGEMODEL?2 /Jabc,0HB_H,0HB_C,SHB_H,SHB _C,TTNHASSGN ,TTNCASSGN FHI,FH?2,
FCI,FC2HULOAD,CULOAD HECOUNTIHECOUNT2 HECOUNT3,APPTEMPL,APPTEMPR,APPTEMPCU,
APPTEMPHU,APPTEMPLIMIT APPTEMPLIMITCU ,APPTEMPLIMITHULOGMH.LOGMHU,LOGMCU,
HAREA\HUAREA,CUAREA,TOTAREA,HACOSTHUACOST,CUACOST,HUOCOST.CUOCOST,0AQCG,0AQ
HU,OBJFN3,

Invest,Totall

SOLVE STAGEMODEL2 USING MINLP MINIMIZING 03;
DISPLAY x.I,TK .I,z.l,zcu,l,zhu.I,tH .1,tC .I,q.l.qcu.l,ghu.l,OQUU .I,
0QCU.I,0Costhu.l,0Costcu.l,LA.1LAhu.l,Acu.l,Atot.[,03.1,INV.I,Fcost.],TAC.I;



APPENDIX A 12 Case Study 4 WHEN without WN design GAMS Code

set iSource stream /i 1*i5/
j Sink stream [jl*j5/
K location /[ firstlocation,location2*location4,lastlocation/

Parameter
fil 130
i2 108
i3 70
i4 44
i5 221
fir 9
i2 9
i3 9
i4 9
i5 4.5/
il 120
i2 100
i3 130
i4 140
i5 80/
CKL fj1 20
j2 20
i3 20
420
j5 20/
FKJjl 10
2 ¢
i3 12
ju 8
j5 6.5/
TOUTH(Il) outlet temperature of hot stream
il 30
i2 30
i3 30
i4 30
i5 30/

TOUTC(J) outlet temperature ofcold stream

Ijl 100
j2 100
i3 100
14 100
i 100/
CPF2 Piping fix cost fresh to sink ( per year)
fjl 200
j2 300
i3 150

j4 120
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j5 250/
CP2  Piping variable fresh to sink ( perton)

fj1  0.7e-3
j2 1.4e-3
i3 |.2¢-3
j4 I.le-3
i5 13e-3 1
CPF3 Piping fix cost source to waste ( per year)
fil 100
2 20
13 250
14 150
\, 200/
CP3  Piping variable cost source to waste ( perton)

fil 0.7e-3
12 14e-3
13 Ile-3
4 1.2e-3
15 1.3e-3/

TINC (j)

TINH (i)

FH (i)

FC()

TABLE CPFI(ij) Piping fix cost source to sink ( per year)
il j2 j3 j4 5
1 100 300 150 200 200
12200 250 100 220 150
13220 300 330 300 110
4 no 400 200 200 250
15 200 300 100 300 250

TABLE CPI(ij) Piping variable cost source to sink ( perton)
I j2 j3 5
il |.le-3  12e-3 1.3e-3 1.4e-3 l.le-3
2 0.8e-3 1.3e-3 lle-3 1.2e-3 0.9e-3
i3 0.9e-3 1-3e-3 lle-3 14e-3 lle-3
i 1.3e-3  1-2¢-3 1.3e-3 14e-3 lle-3

i5 I.le-3  0.8e-3 1.3e-3 1.4e-3 0.9e-3
Scalar OMEGA 1 /10000/
TEW  /25/

OMEGA wupperbound for heat exchange /1000000/
GAMMA wupperbound fortemperature difference /2000000/
EMAT exchanger minimum approach temperature /10/
CP heat capacity /4.2/

FWC Freshwatercost( perton)/0.375/

HF1 Heat Exchanger fixed cost ( ) /8000/

HF2 Heat Exchanger fixed cost ( )/19965.89/



HV  Heat Exchanger variable cost ( perm2)/55.74899/

HUOC Hot utility operation cost ( per kW y) /377/

cuoc Cold utility operation cost ( per kW y) /189/
Overall heat transfer coefficient /0.5/

WH  Working hour /8000/

WY  Annaulize factor/o.333/

TINHU Hot utility inlet temperature /120/

TOUTHU Hot utility outlet temperature /120/

TINCU Cold utility inlet temperature /]J0/

TOUTCU Cold utility outlet temperature /20/

Variables
OFW Overall freshwater
oww Overall wastewater
FCost  Freshwater cost
INV Investment cost
TAC Total annual cost
PICL Piping costofsource to sink
PIC2 Piping cost of fresh to sink
PIC3 Piping costof source to waste
PICost  Piping cost
0il Objective 1.1
012  oObjective 1.2
02 Objective 2
03 Objective 3

Positive variables x(ij)
FFW (j) Freshwater flowrate
F(ij) Splitting Flowrate
CK(j) Sink stream concentration
TK(j) Sink temperature
WW (i) Source Waste water

dt(l,J,K) Temperature approach for mateh ij at the left ofstage k
dtcu(l) Temperature approach for match hot stream iand cold utility
dthu(J) Temperature approach for match cold stream j and hot utility

q(l,J,K) Heatexchanged between hot stream iand cold stream j at stage k
geu(l) Heatexchanged between hot stream iand cold utility
ghu(J) Heatexchanged between cold stream j and hot utility
A(ij,K)

Ahu(j)

Acu(i)

Atot

LMTD (ij,K)

LMTDecu(i)

LMTDhu(j)

Costh

Costhu

Costcu

0Costhu



0Costcu

Oqcu  Overall heatexchanged between hot stream iand cold utility
Oghu Overall heat exchanged between cold stream j and hot utility
tH(I,K) Temperature ofhot stream iat location k

tC(J,K) Temperature ofcold stream j at location k

BINARY VARIABLE

y(ij) Binary vriable to denote existence of match source to sink in WN

yFW (j) Binary vriable to denote existence of match FW to sink in WN
yW W (i) Binary vriable to denote existence of match WW from source in WN
z(1,0,K) Binary variable to denote existence of match ij in stage k

zeu(l) Binary variable to denote existence ofcold utility with hot stream i
zhu(J)) Binary variable to denote existence of hot utility with cold stream

Equation

**************************************I\y/\ Xer network kkkkkkkk

M BI(j) Mass balance (flowrate)
MB2(j) Mass balance (contaminant)
Consl(i) Constraint for X
Cons2(j) Concentration constraint
Fresh Freshwater usage
W aste)i) Waste of source
Allwaste W aste discharge
Flow(ij) Flowrate each sink
Logical 1(ij) Logical constraint
Logical2(j) Logical constraint
LogicaB (i) Logical constraint
TempK(j) Temperature of sink
FRESFIC  Freshwater cost
PIPL Piping costofsource to sink
PIP2 Piping cost of fresh to sink
PLP3 Piping costofsource to waste
PIPC Piping cost
0BJFN11
0BJFN12
Linkl(j)
Link2(j)
Link3(i)
Link4(i)

**************************************J_IEATEX N ETW ORK*******

abe(1,d) @#@ $%#

OHB_F)(I) overall heat balance for each hot stream
0FJB_C(J) overall heat balance for each cold stream

SHB_H(1,K) heat balance at each stage for hot stream
SHB _C(J,K) heat balance at each stage for cold stream

TINHASSGN () assignmentofinlettemperature of hot stream i



TINCASSGN(J)  assignment of inlet temperature of cold stream;

FHL(1,K) feasibility of temperature at each stage for hot stream

222%()) feasibility of temperature at last stage for hot stream
FCL1(J,K) feasibility oftemperature at each stage for cold stream
FC2(J) feasibility of temperature at first stage for cold stream

HULOAD(I) hot utility load
CULOAD()) cold utility load

HECOUNTI(I,J,K) count heatexchanger
HECOUNT2(I) counthot utiility
HECOUNT3(J) countcold utility

APPTEMPL(LLK) approach temperature at the left ofstage k
APPTEMPR(LLK) approach temperature at the right ofstage k
APPTEMPCU(I) approach temperature atcold utility of hot stream i
APPTEMPHU(J) approach temperature at hot utility of cold stream j

APPTEMPLIMIT(L,J,K) limiting temperature approach
APPTEMPLIMITCU(I) limiting temperature approach
APPTEMPLIMITHU(J) limiting temperature approach

LOGMH (ij,K) Log mean temperature different of HE
LOGMHU(J) Log mean temperature different of HU

LOGMCU(I) Log mean temperature different of CU
HAREA(ij.K) Heat exchangerarea

HUAREA()) Hot utility area

CUAREA(I Cold utility area

TOTAREA Total area

HACOST Heat exchanger area cost

HUACOST Hot utility heat exchanger area cost
CUACOST Cold utility heat exchanger area cost
HUOCOST Hot utility operation cost
CUOCOST Cold utility operation cost

0AQCU Overall Cotd utility

OAQFm Overall hot utility

O0BIFN2 utility Q

OBJFN3 utility AREA

Invest Investment cost

Total Total annual cost
M BI(j).. sum (i,CS(i)*FS(i)*x(ij)) =e= CK(j)*FK(j) :
M B2(j)..sum (i,FS(i)*x(ij)) + FFW (j) =e= FK(j) ;
Consl(i) .sum(j,x(ij))-1 =1=0;

i
Cons2(j).CKO)=1=CKLO) ;
Fresh . OFW =e= sum<j,FFW (j));
W aste)i).. WW (i) =e= (I-sum O ,x(i,j)))*FS(i);
Allwaste .ow w =e= sum(i,W W (i));



Flow (ij).. F(ij) =e= FS(i)*x(ij) ;

Logical 1(ij) .. F(ij)-OMEGA 1*y(i,j) =1=0

Logical2(j).. FFW (j)-OMEGA I*yFW (j) =1= 0;

Logical3(i) . WW (i)-OMEGAI*yW W (i) =1= 0;

TempKG). sum(i,TS(i)*F(ij))+TFW *FFW (j) =e= TK(j)*FK(j);

FRESHC ..FCost=e= OFW*FWC*WH;

PIPI . PICL =e= m ((ij),y(if)* (CPFI(ij)+F(ij)*CPI(ij)*W H));
PIP2 . PIC2 =e= sum (j,yFW (j)*(CPF2(j)*FFW G)*CP2(j)*W FI));
PIP3 . PIC3 =e= sum (i,yW W (i)*(CPF3(i)tWW (i)*CP3(i)*WH));
PIPC .. PICost=e= PIC 1+PIC2+PIC3;

OBJFNII ..0 il =e= FCost;

OBJFNI2 ..012 =e= FCost+PICost;

LinkI(j).. TK(j) =e= TINC(J);
LiﬂkZ(n K(j) =e= FCQI);

Link3(i).. T (|)-e- TINH(I);
Link4(i).. FH(L) =e= W W (i).

abe(ij) .. q(i.j,'lastlocation’) =e= 0;

OHB _H(i). (TINH(i)-TOUTH(i))*FH (i)*CP*(1000/3600) =e= SUM ((J,K),q(1.3,K))+qcu(l);
OHBAC(]).. (TOUTC(I)-TINC(I)*FC(J)*CP*(1000/3600) =e= SUM ((1.K),q(1,J,K))+qhu(d);

SHB_H(I,K)$(ORD (K) NE CARD (K)).. (tH(I,K)-tH (I,K+1))*FH (I)*CP*(1000/3600)
=e= SUM(J,q(1,3,K.));

SHB_C(J,K)$(ORD(K) NE CARD (K)).. (tC(J,K)-tC(J,K+1))*FC(J)*CP*(1000/3600)
=e= M(La(LiK))

TINHASSGN(I) . TINH(I)
TINCASSGN(J). TINC(J)

tH (1. Tirstlocation’);
tC(J.'lastlocation");

FHI(ILK)S(ORD(K) NE CARD(K)) .. tH(L.K) =g= tH (I,K +1);
FH2() . TOUTH(I) =1= tH(I."lastlocation");
FCI(J,K)$(ORD(K)NE CARD(K))..tC(J,K) =g=tC (J.K +1);
FC2(J).TOUTC(J) =g= tC(J, firstlocation );

HULOAD(I).. (tH (I, lastlocation)-TOUTH (1))*FH (I)*CP*(1000/3600) =e= gcu(l);
CULOAD(J). (TOUTC(J)-tC (I firstlocation ))*FC(J)*CP*(1000/3600) =e= ghu(J);

HECOUNTZ(I,J,K)$(ORD(K) NE CARD(K)) . q(U,K)-OMEGA*z(U K) =1=0;
HECOUNT2(I) ..qcu(l)-OMEGA*zcu(l) =1=0;

HECOUNT3(J)..qhu(J)-OMEGA*zhu(J) =1=0;

APPTEMPL(U,K)S(ORD(K)NE CARD(K)).. dt(l.J.K) =1=tH(I,K)-tC(J,K)*+GAMMA*(I-z(1J,K));
APPTEMPR(I,J,K)$(ORD(K) NE CARD(K)) .. dt(lJ,K+1) =1=tH (I,LK+1)-tC(JK+N+GAMMA*(I-z(U K));
APPTEMPCU(I). dtcu(l) =1=tH(l,'lastlocation’)-TOUTCU +GAMM A*(l-zcu(l));
APPTEMPHU(J)..dthu(J) =1=TOUTHU - tC(J, firstlocation)+GAMM A*(I-zhu(J));

APPTEMPLIMIT(I.JK)$S(ORD(K) NE CARD(K)) .. dt(U K) =g= EMAT;
APPTEMPLIMITCU (i) .. dtcu(l)=g= EMAT;
APPTEMPLIMITHUT)). dthu()) =g= EMAT;



LOGMH (ijjK).. LM TD(ij,K) =e= (((dt(ij.K)*dt(ij,K +1))* (dt(ij,K )+ dt(ij K +1))/2))**
LOGMHU(j).LMTDhuO) =e= ((((TOUTHU-tC(J,firstlocation,))*(TlNHU-TOUTC(J)))*((TOUTHU

tC (3, firstlocation’))+ (TINHU-TOUTC (3)))12))**(113);

LOGMCU(i).LMTDcu(i) =e= ((((tH (i, lastlocation,)-TOUTCU)*(TOUTH(I)-TINCU))*((tH (i, last]ocation")-

TOUTCU)+(TOUTH()-TINCU))I2))**(Il )
HAREA(ij,K) . A(ij,K)*U*LM TD (ij,K) =e= q(l.J.K);

HUAREA(j).. Ahu(j)*U*LM TDhu(j) =e qhu()

CUAREA(i).. Acu(i)*U*LM TDcu(i) =e= qeu(i);

TGTAREA .. Atot=e= sum ((ij,k),A (ij,K))+sum (jAhu(j))+suni(i,Acu(i));

HACOST .. Costh =e= sum ((ij,k),((HFI+HF2)*z(ij,k)*+HV *A (ij,k))*W Y);
HGACOST .. Costhu =e= sum (j,(HFI+HF2)*zhu(j)+FIV Ahu(j))*WY);
CUACOST .. Costcu =e= sum(i,(HFI+HF2)*zcu(i)+HV*Acu(i))*W Y);
FFUOCOST .. 0Costhu =e= sum(j,FIUOC*qhu(j));

CUOCOST ..OCostcu =e= sum(i,CUOC*qcu(i));

0AQCU ..0QCU =e= SUM (l,qcu(l));

OAQHG .. OQHU =e= SUM(J,qhu(d));

OBJFN2 .02 =e= 0Costhu+0Costcu

+sum ((ij,k),z(ijk)*( EIF I+FIF2));

OBJFN3 .. 03 =e= Costh+Costhu+Costcu+0Costhu+0Costcu;

Invest . INV =e= Costh+Costhu+Costcu;

Total. TAC =e= Costh+Costhu+Costcu+0Costhu+tOCostcutFCost.I+PICost.I;

x.fx(ij)=0:

Model MIXING 1/MBI,MB2,Consl.Cons2,Fresh,Logical I,Logical2.Logical3,
W aste,Alhvaste,Flovv.TempK.FRESHC.OBJFN 11/;
Solve MIXINGI using MIP minimizing 011 ;

Display FCost..OFW d,0W W .ILFFW .LyFW I W W .LyW W .Lx.LF.1Ly..CK.ITK.I;

Parameter
xin(ij)

FFWin(j)
W Win(i)
yin(ij)

yFW in(j)
yW W in (i)

xin(ij) = x.I(ij);
FWin(j) = FFW. 10;
WWin(t) = ww.I(i);
yin(ij) = y.1(ij);
yEWin(j) = yFW 1(j);
yWWin(i) = yww.I(i):

x.1(ij) = xin(ij);
FW.10) = FWiIn0);
WW.10) = WWin(i);
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y H(ij) = yin(ij);
yEW.1(j) = yFW in(j):
YW W I(H) = yW Win(i);

Model MIXING2 IMB1MB2,Cons1,Co 2,Fresh,Logical l.Logical2,Logical3,
W aste,Allwaste,Flow , TempK FRESHC,PIPI,PIP2,PIP3,PIPC,OBIFN 12/,
Solve MIXING2 using MINLP minimizing 012;

Display PICLI,PIC2.I,PIC3.I,PICost.I,LFCost.,OFW .I,OWW I,FFW .I,

YEW ILWW.LyWw . Ix.L,F.Ly.l,CK.ITK.I;

TINC(j) = TK.I(j);
TINH (i) = TS(i);
FH(I) - ww.I(i);
FCU) = FK(i);

MODEL STAGEMODELI /abc,0OHB_H,0HB_C,SHB_+ISHB_C,TINHASSGN ,TINCASSGN FHI,FH2,
FCLFC2,HULOAD,CULOAD HECOUNTIHECOUNT2HECOUNT3,APPTEMPL,APPTEMPRAPPTEMPCU)
APPTEMPHU APPTEMPLIMIT APPTEMPLIMITCU APPTEMPLIMITHU,0AQCU,0AQFIU,
HUOCOST,CUOCOST.Invest.0BJFN2/

SOLVE STAGEMODELI USING MIP MINIMIZING 02;
DISPLAY z.l,zcu.l.zhu.l,tH .ItC.l.g.l.qcu.l.ghu.l,0OQHU .1,0Q CU .I,INV .1,02.1;

Parameter
jain(ij k)
geuin(i)
ghuin(j)
THin(i k)
TCin0O k)
zin(ij.k)
zeuin (i)
zhuinlj)

qin(ijk) = q.1(ij.k);
geuin(i) = geu.I(i);
ahuin(j) = ghu.1(j);
THin(i.k) = TH.I(ik);
TCinl'k) = TC.Kj.k);
zin(ij,k) = z.I(ij,k);
zeuin(i) = zeu.I(i);
zhuin(j) = zhu.I(j);

ql(ij.k) = gin(ij.k):
geu.I(i) = geuin(i) ;
ahu.l(j) = ghuin(i);
TH.I(i,k) = THin(i k);
TC.li'k) = TCin(j.k);

z.fx(ij,k) = zin(ij,k);
zeu.fx (i) = zcuin(i);
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zhu.fx(j) = zhuin(j);

LMTD.I(j,k) = (((dtI(ij,K)*dtI(ij,K + 1))*(dtI(ij,K)+dt.I(ij,K+1))/2))*»(1/3);
LMTDhu.I(j) = ((((TOUTHU -tC.I(j}firstlocation”))*(TINHU-TOUTC(J)))*((TOUTHU -
tC.1(J, firstlocation))+(TINHU-TOUTC(J)))/2))**(1/3);

((td ’Iastlocat TCU)*(TOUTH(I)-TINCU))*((tH.I(i,'lastlocation")-
T&JTOJW&}HJ(E o) )

AL(ij.k) = qin(ij,k)/[(U*LM TD.I(ijk)+0.001):
Ahu.l(j) = ghuin(j)/(U*LMTDhu.l(i)+0.001 );
Acu.l(i) = qcuin(i)/(U*LM TDcu.1(0+0.001);

MODEL STAGEMODEL?2 /ahc,OHB_H.OHB _C,SHB_H,SHB _C,TINHASSGN TINCASSGN,FH 1,FH2,
FCLFC2HULOADCULOAD HECOUNTLHECOUNT2HECOUNT3,APPTEMPL APPTEMPR,APPTEMPCU,
APPTEMPHU ,APPTEMPLIMIT APPTEMPLIMITCU ,APPTEMPLIMITHU.LOGMH,LOGMHU,LOGMCU,
HAREAHUAREA CUAREA,TOTAREAHACOSTHUACOST.CUACOST,HUOCOST,CUOCOST,0AQCU,0AQ
HU,0BJFN3,

Invest,Totat/

SOLVE STAGEMODEL2 USING MINLP MINIMIZING 03:
DISPLAY x.I.TK.l,z.l,zcu.l,zhu I,tH .1 ,tC.1.g.1,qcu.l,ghu.,OQHU I,
0QCU.LA.LAhu.l,Acu.l.LAtot.1,03.1,INV .I.Fcost.I,Costh.l,Costhu.l,Costcu.l,

0Costhu.l,0Costcu.l,TAC.I;

APPENDIX A-13  Case Study . WHEN by two-step design Code

set iSource stream /il *i5/
j Sink stream [jI*)5/
K location [ firstlocation,location2*location4,lastlocation/

Parameter

CS Source concentration (ppm)
fit 130
12 108
370
id 44
i5 221

FS Source flowrate (ton per h)
fit 9
2 9
B9
1“9
15 451

TS Source temperature (degree celcius)

b 1
13 130
14 140
15 80/



CK.L1T Sink concentration limit (ppm)

fjl- 70
2.1
)3 70
14 70
70/

CKL?,I Sinﬁ)concentration limit (ppm)

320

U2

5 20/ .

FK. Sink flowrate (ton per h)

il 10

]

B b

4 8

15 6.5/

TOUTH(I) outlet temperature of hot stream (degree celcius)

fil 30

030
B30
U
5 30/

TOUTC(J) outlet temperature ofcold stream (degree celcius)

P

13100
4100
5 100/
CPF2 . Piping fix cost fresh to sink (§ peryear)
i
2300
3 150
4 12
5 250/
CP2 Piping variable fresh to sink ( perton)
il 0.7e-3
2 1de3
3 123
14 1le-3
5 133/

CPF3 Piping fix costsource to waste ( per year)

/|]|2 l&&)
3

250
U150
5200/

CP3  Piping variable cost source to waste ( per ton)

. fil 0.7e-3



12 1.4e-3
13 |.le-3
14 1.2e-3
15 1.3e-3/

TINC(j)

TINH (i)

FH (i)

FC())

TABLE CPFI(i.j) Piping fix cost source to sink ( peryear)
itj2 o §3 g4 g5
1 100 300 150 200 200
12200 250 100 220 150
13220 300 330 300 no
4 no 400 200 200 250
15200 300 100 300 250

TABLE CPI(i.j) Piping variable cost source to sink ( per ton)
il 12 i3 4 i5
il l.le-3  1.2e-3 1.3e-3 l.4e-3 Ile-3
2 0.8e-3 1.3e-3 Ille-3 12e-3 0.9e-3
i3 0.9e-3  1.3e-3 lle-3 14e-3 lle-3
i4 1,3e-3  1.2e-3 1.3e-3 1d4e-3 lle-3
i5 I.le-3  0.8e-3 13e-3 l.4e-3 009e-3

Scalar OMEGA 1 /10000/

TFW  /25/

OMEGA upperbound for heat exchange /1000000/

GAMMA upperbound fortemperature difference /2000000/

EMAT exchanger minimum approach temperature 710/

CP heatcapacity /4.2/

FWC Freshwater cost ( perton)/0.375/

HF1 Heat Exchanger fixed cost( ) /8000/

HF2 Heat Exchanger fixed cost( )/19965.89/

HV  lleat Exchanger variable cost ( perm2) /55.74899/

HUOC Hot utility operation cost ( perkw y) /377/

cuoc Cold utility operation cost ( per kw y) /189/
Overall heat transfer coefficient 70.5/

WH  Working hour /8000/

WY  Annaulize factor 70.333/

TINHU Hot utility inlet temperature /120/

TOUTHU Hot utility outlet temperature 7120/

TINCU Cold utility inlet temperature /10/

TOUTCU Cold utility outlet temperature /20/

Variables
OFW Overall freshwater
ow w Overall wastewater
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FCost Freshwater cost

INV Investment cost

TAG Total annual cost

P1C1 Piping cost ofsource to sink
P1C2 Piping cost of fresh to sink
P1C3 Piping cost ofsource to waste
PICost  Piping cost

0 il Objective 1.1

012 Objective 1.2

02 Objective 2

03 Objective 3

Positive variables x(ij)
FFW (j) Freshwater flowrate
F(i.j) Splitting Flowrate

CK(j) Sink stream concentration
TK(j) Sink temperature
W W (i) Source Waste water

dt(l.J,K) Temperature approach for match ij at the left of stage k
dtcu(l) Temperature approach for match hot stream iand cold utility
dthu(J) Temperature approach for match cold stream j and hot utility

q(l,J,K) Heatexchanged between hot stream iand cold stream j at stage k
qcu(l) Heatexchanged between hot stream iand cold utility

ghu(J) Heatexchanged between cold stream j and hot utility
A(i.j.K)

Ahu(j)

Acu(i)

Atot

LMTD (ij.K)

LM TDcu(i)

LM TDhu(j)

Costh

Costhu

Costcu

0Costhu

0Costcu

Oqcu  Overall heatexchanged between hot stream iand cold utility
Oqhu Overall heat exchanged between cold stream j and hot utility
tH(I,K) Temperature ofhot stream iatlocation k

tC(J,K) Temperature ofcold stream j at location k

BINARY VARIABLE

y(ij) Binary vriabie to denote existence of match source to sink in WN

yFW (j) Binary vriabie to denote existence of match FW to sink in WN

yW W (i) Binary vriabie to denote existence of match WW trom source in WN
z(1,J,K) Binary variable to denote existence of match ij in stage k

zcu(l) Binary variable to denote existence ofcold utility with hot stream i
zhu(J) Binary variable to denote existence of hot utility with cold stream

Equation



*****Hddddddddr***********************A/A_,\El’W

M BI(j) Mass balance (flowrate)

MB2(j) Massbalance (contaminant)

ConsI(i) Constraint for X

Cons2(j) Concentration constraint
Fresh Freshwater usage
W aste(i) Waste of source
Allwaste Waste discharge
Flow(ij) Flowrate each sink
Logicalt(ij) Logical constraint
Logical2(j) Logical constraint
Logical3(i) Logical constraint
TempKfj) Temperature of sink
FRESHC  Freshwater cost
P1P1 Piping cost of source to sink
PIR2 Piping cost of fresh to sink
PIP? Piping cost of source to waste
PIPC Piping cost

OBJFN11

0BJFN12

LinklQ
Link2(j)
Link3(i)
Linka4 (i)

**************************************H EATEX N ETW ORK*****

abce(l,J) @*@ 884

OHB H(I) overall heat balance foreachhot stream
OHB_C(J) overall heat balance foreachcold stream

SHB_H(I,K) heat balance at each stage for hot stream
SHBC(JK) heat balance at each stage for cold stream

TINHASSGN(I) assignmentofinlettemperature ofhot stream i
TINCASSGN(J) assignmentofinlet temperature ofcold stream j

FH1(I1,K) feasibility oftemperature at each stage for hot stream

FH2(I) feasibility oftemperature at last stage for hot stream
FC 1(J.K) feasibility oftemperature at each stage for cold stream
FC2(J) feasibility oftemperature at first stage for cold stream

LIULOAD(I)  hot utility load
CULOAD(J) cold utility load

HECOUNTI(LJK) count heatexchanger
HECOUNT2(l) count hot utiility
HECOUNT3(J) countcold utility

APPTEMPL(LLK) approach temperature atthe left ofstage k



APPTEMPR(I.LK) approach temperature at the right of stage k
APPTEMPCU(I) approach temperature at cold utility ofhot stream
APPTEMPHU(J) approach temperature at hot utility of cold stream

APPTEMPLIMIT(1J.K) limiting temperature approach

APPTEMPLIMITCU(I) limiting temperature approach
APPTEMPLIMITHU(J) limiting tem perature approach

LOGMH (i) K) Log mean temperature diTferent of HE

LOGMHU(J) Log mean temperature different of HU
LOGMCU(I) Log mean temperaturedifferentofCU
HAREA(ijK) -Heatexchanger area

HUAREA(J) Hot utility area

QUAREA(I) Cold utility' area

TOTAREA Total area

HACOST Heatexchanger area cost

HUACOST Hot utility heat exchanger area cost
CUACOST Cold utility heatexchanger area cost

HUOCOST Hot utility operation cost
cuocosT Cold utility operation cost

0AQCU Overall Cold utility
0AOHTJ Overall hot utility-
0BJFN2 utility Q

OB.IFN3 utility AREA
Invest Investment cost

Total Total annual cost

MBI(j) . sum (i.CS(i)*FS(i)*x(i.j)) =e= CK(j|*FK(j) :

MB2(j) .. sum (i.FS(i)*x(i.j)) + FFW (j)=e= FK(j) ;

Consl(i) . sum(i.\(i,j))-1 =1=0

Cons2fj) .. CK(j) =1=CKL2(j) ;

Fresh . OFW =e= sum(],FFW (j));

Waste(i) . WW (i) =e= (I-sum (j.x(i,j)))*FS(i);

Allwaste .. OWW =e= sum (i.w w (i)):

Flow (i,j) .. F(i.j) =e= FS(i)*x(ij) :

Logical 1(i,j) .. F(i,j))-OMEGA I*y(ij) =1=0;

Logical2(j) .. FFWfj (-OMEGA 1*yFW (j) =1= 0:

Logical3(i) . WW (i)-OMEGAI*vW W (i) =1= 0;

TempKG). sum (i,TS(i)*F(ij))+TFW *FFW G) =e= TK(j)*FK(j);
FRESHC . FCost=e= OFW*FWC*WH;

PIPL . PICL =e= sum ((ij),y(ij)*(CPFI(ij)+F(ij)*CPI(ij)*W H));
PIP2 . PIC2=¢= sumG,yFW (j)*(CPF2(j)+FFW (j)*CP2(j)*W H));
PIP3 . PIC3 =e= sum(i'yW W (i)*(CPF3(i)*W W (i)*CP3(i)*W H));
PIPC .PICost=e= PICL1+PIC2+PIC3;

OBJFN11 ..0 il =e= FCost:

OBJFNI2 ..012 =e= FCost+PICost;

LinkIG). TK(j) ze= TINC(J);



Link2(j). FK(j) =6= FC(J);
Link3(i).. TS(i) ze= TINH(I);
Linkd(i). FH(I)ze= W W (i);

abe(ij) .. q(ij,'lastlocation’) =6= 0;

OHB H(i) . (TINH(i)-TOUTH(i))*FH (i)*CP*(1000/3600) =e=SUM ((J.K),q(1,J,K))+qcu(l);
OHblcO0).. (TOUTC()-TINC(I)*FC(J)*CP*(1000/3600)=e= SUM ((1,K),q(1,J.K))*+qhu(d);

SHB H(I,K)$S(ORD(K)NE CARD (K)). (tH(I,K)-tH (1K +1))*FH (I)*CP*(1000/3600) *
=6= SUM(J,q(10 K.);

SHB _C(J,K)$(ORD(K) NE CARD (K)).. (tC(J,K)-tC(J,K+1))*FC(J)*CP*(1000/3600)
=6= SUM (1,q(U K));

TINHASSGN (I). TINFI(I) =6= tH (I firstlocation);
TINCASSGN(J).. TINC(J) =6= tC(J,'lastlocation’);

FHh(I,K)$(ORD(K) NE CARD (K)). tH(I,K) =g= tH (LK +1);
FH2(). TOUTH(I) =1=tHd.'lastlocation’);
FCI(JJK)S(ORD(K)NE CARD(K)).. tC(J,K) =g= tC(J.K+1);
FC2(J). TOUTC(J) =g= tC(J,firstlocation’);

HULOAD(I) .. (tH(I.'1astlocation’)-TOUTH (I))*FH (1)*CP*(1000/3600) =6= geu(l):
CULOAD(J). (TOUTC(J)-tC (3, Firstlocation ))*FC (J)*CP*(1000/3600) =6= ghu(J);

HECOUNTL( ,K)$(ORD(K)NE CARD(K)).. q(U,K)-OMEGA*z(lJK) =1=0;
HECOUNTZ2(I) ..qcu(I)-OMEGA*zcu(l):l 0;
HECOUNT3(J). ghu(J)-OMEGA*zhu(J) =1=0;

APPTEMPL(IJ.K)$(ORD (K) NE CARD (K)).. dt(1,J,K) =1= tH(I.K)-tC (J,K)+GAM M A*(I-2(1,1.K));

APPTEMPR(1.J K)$(ORD(K) NE CARD (K)). dt(U K+I) =1=tH(I,K+I)-tC(J.K+1)+GAMMA*( 1
Z(U K))

APPTEMPCU(I). dtcu(l) =1=tH (I/lastlocation’)-TOUTCU +GAMMA*(l-zcu(l));
APPTEMPHU(J).. dthu()) =1=TOUTHU -tC(J,'fiFStlocation)+GAMMA*(I-zhu(J));

APPTEMPLIMIT(IJ,K)S(ORD(K)NE CARD(K)) .. dt(U K)=g= EMAT;
APPTEMPLIMITCU (i). dtcu(l) =g= EMAT;
APPTEMPLIMITHUO). dthu(J) =g= EMAT;
LOGMH(ij,K).LMTD(ijK) =
LOGMHUC])).. LMTDhu(j) =6=
tC (J,"firstlocation”))+(TINHU-TOUTC(J)))/2))**(1/3);

LOGMCU(i).. LMTDcu(i) =6= ((((tH (i/lastlocation’)-TOUTCU)*(TOUTH(I)-
TINCU))*((tH (i,'lastlocation’)-TOUTCU)+(TOUTH(I)-TINCU))/2))**(1/3);
HAREA(ij K) . A(ij,K)*U*LM TD(ij,K) =6= q(L.J.K);
HUAREAOQ).AhuO)*U*LMTDhu(j) =6= ghu(j);

CUAREA(i).. Acu(i)* *LMTDcu(i) =6= qcu(i);

TOTAREA .. Atot=6= sum((ij,k),A(ij.K))+sum(j.Ahu(j))+sum (i,Acu(i));

6= (((dt(ij,K)*dt(ij K+1))*(dt(ij,K)+dt(ij,K+1))/2))**(1/3);
(

HACOST .. Costh =6= sum ((ijk),((HFI+HF2)*2(ij.k)+HV *A (ij k))*W Y);
HUACOST .. Costhu =6= sum (j,(HFI+HF2)*zhu(j)+HV*Ahu(j))*W Y);

(((TOUTHU-C (I, firstlocation’))* (TINHU-TOUTC (1)))*((TOUTHU-
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CUACOST .. Costcu =e= (IL((HFI+HF2)*zcu(i)+HV*Acu(i))*W Y);
HUOCOST ..0Costhu =e= sum(jHUOC*qghu(j));
CUOCOST ..0Costcu =e=sum(i,CUOC*qcu(i));

0AQCU .0QCU =e= SUM(l,qcu(D);

OAQHU . 0QHU =e= SUM (J,qhu(l));

OBJFN2 .02 =e= O0Costhu+OCostcu+sum ((ij,k),z(ij.k)*(HFI+HF2));
0BJFN3.03 =e=Costh+Costhu+Costcu+OCoslhu+0Costcu;

Invest. INV =e= Costh+Costhu+Costcu;

Total. TAC =e= (Costh+Costhu+Costcu)+0Costhu+0Costcu+tFCost.I+PICost.l;

Model MIXING L/MBL1MMB2,ConsliCons2,Fresh,Logical 1,Logical2,Logical3,
W aste,Allwaste,Flow,TempK FRESHC,0BJFN11/;

Solve MIXING! using MIP minimizing 011;

Display FCost.OFW d,OWW .LFFW .LyFW I,WW .[yW W .I.x.I.F.Ly.l,CK.I,TK.I;

Parameter
xin (i)

FEWin())
W W in(i)
yin(ij)

YEW in(j)
yW W in (i)

xin (i) = x.1(ij);
FFWin(j) = FFW kj):
WWin(i) = ww.I(i);
yin(ij) = y.1(ij);

yEW in(j) = yFW I(i);
yW Win(i) = yww.I(i);

x. 1(if) = xin(ij);
FFW I(j) = FFW in(i)
ww.I(i) = WWin(i);
y. (i) = yin(ij);
yEW 1)) = yFW in(j);
yWW.I(i) = y W Win(i);

Model MIXING2 IMBIMB2,Consl,Caons2.Fresh,Logicall,Logical2,Logical3,
W aste,Allwaste,Flow.TempK,FRESHC,PIPI.PIP2,PIP3,PIPC,0BJFN 12/,
Solve MIXING2 using MINLP minimizing 012;

Display PICLI,PIC2.1,PIC3.I,PICost.,FCost.|,OFW .I.OWW .I,FFW .|,

YEW I'WW . LyWW . Ix.LLF.Ly LCK.ITK.I;

TINC(j) = TK..X(j):
TINH(i) = TS(i);
FH(I) —ww.I(i);
FC(j) = FK(j);

MODEL STAGEMODEL! /abc.OHB H.OHB C.SHB H,SHB C,TINHASSGN ,TINCASSGN FH1,FHZ,
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FCIFC2HULOAD CULOAD HECOUNTLHECOUNT2HECOUNT3 APPTEMPL APPTEMPR APPTE
MPCU,

APPTEMPHU APPTEMPLIMIT APPTEMPLIMITCU,APPTEMPLIMITHU,0AQCU,0AQHU,
HUOCOST,CUOCOST,Invest,0BJFN2/

SOLVE STAGEMODELL USING MIP MINIMIZING 02;
DISPLAY z.l,zcu.l,zhu.l,tH .I,tC .1,g.1,qcu 1,ghu.,OQHU.I,LOQCU.I,INV .1,02.1;

Parameter
gin(ijk)
geuin(i)
ghuin(j)
THin(tk)
TCin(j,k)
zin(ij.k)
zeuin(i)
zhuin(j)

qin(ijk) = g.1(ij k);
geuin(i) = qeu.l(i);
ghuintj) = qhu.ltj):
THin(i,k) = TH.I(i.k);
TCin(j,k) = TC.I(j,k):
zin(ij.k) = z.1(ij,k);
zeuin(i) = zeu.I(i);
zhuinlj) = zhu 1(j);

q.1(ij.k) = gin(ij.k);
geu.I(i) = geuin(i) ;
ghu.l(j) = qhuinfj):
TH.I(ik) = THin(i.k);
TC.I(jk) = TCin(jk);

z.fx(ij.k) = zin(ij.k);
zeu.fx(i) = zeuin(i);
zhu.fx(j) = zhuin(j);

LM TD.I(ij,k) = (((dtI(ij,K)*dt.d<ij.K+1 ))*(dtI(ij,K)+dtI(ij,K+1))[2))**(1]3);

LMTDhuI(i) = (((TOUTHU-tC.I(J. firstlocation,))*(TrNHU-TOUTC(J)))*((TOUTHU -
tC.1(J,firstlocation ))+(TINHU-TOUTC(J)))/2))**( 1/3);

LMTDecu.J(i) = ((((tH.I(i,1astlocation,)-TOUTCU)*(TOUTH(I)-TINCU))*((tH.I(i."lastlocation")-
TOUTCU)+(TOUTH(D-TINCU))2))**(1/3):

AI(ij.k) = qin(ij,k)/((U*LMTD I(ij,k)+0.001);

Ahul(j) = ghuin(j)/(U*LM TDhu.I(j)+0.001);

Acu.l(i) = qcuin(i)/(U*LM TDcu.1(0+0.001);

MODEL STAGEMODEL2/abc.OHBJLOHB_C,SHB II,SHB_C,TINHASSGN,TINCASSGN FHLFH2,
FC1FC2HULOADCULOAD HECOUNTLHECOUNT2HECOUNT3 APPTEMPL APPTEMPR APPTE
MPCU,

APPTEMPHU APPTEMPLIMIT.APPTEMPLIMITCU,APPTEMPLIMITHU.LOGMH,LOGMHU ,LOGM
Cu,
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HAREAHUAREA.CUAREA,TOTAREAHACOSTHUACOST CUACOST,HUOCOST,CUOCOST,0A
QCU,0AQHU,0BJFN3,InvestTotall

SOLVE STAGEMODEL2 USING MINLP MINIMIZING 03;
DISPLAY F.LFFW .LWW .I,TK .I,z.l,zcu,l,zhu.l,tH.1,tC.lI,g.l,gcu.l,ghu.l,OQHU I,
0QCU.ILA.lLAhu.l,Acu.l, At0t.I,Fcost.[,012.1,02.1,0 Costhu.l,0 Costcu.l,INV.I,TAC.I

APPENDIX A-14 Case Study 4 WHEN by four-step design Code

set i Source stream /il *i5/
j Sink stream /jlI*j5/
K location [firstlocation,iocation2*location4,lastlocation/

Parameter

CS source concentration (ppm)
fit 130
12108
1370
14 44
5 22/

FS Source flowrate (ton per h)
lir 9
2 9
39
u 9
15 4.5/

TS Source temperature (degree celcius)

i

13 130
14 140
1580/

CKL1 Sink concentration limit (ppm)
1 70
j2 70
i3 710
4 70
j5 10/

"CKL Sink concentration limit (ppm)
/121 20
jJ3 20
i4 20
520/

FK  Sink tlowrate (ton per h)
fjil 10
j2 4
i3 12

40



180

j5 0l
FKL Sink flowrate (ton per h)

/ﬁé le.O

i3 12
4 8
j5 ' 6.5/
TOUTH(I) outlettemperature of hot stream (degree celcius)
il 30
i2 30
1330
4 30
15 30/
TOUTHIP(I) outlettemperature of hot stream (degree celcius)
lil 100
12 80
13 - 100
4 100
15 80/

TOUTC(J) outlet temperature ofcold stream (degree celcius)

/JJ&
i3

100
j4 100
j5 100/
CPF2 Piping fix cost fresh to sink ( per year)
i1 200
j2 300
13 150
j4 120
j5 250/
CP2  Piping variable fresh to sink ( perton)
fj1  0.7e-3
j2 1.4e-3
i3 1.2e-3
j4 Lle-3
j5  1.3e-31

CPF3 Piping fix cost source to waste ( peryear)

i

13 250

4 150

15200/

CP3  Piping variable cost source to waste ( per ton)

fit - 0.7e-3
12 1.4e-3
13 lLle-3
14 1,2e-3

15 1.3e-3/



TABLE CPFI(ij) Piping fix cost source to sink ( peryear)
g2 g
1 100 300 150 200 200
12200 250 100 220 150
13220 300 330 300 110
14 110 400 200 200 250
15200 300 100 300 250

TABLE CPI(ij) Piping variable cost source to sink ( per ton)
I j2 03 j4 j5
il Lie-3 1.2e-3 [13e-3 1.4e-3 Ile-3
2 0.8e-3 1.3e3 lle-3 1.2e-3 0.J9e-3
i3 0.9e-3 13e3 Lie-3 1.4e-3 l.le-3
4- 13e-3 123 [13e-3 1l.de-3 Ille-3
5 Lie-3 0.8e-3 1.3e-3 1.4e-3 0.9e-3

Scalar OMEGA I /100/

TFW  J25/

OMEGA wupperbound for heat exchange /1000000/

GAMMA upperbound fortemperature difference /1000000/

EMAT exchanger minimum approach temperature /10/

CP heatcapacity /4.2/

FWC Freshwater cost ( perton) /0.375/

1IF1  Heat Exchanger fixed cost () /8000/

HF2 Heat Exchanger fixed cost( )/19965.89/

HV  Heat Exchanger variable cost ( perm2)/55.74899/

HUOC Hot utility operation cost ( per kW y) /377/

CUOC cold utility operation cost ( per kW y) /189/
Overall heat transfer coefficient /0.5/

WH  Working hour /8000/

WY Annaulize factor/o.333/

TENHU Hot utility inlet temperature /120/

TOUTFIL Hot utility outlet temperature /120/

TINCU Cold utility inlet temperature /10/

TOUTCL Cold utility outlet temperature /20/

Variables TAC! Total annual cost 1
TAC?2 Total annual cost 2
AREA Total Area
0OFW Overall freshwater

oW w Overall wastewater
FCost
PIC I Piping costofsource to sink

PIC2 Piping cost of fresh to sink
PIC3 Piping cost ofsource to waste
PICost  Piping cost

0il Objective 1.1

012 Objective 1.2

02 Objective 2



022 Objective 2.2

03 Objective 3

032 Objective 3.2

04 Objective 3

0FW 1 Overall freshwater
owwi Overall wastewater
FCostl

PICLL Piping cost of source to sink
PIC21 Piping cost of fresh to sink
PIC31 Piping costofsource to waste
PICostl  Piping cost

0BJWN1

0FW 2 Overall freshwater
oW w?2 Overall wastewater
FCost2

PIC 12 Piping costofsource to sink
P1C22 Piping cost of fresh to sink
PIC32 Piping cost ofsource to waste
PICost2  Piping cost

0BJWN?2

Positive variables x(ij)
FFW (j) Freshwater flowrate
F(ij) Splitting Flowrate
CK(j) Sink stream concentration
TK(j) Sink temperature
W W (i) Source Waste water

LRSS R R EEEEEEEE RS SRR R RS SRR RS R SRR EEE R R EEEEEEEEEEREEEEEEEEEESEEEESES
x (i)
FFW I(j) Freshwater flowrate
FI(ij) Splitting Flowrate
CKI(j) Sink stream concentration
TKI(j) Sink temperature
W W I(i) Source W aste water
FKHJ)
TINHI(D)
TOUTHI()
TINCI(j)
TOUTCI(j)
Rl
dtl(1,J,K) Temperature approach for match ij at the left of stage k
dtcul(l) Temperature approach for match hot stream iand cold utility
dthul(J) Temperature approach for match cold stream j and hot utility

ql(l1,J,K) Heatexchanged between hot stream iand cold stream j at stage k
gcul(l) Heatexchanged between hot stream iand cold utility

ghul(J) Heatexchanged between cold stream j and hot utility

Al(ij,K)



Ahu 1<j)

Acul(i)

Atotl

LM TDI(ij,K)

LM TDcul(i)

LMTDhu 1(j)

Costhl

Costhu 1

Costcul

0Costhul

0Costcul

tHI(1,K) Temperature pfhotstream iat location k
tCI(J,K) Temperature ofcold stream j at location k

IR RS SRR RS SRS R RS S SRR R RS SRR RS SRR EEEEREEEEEEEEEEEEEEEEEEEEEEEES
x2(ij)
FFW2(j) Freshwater flowrate
F2(ij) Splitting Flow rate
CK2(j) Sink stream concentration
TK2(j) ddddd
WW2(i) Source Waste water
FK2G)
TS2(i)
FS2(i)
TINH2(i)
TOUTH2(i)
TINC2(j)
TOUTC2(j)
FH2(i)
FC2(j)
dt2(1,J,K) Temperature approach for match ij at the left of stage k
dtcu2(l) Temperature approach for match hot stream iand cold utility
dthu2(J) Temperature approach for match cold stream j and hot utility
q2(1,J,K) Heatexchanged between hot stream iand cold stream j at stage k
geu2(l) Heatexchanged between hot stream iand cold utility
ghu2(J) Heatexchanged between cold stream j and hot utility
A2(ij,K)
Ahu2(j)
Acu2(i)
Atot2
LM TD2(ij,K)
LMTDcu2(i)
LM TDhu2(j)
Costh2
Costhu2
Costcu2
0Costhu2
0Costcu2
tH2(1,K) Temperature of hot stream iat location k
tC2(J,K) Temperature ofcold stream j at location k
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Oqcul Overall heat exchanged between hot stream iand cold utility
Oqhul  Overall heat exchanged between cold stream j and hot utility
Oqcu2 Overall heat exchanged between hot stream iand cold utility
Oqhu2  Overall heatexchanged between cold stream j and hot utility

BINARY VARIABLE

y(ij) Binary vriable to denote existence of match source to sink in WN

yFW (j) Binary vriable to denote existence of match FW to sink in WN

yW W (i) Binary vriable to denote existence of match ww from source in WN

y1(ij) Binary vriable to denote existence of match source to sink in WN

yFW I(j) Binary vriable to denote existence of match FW to sink in WN

yW W I(i) Binary vriable to denote existence of match w w from source in N
zI(1,J,K) Binary variable to denote existence of match ij in stage k

zcul(l) Binary variable to denote existence of cold utility with hot stream i
zhul(J) Binary variable to denote existence of hot utility with cold stream

y2(ij) Binary vriable to denote existence of match source to sink in WN

yFEW 2(j) Binary vriable to denote existence of match FW to sink in WN
yW W 2(i) Binary vriable to denote existence of match w w from source in WN
22(1,J,K) Binary variable to denote existence of match ij in stage k

zcu2(l) Binary variahle to denote existence of cold utility with hot stream i
zhu2(J) Binary variable to denote existence of hot utility with cold stream

Equation

******************************:F******:(yva}‘rER InI“al****************************

MBI(j) Mass balance (flowrate)
MB2(j) Mass balance (contaminant)
Consl(i) Constraint for X
Cons2(j) Concentration constraint
Cons3(j)
ConsF
Fresh  Freshwater usage
W aste(i) Waste of source
Allwaste W aste discharge
Flow(ij) Flowrate each sink
Logical 1(iJ) Logical constraint
Logical2(j) Logical constraint
Logical3(i) Logical constraint
TempK(j) Temperature of sink
FRESHC  Freshwater cost
PIP1  Piping costofsource to sink
PIP2 Piping cost of fresh to sink
PIP3 Piping cost ofsource to waste
PIPC  Piping cost

OBIJFN11

OBIFN12

RS R R SRR R R RS SRR R RS SRR RS SRR RS SRR R R SRR RS SRR R SRR R EREEEEEEEEREEEEEEEESEESEE]



M BI_I(j) Mass balance (flowrate)
MB2_I(j) Massbalance (contaminant)
Consl I(i) Constraint for X
Cons2_I(j) Concentration constraint
Cons3_I(j)

ConsFl

W astel(i) Waste ofsource
Allwaste | Waste discharge
Flow _I(ij) Flowrate each sink
Logical 1_1(ij) Logical constraint
Logical2_I(j) Logical constraint
Logical3_I(i) Logical constraint
TempK_I(j) Temperature of sink

PIPLL Piping cost ofsource to sink

OBJECTWNI

Link (i)

Link2J(i)

Link3_1(j)

ki{igil(*4*‘]*0*)************************* ‘J ] kkkkkkkhkkkhkkhkhkhkhkhhkkhkdkkkkhx
abe_1 ()  @HQBSH

OHB H (1) overall heat balance for each hot stream
OHB C I(J) overall heat balance for each cold stream

SHBFM (LK) heatbalance at each stage for hot stream
SHB_C_1(J,K)  heat balance ateach stage for cold stream

TINHASSGN _I(l) assignmentofinlet temperature ofhot stream i
TINCASSGN _1(J) assignmentofinlettemperature ofcold stream |

FHIJ(LK) feasibility oftemperature ateach stage for hot stream

FH2JU) feasibility oftemperature at last stage for hot stream
FCHI(J.K) feasibility oftemperature ateach stage for cold stream
FC21(J) feasibility oftemperature at first stage for cold stream

HULOAD I(i)  hot utility load
CULOAD I(J) cold utility load

HECOUNTI I(LLK) countheatexchanger
HECOUNT2_I(I) count hot utiility
HECOUNT3_I(J) countcold utility

APPTEMPL I(LLK) approach temperature atthe left of stage k
APPTEMPR 1( ,K) approach temperature atthe right ofstage k
APPTEMPCU I(l) approach temperature atcold utility of hot stream i
APPTEMPHLM (J) approach temperature at hot utility ofcold stream j



APPTEMPLIMITI(i,,K) limiting temperature approach
APPTEMPLIMITCUI(I) limiting temperature approach
APPTEMPLIMITHUIQJ) limiting temperature approach

LOGMH_I(ij,K) Log mean temperature different of HE
LOGMHUIQ) Log mean temperature different of HU
LOGMCUI(I) Log mean temperaturedifferentofCU
HAREA_1(ij,K)  Heatexchangerarea

HUAREAIQJ) Hot utility area

CUAREA I(I) Cold utility area

TOTAREA 1 Total area

HACOSTI1 Heat exchanger area cost

HUACOST]J Hot utility heat exchanger area cost

CUACOSTI Cold utility heat exchanger area cost
HUOCOSTJ Hot utility operation cost
cyuocosTy Cold utility operation cost

Link 12_1(i)
Link 12_2(i)
Link 12~3(j>
IR E R SRR EREEEEREEEEEEEEEREEEEREEERSESES WN2 sk Kk Kk ok ok ok ok ok ok ok ok

MBI_2(j) Mass balance (flowrate)

MB2_2(j) Mass balance (contaminant)

Consl_2(i) Constraint for x

Cons2_2(j) Concentration constraint

Cons3_2(j)

ConsF_2

Fresh_2 Freshwater usage

Waste_2(i) Waste of source

Allwaste_2 W aste discharge

Flow_2(ij) Flowrate each sink

Logicall_2(ij) Logical constraint

Logical2_2(j) Logical constraint

Logical3_2(i) Logical constraint

TempK_2(j) Temperature ofsink

FRESHC 2  Freshwater cost

PIP12 Piping cost of source tosink

PIP2 2Piping cost of fresh to sink -

PIP3_2 Piping cost ofsource towaste

PIPC 2 Piping cost

OBJECTWN?2
Linkl 2(i)
Link2 2(i)
Link3_2(j)
Link4~2

******(:ll)k'k*********************** } J 2 kkkkkkkkkkkkkk

abe_2(1,J) @#@3#

OHB_H_2(l) overall heatbalance for each hot stream



OHB_C_2(J) overall heat balance for each cold stream

SHB_H_2(1,K)  heatbalance ateach stage for hot stream
SHB_C_2(J,K)  heatbalance at each stage forcold stream

TINHASSGN _2(I) assignmentofinlet temperature of hot stream i
TEINCASSGN_2(J) assignment of inlet temperature of cold stream j

FH1_2(1,K) feasibility oftemperature at each stage for hot stream

FH2~2(1) feasibility oftemperature at last stage for hot stream
FcOchK.) feasibility oftemperature at each stage for cold stream
FC2~2(J) feasibility of temperature at first stage for cold stream

FIULOAD 2(1) hot utility load
.CULOAD 2(J) cold utility load

FIECOUNT1_2(1,J,K) count heat exchanger
HECOUNT2_2() count hot utiility
FIECOUNT3_2(J) count cold utility

APPTEMPL_2(1,J,K) approach temperature atthe left of stage k
APPTEMPR 2(1.J.K) approach temperature at the right ofstage k
APPTEMPCU_2(1) approach temperature atcold utility ofhot stream i
APPTEMPHU _2(J) approach temperature at hot utility ofcold stream j

APPTEMPLIMIT_2(LJ.K) limiting temperature approach

APPTEMPLIMITCU 2(1) limiting temperature approach
APPTEMPLIMITLfU_2(J) limiting temperature approach

LOGMH_2(ij,K) Log mean temperature different of HE

LOGMHU2(J) Log mean temperature different of HU
LOGMCU~2(l) Log mean temperaturedifferentofCU
HAREA _2fijK) Heat exchanger area

HUAREA_2(J) Hot utility area

CUAREA~2(I) Cold utility area

TOTAREA? Total area

HACOST2? Heat exchanger area cost

HUACOST2 Hot utility heat exchanger area cost
CUACOST? Cold utility heat exchanger area cost

HUOCOST~2 Hot utility operation cost
CUOCOST]J Cold utility operation cost

khkkkkkhkkkhkkhkkhkhhhhkdhhhkhhhhhkhhhhhhhhhhdhhhkdhhhrdhdhkdhkdhkdhkdrxk

LinkW N (i)

0AQCU1L Overall Cold utility
0AQHU! Overall hot utility



0AQCU2 Overall Cold utility

0AQHU2 Overall hot utility
OBJFN?2 utility Q
0BJFN22 utility Q

OBJFN3 utility AREA
0BJFN32

Invest Investment cost
Total! Total annual cost
Total2 Total annual cost
TotalA

UTILITY

************************************I\]'] IN |T|A L**********************************

MB 1(j).. sum (i,CS(i)*FS(i)*x(ij)) =e= CKG)*FKL(j) ;
MB2(j).. sum (i,FS(i)*x(i ))+ FFWG)-e= FKL(j) ;

Consl(i) . sum(]x( i) =

Cons2(j).. CK(j) 1-CKL(]),

Fresh ..'OFW =e= sum(j,FFW (j));

W aste(i). WW (i) =e= (I-sum (jx(ij)))*FS(i);

Allwaste .. OWW =e-= sum (i,W W (i)):

Flow (ij).. F(ij) =e= FS(i)*x(ij) ;

Logical 1(Tj) .. F(ij)-0O M EG A I*y (ij) =1=

Logical2(j). FFW()OMEGAI*yFW(j)-|=

Logical3(i). WW (i))-OMEGAI*YyWW (i) =1= 0,

TempK(j).. sum(lTS()*F(lJ))+TFW*FFW(J)= TK(j)*FKL(j):
FRESHC . FCost E=OFW *FW C*W H

PIP1 .. P1CL =e= sum ((ij),y(ij)* (CPF|(|tJ)+F(|J)*CP|(u)*W H));
PIP2 . PIC2 =e= sum(j,yFW (j)*(CPF2(j)+FFW (j)*CP2(j)*W FI));
PIP3 . PIC3 =e= sum (i,yW W (i)*(CPF3(i)+W W (i)*CP3(i)*W H));
PIPC .. PICost=e= PIC1+P1C2+PIC3;

OBJFN11 ..0 il =e= FCost;

T S
YA e

M BI_I(j).. sum(i,CS()*FS(i)*xI(i.j))+FK2(j)*CK 2(j) =e= CKI(j)*FKL(]) ;
M B2J0). sum(i,FS(i)*xI(ij)) + FK2(j) =e= FKL(j) ;

Consl I(i) ..sum(j,xI(ij)) =1= 1 ;

Cons2J(j)..CKI(j) =1=CKL(j) ;

Waste [1(i).. WWI(i) =e= (I-sum (J,x1(ij)))*FS(i);
Allwaste_| . OWWIL =e= sum (i,W W I(i));

Flow 1(ij).. FI(ij) =e= FS(i)*xI(ij) ;

Logicall_I(ij>.. FI(ij)-O M EG A I*yI(ij) =1=

*Logical2_I(j).. FFWI(j)-OMEGAI*yFW I(j) =1= 0;

*Logical3J (i) . 1(i)-OMEGA 1*y I(i) =1=0;

TempKJIG) .sum(i,TS(i)*FI(ij))+FK2(j)*TOUTC20) =e= TKIG)*FKL(i);
PIPLIL L PICLL=e=sum ((ij),yI(ij)* (CPFI(ij)+FI(i.j)*CPI(ij)*W H));
OBJECTWNI1 ..OBJWNL =e=sum ((ij),FI(ij));

Linkl 1(i). TINHI(i) ze= TS(i);
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Link2_I(i).. FHI(i) =e= WWI();
Link3J0). TINCHj) =e= TKI(j):
LinkdJ(j).. FCI(j) -e= FKL():

kkkkkkkkkkkkkkkkkhkhkkkkkkkkkkkhkkkk HEN ]*******************************************

abce_I(ij). ql(ij,'lastlocation") =e=0;

OHBHI(I) . (TS(H)-TOUTH L(iy)*ww 1()*CP*(1000/3600)

i) ) e= SUM((J.K),qI( ,K))+qeu I(1);
OHB~CJ( j) (TOUTC(J)-TK 1( ))*FKL(J)*CP*( 1000/3600)

e= SUM((LK).g1( ,K))+ghu1(d)

SHB_H_I(I,K)$(ORD(K)I}I%CARD( )).. [t 1(1,K)-tH 1(LK+1))*WW1(1)*CP*( 1000/3600)

=ef SUM(J K

SHB_C_l(J,K)S(ORD(K)eNE CAE&D( ()) ()t) CI(J.K)-tC 1(J,K+1))*FC 1(J)*CP*( 1000/3600)
=e= SUM(Lgl ( ,K));

TINHASSGNJ(I).. TS(I) =e= tH I(L,firstlocation’);

TINCASSGNJ(J). TKL(J) =e= tC1(J, lastlocation’);

FH1_1(1,K)$(ORD(K

) NE CARD(K)). tHI(1,K) =g/ tHI(1 K +1);
FH2J |) TOUTHI(I

) =1= tHUF'lastlocation");
NE CARD(K)).. tC1(JK) =g= tCI(J K+1);

FC1 (JK)$(ORD(K)

FCZJCJ) TOUTC(J) =g=tC1(J, firstlocation);

HULOADJ (I).. (tH I(l,'lastlocation)-3 OUTH I(1))*  1(1)*CPX( 1000/3600)= :q u1(2);
CULOADJ(J).. (TOUTC(J)-tCI(J, firstlocation’)*FKL(J)*CP*( 1000/3600) =e= ghul(J);

HECOUNTI_I(1,J.K)$(ORD(K) NE CARD(K)). I(IJ,K)-OMEGA*ZI(I,J,K):1:0;
HECOUNT2J(). qcul()OMEGA*zcuI():l
HECOUNT3J(J) . ghul(J)-OMEGA*zhul(J) =1=

APPTEMPLJ( .K)S(ORD(K)NECARD(K)).. dti(13.K) =1= tHI(1,K)-tCI(J K )+ GAMMA*(I-z(1J.K));
APPTEMPR _I(1,J.K)$(ORD(K) NE CARD(K)).. dtl(l J.K+1) =1= tHI(1 K+1)-tCI(J, K +1)+ GAMMA¥(l-
zl(K));

APPTEMPCU_1(1). dtcul(1) =1= till(1,'lastlocation’)- TOUTCU +GAMMA*(l-zcul(D);

APPTEMPHU” 1(J).. dthu1(J) =1= TOUTHU - tC1(J.'Orstlocation’+GAMMA*) 1-zhu 1(J));

APPTEMPLIMrrj(1,J,K)$(ORD(K) NE CARD(K)) .. dti(1.J.K) =g= EMAT;
APPTEMPLHVHTCUJ()). dtcul()) =g= EMAT;
APPTEMPLIMITHUJU). dthul(J) g EMAT;

LOGMHJ(ij.K).. LMTDI(ij, K) =e= (((dtl(ij, K)*dt|(|j K+1))*(dtl(ij. K)+dtl(ij, K+1))12))**(1/3);
LOGMHUJCj).. LMTDhuHj) =e= ((((TOUTHU tCI(J ‘nrstlocation,))*(TINHU-TOGTCI(J)))*((TOUTHG-

tCI(J, firstiocation”))+(TINHU-TOUTC(J)))/2))**(I/3);

LOGMCU I(i).. LMTDcul(i) =e ((( tHI(i, lastlocation,- TOUTCU)*(TOUTHI(1)-TINCU))*((tH1(i, lastlocation)-
TOUTCU)+(TOUTHI(1)-TINCU))I2))**( 113);

HAREA 1(ij.K) . ALlij,K)*U*LMTD 1(ijK) =e= gl(1.J.K);

HUAREAJO).. Ahu1(j)* *LMTDIiu1(j) =e= qhul();

CUAREAJ(i) .. Acul(i *U*LMTDcuI()—e qeu 1(1);

TOTAREA 1. Atotl == sum((ij,k),Al(1.j,K))+sum(J.Ahul(j))+sum(i,Acul(i);
FLACOSTL .. Costhl =e= sum((ij,k),((HFI+HF2)*zI(ij,k)+HV*Al(ij k) *WY);
HUACOST I .. Costhu! =e= sumO,((HFI+HF2)*zhul(j)+HV*Ahul()))*WY);



CUACOSTJ .. Costcul =e=sum(i,(HFI+HF2)*zcul(i)*HV *Acul(i))*W Y);
0COSTJ ..0Costhul =e=sumO,HUOC*ghul0));
CUOCOSTJ ..0Costcul =e=sum(i,CUOC*qcul(i));

Linkl2_1(i). TOUTH I(i) ze= TS2(i);
Link 1200 ). W W I(i) ze= FS2(i);

kkkkkkkkkkk ***********************WN2******************************************

MBI_2(j)..sum(i,CS(i)*FS2(i)*x2(ij)) =e= CK2(j)*FK20) ;
M B2J0). sum(i,FS2(i)*x2(ij)) + FFW 2(j) =e= FK2(j) ;
Consl_2(i) .sumG x2(ij)) =1= 1;

Cons2J0 ) - CK2(j)=1=CKL(j) ;

Freshd . (F 2=e=sum(j,FFW2(i));

W astéjo ). WW2(i) =e= (I-sum (j,x2(ij)))*FS2(i);

Ailwaste_2 . OW W 2 =e= sum (i,WW2(i));

Flowl0j) . F2(ij) =e= FS2(i)*x2(ij) ;

Logicall_2(ij).. F2(ij)-OMEG A I*y2(ij) =1=

Logical2J O ). FFW2(j)-OMEGA 1*yFW 20) =1= 0;

LogicaDJO).. WW 2(i)-OMEGAI*yW W 2(i) =1=0;

TempKJIO) - sum (i, TS2(i)*F2(ij))+ TFW *FFW 20) =e= TK.20)*FK 20);
FRESHCJ .. FCost2 =e= OFW2*FWC*WH;

PIPI) . P1C12 =e= sum((ij),y2(ij)*(CPFI(rj)+F2(ij)*CPI(ij)*W H));
PIP2 2. PIC22 =¢= sumO yFW 20)*(CPF2(j)+FFW 20)*CP20)*W H));
PIP3) .PIC32=e=sum(i,yWW2(i)*(CPF3(i)+WW 2(i)*CP3(i)*WH));
PIPC] . PICost2 =e= PIC12+PIC22+PIC32;

OBJECTWN2 . 0BIWN2 =e= sum ((ij).F2(ij));

Link 130 ). TINH2(i) ze= TS2(i);
Link2J3(i).. FH2(i) =e= W W 2(i);
Link3J0 ). TINC20) =e= TK20);
Link4J 0 ). FC20)=é= FK20);

R R R ] J__]Jz]qZ*******************************************

abcjoj)..q2(ij,'1astlocation’) =e= 0;

OHBHIO). (TINH2(i)-TOUTH (i))*FH2(i)*CP*(1000/3600)

=e= SUM ((J,K).q2(U ,K))+qecu2(l);
OHblclO) . (TOUTC2(J)-TINC2(J))*FC2(J)*CP*(1000/3600) =e=

SUM((LK),q2(U,K))+qhu2(J);

SHB H 2(I,K)$(ORD(K)NE CARD (K)).
ze= SUM (J,q2(10 K
SHB_CJ(J,K)$(ORD(K)NE CARD (K)).
ze= SUM (1,92(1,J,

(tH2(LK)-tH2(1.K .+ 1))*FH2(1)*CP*(1000/3600)

);
(tC2(J,K)-tC2(J,K+1))*FC2(J)*CP*(1000/3600)

K)):

TINHASSGNI(I) .. TINH2(L) =e= tH2(l,'firstlocation’);

TINCASSGNIJ(J).TINC2(J) =e=tC2(J,lastlocation");

FH1 2(1,K)$(ORD (K
FH2I(1).TOUTH(
FC1I(J,K)$(ORD (K
FC2J(1).TOUTC?

ECARD(K)) .. tH2(1.K) =g=tH2(1.K +1);
=1= tH I(L ’lastlocation’);
NE CARD(K)) . tC2(J.K) =g=tC2(J K +I);
) =g=tC2(J,Tirstlocation");

)N
)

)
(J



HULOAD_2(1). (tH2(1,'lastlocation’)-TOUTH(I))*FH2(1)*CP*( 1000/3600) =e= qeu2(1);
CULOAD-2(J) . (TOUTC2(J)1C2(J, frstlocation'))FC2(J)*CP*( 1000/3600) == ghu2(J);

HECOUNTI_2(U,K)$(ORD(K) NE CARD(K)). g2(UK)-OMEGA*22(1,J K) 1= 0;
HECOUNT2=2(1) - qcu2(1)-OMEGA*zcu2(l) 1 0
HECOUNT3~2(J).. ghu2(J)-OMEGA*zhu2(J) =1=0;

APPTEMPL 2(1,J,K)$ (ORD(K)NE CARD(K)).. dt2(1,J K) =1= tH2(1 K)-tC2(J,K)*GAMMAX*(l-z2(U,K.));
APPTEMPR~2(1,J K)$(ORD(K)NE CARD(K)),. dt2(l JK+I)= = tH2(1,K +1)-tC2(J, K+1)+GAMMAX (-
22(1,J.K));

APPTEMPCU _2(1).. dtcu2(l) =1= tH2(l,'lastlocation’)-TOUTCU +GAMMA*(l-zcu2(1));
APPTEMPHU~2(J).. dthu2(J) =1= TOUTHU - tC2(J*firstlocation,)+GAMMA*(I-zhu2(J));

APPTEMPLIMIT 2( ,K)$(ORD(K)NE CARD(K)) .. dt2(U,K) =g= EMAT;
APPTEMPLIMITCU_2(i). dtcu2(l)=g= EMAT;
APPTEMPLIMITHU=2(j).. dthu2(J) =g= EMAT;

K)+dt2 i, K+0)2)*(13):

LOGMH_2(ij K). LMTDZgl K): (((dt2( *dt2$ij,K+I))*(dt2 i,
irstlocation’))*(TINHU-TOUTC2(3))*((TOUTHU-

LOGMHU_2(i).. LMTDhu2(J) =e= (( OUTFiU AC2(j;
tC2(Jfirstl0cation’))+(TINHU-TOUT (J)) 2))*¥*(113);
LOGMCU_2(i).. LMTDcu2(i) =e (((H iy
TOUTCTJ)+(TOUTH(I)-TINCU))/2))**( 13

HAREA 2(ij,K) .. A2(ij,K)*U*LMTD 2(| K) =e= g2(LJ K):
HUAREA _2(j).. Ahu2(j)*U*LMTDhu? (j) e= qhu2(j)

CUAREAAI) - Acu2()*U*LMTDcu2 =e= qeu2():

TOTAREA 2 .. Atot2 =e= sum((ij,k).A2(1j,K.))+sum(j,Ahu2(j))+sum(i,Acu2(i));

HACOST 2 .. Costh2 =e= sum((ij,k).((HF1+HF2)*z2(ij k)+HV*A2(ij k) *WY);
MIIACOS 1 2 .. Costhu2 =e= sum(j,((HF 1+HF2)*zhu20°)+HV*Ahu2(j))*w Y);
CUACOST~2 . Costcu2 =e= sum(i,((HF1+HF2)*zcu2(i)+HV*Acu2(1))*WY);
NITKOSI 2 OCosthu2 =e= sum(j,HUOC*ghu2(j));

CUOCOST 2 .. OCostcu2 =e= sum(1,CUOC*qcu2(1));

0AQCUI .. 0QCUZ =e= SUM (I geul(1)):

OAQHUI .. OQHUL =e= SUM(J,ghul(J))
0AQCU2 .. 0QCU2 == SUM(lgcu2(l);
OAQHU? .. OQHU2 =e= SUM(J, qhu2(J)),

OBJFN2 .. 02 =e= OCosthul+OCostcul

+sum((ij,k),z 1ij, k)* (IIF1+HF2)*WY%;

*+sum(1.zeu 1(i)*(HF 1+HF2))+sum(j,zhu 1(j)*(HF 1+HF2));

OBJFN22 .. 022 =e= Costhl+Costhul+OCosthul+Costcul+OCostcul;
OBJFN3 .. 03 =e= OCosthu2+0Costcu?

+sum((ij, k) 22(ij k) (HFI+HF2)*WY%
*+sum(i,zcu2(i)*(HFI+FIF2))+sum(j,zhu2(j)*(FIFI+HF2));
OBJFN32 .. 032 =e= Costh2+Costhu2+0Costhu2+Costcu2+OCostcu2;
Total 1.. TAC1 =e= FCost2+PICost2+PICI 1;

Total2 .. TAC2 =e= FCost2+PICost2+PICI 1+022+032;
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lastlocatlon) TOUTCG)*(TOUTH(I)-TINCU))*((tH2(i, lastlocation’)-



TotdlA . AREA == Atot+Atot2:
UTILITY .. 04 == 02+03;

**********************3@********** Iﬂl'[lEl| kkkkkkkkkkkhkkkkhkkhhkkkk
Model INITIAL 1/MBI,MB2,Consl,Cons2,Fresh.Logical I,Logical2,Logical3,
Waste,Allwaste,Flow, TempK.FRESHC,0BJFNI 1/,

Solve INITIAL 1 using MIP minimizing o il;

Display FCost.I, OFWd,OWW.LFFW.IjyFW.I WW.LyWW.Ix.LF.1y.|,CK.L TK.I;

Parameter ~
xin(ij)
FFWin(j)
WWin())
yin(ij)
yFWInG
yWWm? )]

xin(ij) = x.I(if);
FFWin(j) = FFW.I());
WWin(1)= ww .1i);

I
i
yWWin(i) = yWW 1(i);

X.I(ij) = xin(ij);
FFW.I(j) = FFWin(j):
ww . 1(i)= WWin(i);

%//E )Ifj)ymHk/ln(J)
yWW.1(i) = yWWin(i):

Model INITIAL2 /MB!,MB2,Consl,Cons2,Fresh,Logical L,Logical2,Logical3,
Waste,Allwaste,FlowJempK,FRESHC,PIP 1 P1P2.P1P3 PIPC,0BJFN 12/;
Solve INITIAL2 using MINLP minimizing 012;

Display PICLI,P1C2.1,PIC3.| PICost.| FCost I,0FW.I,0WW.1,FFW.I,
yFWIWWI,yWWIxIFIyICKITKI

R RS RS S SRR RS S S EEEE RS S SRR RS SRR R RS S SRR R RS SRR REEREEEEEEREEEEEEERESEE]

Fl.fx(ij)=0;F2.fx(ij)=0;

FLEX(13Y]T FI(3 I),
FLx('i3V}5')=F.I(i3 ]5’),
FLEX(i4Y]T)=F.I(id"jl").
F2 fx(' 4',']3) F('i4'3");
F2.fx('i4 j4")=F I('i4 J4);
FLIX(i5"13)=F.1(5" 3");
FLix('i5V)2)=F.I('i5" '12’)

WW2.EX(1) = w w .1(i);
FFW2.fx()) = FFW.I(j);



*0BIWNLlo = 4;
*0BJWN2.l0 = 4;

*CK2.1(j) = CK LI (j);

ATS2

TOUTC2.fx(1)= 70;TOUTC2Tx(}3) = 70;TOLTC2.x(1j5) = 70;
TOUTC2.fx(j2) = 70;TOUTC2.fx(j4") = 70;

*TOUTC2lo(]

J) = 60;
TR up{i= 100

Model MIXING! /MBI _1,MB21,Cons11,Cons2_I,Waste I, Allwaste_I,Flow],
TempKJ,PIPLL, LogicallJ,

Linkl2~2>

MB127MB2_2,Consl_2,Cons2_2.

Fresh_2,Waste__2,Allvvaste_2.Flow_2,

Logical 1_2,Logical2_2,Logical3_2,

TempK _2,FRESHCII,P>PI 2,PIP2 2,PIP3_2,P1PC 2,

Total I/

Solve MIXING Lusing MINLP minimizing TACI;
Display xI.I,LFLIWW L], OWW I.I,FS2.1 x2.1,F2.L,FFW2IWW 2 1,0WW2.I,CKLILTK1.1,FK2.1,
TK2.1,CK2.I,Fcost2.1, TACI -I;

parameter
xlin(ij)
W W lin(i)
x2in(ij)
TKlintj);

xlin(ij)= x LI(ij)r
W W lin(i) = W W LI(i);
x2in(ij) = x2.1(ij);
TKlin(j) = TKLI(j);

1A (ij) = xlin(i.j);
WW Lfx(i)= W W lin(i);
*x2.fx(ij) = x2in(ij);

TKI.fxG) = TKlintj);
v TOUTHLI(i) = TOUTHIIP(i);
*q Lfx('id"'j 1V Iocationd')= 16 .188;

VodeIWHENl
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abcJ,OHB_H_I,OHB_C_I.SHB HJ.SHB _CJTINHASSGNJTINCASSGNIJ.FHI_1,FH2J,FC1J,FC2J,

LOAd TxlJI.OAD LHECOUNT!_IIHECOUNT2_I-HECOUNT3_1,
APPTEMPL ILAPPTEMPR_LAPPTEMPCU_ILAPPTEMPHU_I
APPTEMPLIMITILAPPTEMPLIMITCUJ.APPTEMPLIMITHUJ,



194

HUOCOSTI.CUOCOSTJ,
0AQCUILQAQHUI,OBIFN2 |

Solve WHENZ using MINI.P minimizing 02;

display FLILFFW2.1,g 1A, zLI,ghu L.1,zhu 1 1,qcu 1 I,zcu 1.1.0 Costhu 1.1,
0Costcul.l,

TS2.L,TK LIL,TOUTC.tH LItC LIL,TOUTH I.ILFK2.LWW 2.1,x2.1,FFW 2.1;

Parameter
glin(ij,k)
geu lLin(i)
ghulin(j)
TH Lin(ik)
TClin0 k)
zlin(ij,k)
zeulin(i)
zhulin(j)

qlin(ij.k) = qLI(ij.k);
geulin(i) = geul.I(i):
ghulin(j) = ghul.I(j);
TH Lin(i,k) = THII(i,k);
TCIlinG k) = TCLI(j.k);
zlin(ij,k) = zLI(ij,k);
zeulin(i) = zcul.I(i):
zhulin(j) = zhul.I(j);

ql.fx(ij,k) = qlin(ij,k);
geul ,fx(i) = qeu Lin(i) ;
ghul ,fx(j) = ghul in(j):

TH Lfx(i.k) = TU lin(i.k);
TC Lfx(j,k) = TC lin(j k);

2| fx(ij, k) = zlin(ij.k);
zeul fx(i) = zeulin(i);
*z1.fx('3","jr,'location3")=0;
*21.fxCiS"'jSVlocationS')";
*z1.fx('i37,')5" 'location2")=0;

L0, whh =

LM TDLIG,k) = (((dthI(ij,K)*dthI(ij, K+ 0))* (dthI(ij,K )+ dthI(ij,K +1))
LMTDhul 10) = ((((TOUTHU-tC I.1(Jfirstlocation))*(TINHU-TOUTC(J
tCLI(J, firstlocation ))+(TINHU-TOUTC(J)))/2))**(1/3);

ALI(ij,k) = glin(ij,k)/( *LMTDL I(ijk)+0.001);

Ahu 1.10) = ghu Lin(j)/(U*LM TDhu 1.I(j)+0.001);

2))**(113);
)

/
)))*((TOUTHU -

Model WHEN 1A
[Link L_I,Link2_1,Link3_ILinkd 1,
abcl OHB_H 10HB_CJ ,SHB~HJ,SH B_cJ ,TINHASSGNJ .TINCASSGNJ ,FH 1) ,FH2J ,FC1 ,FC2) ,



HULOAD_1CULOAD_I1HECOUNTI LHECOUNT2] HECOUNT3_J,
APPTEMPL] ,APPTEMPRJ ,APPTEMPCU_LAPPTEMPHUI |,
APPTEMPLIMITJ APPTEMPLIMITCUJAPPTEMPLIMITHUJ,
HUOCOSTILOGMH_LLOGMHUJHARF.A LHUAREA_ITOTAREA_I,
HACOST_1HUACOST_I,

OAQCU I"OAQHU 1,0BIJFN2,0BJFN22 /

Solve WHEN]A using MINLP minimizing 022;
display ql.l,zI Lghul.l,zhul.Lgcul.l.zcul LOQHU 1,1,00CU L.LAILILAHUILI,

Eﬁétﬂ&c]:sthu 1.1.0Costhu L.LTOUTH 1.1,

tHILCLILTKL],TOUTC2.I, TS, FLIFK2.1, TKLI,FKL;

Parameter
TS2in2(i)
x2in2(ij)
FEW 2in2(j)
W W lin2(0
FK2in2(j)
CK2in20

'

TS2in2(i) = TOUTHLI(i);
x2in2(ij) = x2.1(ij);

FFW 2in2(j) = FFW 2.1(j);
W W lin2(0 = WW LI(i);
FK2in2(j) = FK2.1(j);
CK2in2(j) = CK2.I(j);

TS2.fx(i) = TS2in2(i);
x2.fx(ij) = x2in2(ij);
FFW 2.fx(j) = FFW 2in2(j);
WW1tx (i) =WW1in2(i),
FK2.fx(j) = FK2in2(j);
*CK2.1(j)~ CK2in2(j);

710de| IVHX2

Link12_1,Link12_2,
MBI_2MB2_2,Consl_2,Fresh_2,Waste_2,Allvvaste_2,Flow_2,
*Logicall_2,Logical2_2,Logical3_2,
TempK_2,FRESHC_2,0BJECTWN2 /

Solve MIX2 using NLP minimize Fcost2;

display TS2.I,F2.1,FFW 2.1, TS2.I,TK 1L.1TK2.I;

Parameter
TK2in(j)
W W 2in(i)
TOUTC2in(j);



TK2in(j) = TK2.1());
WW 2in(i) = WW 2.1(i):
TOUTC2in(j) = TOUTC2.KJ);

TK2.fx(j) = TK2in(i);
WW2.6x(i) = WW2in(i):

TOUTC2.fx(j)= TOUTC2in(j);
710de| WHEN?2

Linkl_2,Link2_2,Link3_2,Link4_2,

abc_2,0HB _H3,0HB C 2,SHB H_2,SHB_C 2 TINHASSGN 2.TINCASSGN 2,
FH1 2FH2 2FC12FC2 2

HULOAD 2,CU10aD_2,HECOUNTI_2,HECOUNT2_2.HECOUNT3_2,
APPTEMPL 2 APPTEMPR_2,APPTEMPCU 2 APPTEMPHU 2,
APPTEMPLIMIT 2 APPTEMPLIMITCU 2,APPTEMPLIMITHU 2,
HUOCOST_2,CU0COST_2,0AQCU2,0AQHU2,0BIFN3,0BIFN2,UTILITY |

Solve WHEN2 using MINLP minimize 03;
display q2.1,z2.1,qhu2.1,zhu2.1,qcu2.l,zcu2.l,
OQHU2.kOQCU2.ItH2.1,tC2 I.TS2.1.F2.I,FFW 2.1,TK2.1,TS2.1.TOUTC2.1,
03.1,0Costhu2.1,0Costcu2.1;

Parameter

g2in(ij,k)

geu2in(i)

ghu2in(j)

TH2in(i.k)

TC2in(ik)

22in(ij.k)

zeu2in(i)

zhu2in(j)

q2in(ij,k) = q2.1(ij.k):
geu2in(i) = qeu2.I(i);
qhu2in(j) = ghu2.1(j);
TH2in(i,k) = TH2.1(i,
TC2inG k) = TC2.1(j,
z2in(ij.k) = z2.1(ij,k);
zeu2in(i) = zeu2.I(i);
zhu2in(j) = zhu2.1(j);

):

k
k);

q2.fx(ij,k) = q2in(ij,k);
geu2.fx(i) = geu2in(i) ;
ghu2.fx(j) = ghu2in(j):
TH2.fx(i,k) =TH2in(i k);
TC2.fx(j,k) = TC2in(jk);
22.fx(ij,k) = z2in(ij.k);

zeu2.fx(i) = zeu2in(i);

zhu2.fx(j)=0;

196
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LMTD2.1(ij,k) = (((dt2.1(ij,K)*dt2.1(ij,K+1))*(dt2.1(ij,K)+dt2.1(ij,K +1))/2))**(1/3);
LMTDhu2.1(j) = (((TOUTHU-tC2.1(J, firstlocation”))*(TrINHU-TOUTC2.1(J)))*((TOUTHU -
tC2.](J, firstlocation))+(TFNHU-TOUTC2.1(1)))/2))**(1/3);

A2.1(ij,k) = q2in(ij,k)/(U*LM TD2.1(ij,k)+0.001);

Ahu2.1(j) = ghu2in(j)/(U*LM TDhu2.1(j)+0.001);

710de| WHEN2A

abc_2,0HB_H_2,0HB_C 2,SHB_H _2,SHB C_2,TINHASSGN 2 TINCASSGN 2,FHI 2,FH2 2,FCI 2,FC2_2,
HULOAdAI2,CULOAD 2ThECOUnTL 2.nEcOUNT2 2 HECOUNT3 2,HUOCOST |

APPTEMPL 2 APPTEMPR 2,APPTEMPCU 2 APPTEMPHU 2,

APPTEMPLIMIT 2 APPTEMPLIMITCU 2, APPTEMPLIMITHU 2,

HUOCOST 2,CUOCOST 2XOGMH 2,LOGMHU 2LOGMCU 2)HAREA 2)HUAREA 2.CUAREA 2,

hacost_fhuacost_2cuacost_2,

0AQCU2,0AQHU2,0BJFN32,Total2Z, TOTAREAJ TOTAREA _2,TotalA /

Solve WHEN2A wusing MINLP minimizing 032;

display ql.l,zl.l,ghul.l.zhul.kgcul,l,zcul.LOQHU 1,,0QCUL.1, AL, 1,AHU L1,

tH1LtC llWWl.lTK Lirourc,

q2.1,z2.1,qhu2.1,zhu2.1,qcu2.1,2cu2d,0QHU2.1.0QCU2.I, A2, ACU2.I,AHU2.1,

Costhl.],Costhul.l,0 Costhul 1,032.1.Costh2.I,Costhu2.l,0Costhu2.1,Costcu2.1,0Costcu2.1,022.1,032.1,Fcost2.I,PICI 1
1

PICost2.1,tH2.1tC2.1,ww2.I,FFW2.1,F2.1,TK.2.1,TOUTC2.1,03.1,032.1 Atotl.l Atot2.1, AREA.I.TAC2.1,
TS,FS2.i,F1,1,TK2.1 FK2.LTKLLFKL;



APPENDIX B

APPENDIX B-l Case Study 1.1 GAMS Solve summary

MODEL STATISTICS

BOXSCFEQUATIONS 11 SNGEEQUATIONS
BOOSCFVARABES 0 SNGEVRAES &
NNAORRVANS 16 DSREEVRAE 2
GNRATIONTIVE = Q0RSEOONDS  4MB 2421 B2 V\EXWE
PEUINTIVE = Q0RSEOONG  4MB 2421 i V\ExWE
CAVB2421 432 Reesseri D 9 3 VEXWE Y86 GAVBWittns 0U/23(14 11188 Pae 5
General Algebraic Modeling System
Souicn Rt SCLVECASH L Using MP Framlire 72
SOLVE  SUMMARY
MIE CAH1  BECME(H
TYE MP DIRECTION MNMZE
DREAE  RMUNT
e LVERSTATLS - 1Nl Gnpiein
o0k \COELSTATLS - 8 lrisger Soltion
e (BECTVEVALLE 210000
REOREWBAGE LIMT - 0516 1000000
[TERATIONGOUNT, LIMT 13- 2000000000
IBVILOGCPLEX 2421 %2 Releesed Dec 92003 VAB X 64VBWinctons
Cplex 122600
Spece forremes gproineiely 0COND
Ue cption renes nd totum ueofranes off
MPstatLs! 102 irtegey cptindl, tolerace
CplexTire: 0:3155c (cBt. O6tids)
Ry iteger varigbes, ad g fird LP.
Foed MPsats! 1): ot
Cplex Tire: QC0kc (o8t Abtids)



Slutionsatisfes toerarees

MPSiior 21000000 (I3 terations, Orcks)

A She 200000 (Oitertiors)

Btpossie 193000000

Amltecgr 7000000

Riaheqn  OCB0ER2

e RERCRTUMMERY: 0 NONOPT

OINEASBLE
0 UNBOUNCED

GAVB 2421 432 Relesser] Dec 9 2013 WD X35 64VBWinons 02314 11188 P

General Algebraic Modeling System

Execution

— RVARAE®RL 210000 Cryectve furction
VARABLECRAL 0000 Ordll freshweter
VARABEONAL - 50000 Oweell viet

— T2VARABERNL Freswter flowate

J1 000, j24000

— RVRRAE L Weofethsuce

BA00, U5
2 \VARABLEXL Sure gt fraction o)
2 B p

1 040 060

i/ 020 080

B 0143 050

Y 0583

— TRVARABEFL JlitirHowrateitoj
2 B %

il 2000 300

2 200 800

3 100m 300

i 30
RIRRAEYL
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2 100 100
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— TVPRMEZL

jI 1000 21000

— TVARALEKL Srkdreamoomoentration

Jl 2100 2 903 3 100000 4D
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APPENDIX B-2 : Case Study 1.1a GAMS Solve summary

MOCEL STATISTICS
BOOCCFEUATIONS 5 SINAEEQUATIONS 6
BOOGCFVARAE ¥ INAEVRAE 7
NNZROHBVENS 28 DS(REEVARAES 2
CGNRATINTIVE = QRSEION  4VB 2421 b2 \EX\\E
PEUIONTIVE = QRSOONG  4MB 421 b2 \EX\V\H
CAVB2421. /372 Relepser] Dec 9013 V\EXVAEL Y86 G4VBWincons 08131/14 (61523 P 5
General Algebraic Modeling System
Souion Ryt SOLVECASE | Ui MP Framlire &3

SOLVE  SUMMARY
MIH CAXl  (BECIMECR
TYE MP DIRECTION MNIMZE



SOLVER CPLEX FROMLINE &8
week SO VER STATUS — INormal Completion
4 MODEL STATUS 8 Integer Solution
o OBIECTVEVALE D
RESOURCE USAGE, LIMIT D0
ITERATION COUNT, LIMT o 28D (@
IBMILOG CPLEX  2021r4BPReleasedd Dec 9ZI3NEN x @IS Windows
Cplex 80
Space for names approximately CODVb
Use option ‘names no' to tum use of names off
MIPstatus( T3} integer optia, tolerance
Cplex Time: Oec (cet CRdicks)
Fixing integer variables, and solving final LP..
Fixed MIP status) 3 optimel
Cplex Time: QC0xc (cet OBxicks)
Solution satisfies tolerances.

MPSoution: 80 O O ( Biterations, Chocks)

Firel Solve: 0 Qterators)

Best possible;  YEDO/ED

Asoluegep. HEIL

Relative gep:

vk REPORT SUMMARY : O NONOPT
OINFEASIBLE
OUNBOUNDED

GAMS 2021 D Released Dec QTIINEX-WEI xEDBvS Windows CBAMUDBEpae 6
General Algebraic Modeling System

Execution

—  BVARIABLE GRIL = B0 Wojective function
VARIABLE OPWL = 10 Owrall freshmter
VARIABLE OWWL = BXWoverall waste

VARIABLE OFWC.L 7.0 Overall frestwater cost



VARIABLE OWWCLL = BI0@DOerall wasts cost
VARIABLE OPCL SN 0()

—  @WARIABLE PWL Freshwater floarate

jI W) j24000

—  BWARIABLE WW.L Waste of each source

i) 451

—  @WARIABLE XL Source split fraction i toj
iR B84

i 4D

i 020

i3 0]%34

i (BB

—  @VARIABLE FL Splitting Flowrate i toj
1 12 383 4

i 00 3D

Y 20000

i3 1000 %3 (1))

i4 3

—  GNARIABLE L
1 2 i3 4

i 100 100

i looo 1000

i3 1000 1000

i4 1(()

—  BWARIABLEZL

jl 1000, j2 1000

—  &WARIABLE OX.L Sink stream concentration

| 00 j250) ;310 42D 0
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APPENDIX B-3 Case Study 1.1b GAMS Solve summary

MODEL STATISTICS
BLOCKSOFEQUATIONS b SINGLEEQUATIONS 66
BLOCKSOFVARIABLES M SINGLEVARIABLES A
NONZEROELEMENTS ~ ZB DISCRETEVARIABLES &
GENERATIONTIME = (OBseconDs  4ve 221 4RAVEX-WE!
BEcUTIoNTIVE = (Q0EsEconDs 4vB 221 BANEX-WEI
GAVS 221 148 Released Dec QZIBNEXWEI X85 Bvs Windows BB B2bage 5
General Algebraic Modeling System
Solution Report  SOLVE CASE! Ib Using MIP From line &8
SOLVE SUMMARY

MODEL CASEllb  OBJECTIVE O8I

TYPE MP DIRECTION MINIMIZE

SOLVER CPLEX ~ FROMLINE &8
sk SOLVER STATUS — INormal Completion
ik \ODEL STATUS 8 Integer Solution
o OBECTVEVALLE PR

RESOURCE USAGE, LIMT QML

ITERATIONCOUNT, LMT 5 @)
IBM 1LOG CPLEX 2021 B Released Dec 9ZIBAEI xED@S Windows

Cplex j%640)

Space for names approximately CCDVb

Use option "names no' to tum use of names off
MIP status(ﬂ intéger optiml, tolerance
Colex Time; OCBec (det. 1Blicks)

Fixing integer variables, and solving final LP...
Fixed MIP status(]): optirmal

Colex Time: OBec (det. Qiicks)

Solution satisfies tolerances.



MPSolution: PSR terations, Chocks)
Finel Solve; (Oheratiors)
Bestpossible: ~ Q2SDiGR)
Absolute g AsHalb
Relative g~ (Laiy
b **REPORTSUMMARY : O NONOPT
ONFEASIBLE
OUNBOUNDED
GAVS 221 rDreleased Dec JEIBWEXWEL xEDBIS Windons BB B2pag 6

General Algebraic Modeling System

Execution

—  GVARIABLEOBIL = SEB3B0hjective function
VARIABLE OFW.L = & Owrall freshmater
VARIABLE OWWL = G Owrall vaste
VARIABLE OPWC L = &Y Owerall frestwater cost
VARIABLE OWMC.L = @Y Overal waste cost
VARIABLE OPC L =

—  BWARIABLE PWL Frestweter flowrate

j 160 j 263 414

—  BWARIABLE WA L Wsts of each source

R0

—  BWARIABLE XL Source splt fraction itoj
i 2 B3 A

il 100

i 020

i3 @B

4 (28
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— BVARABEFL it Honratei toj
i 2 i3 /4

1

D 20,000

3 B

i4 40 4 111)

—  GVARIABLEYL
i 2 B 4

1 100

/] 10 100

3 10D

i4 1D 1((0)

—  @WARIABLEZL

ji X j240) 410D

—  BWARIABLE CK.L Sink stream concentration

jI 200 {250 j3T0) j42000D
APPENDIX B-4 Case Study 1.1c GAMS Solve summary

MODEL STATISTICS
BLOCKSOFEQUATIONS "B SINGLEEQUATIONS B
BLOCKSOFVARIABLES ¥} SINGLEVARIABLES D
NONZEROELEVENTS 28} DISCRETEVARIABLES 2
GENERATIONTIVE = (BBseconDs  4ve 2ZR1R2NEX-WEl
BECUTIONTVME = (BBEcoNDs  4ve 2214RANEX-WEI
GAVS 2021 B Released Dec UIBNEX-WEI x 8BS Windows BIUBA Page 5
General Algebraic Modeling System
Solution Report  SOLVE CASE! Ic Using MIP From line q
SOLVE SUMMARY
MODEL CASEllc  OBJECTIVE OBJ
TYPE MP DIRECTION MINIMIZE



SOLVER CPLEX ~ FROMLINE 9
sk GOLVER STATUS — INormel Completion
*hk MODEL STATUS 8 Integer Solution
4 *OBECTVEVALE  TIBAEHD
RESOURCEUSAGE, LT (@8 D @
ITERATIONCOUNT, LMT - B D 00
IBMILOGCPLEX 221 Released Dec BN 8BS Windows
Cplex %480
Space for names approximately 10077
Use option "names no" to tum use of names off
MIP status( m integer optirmal, tolerance
Cplex Time: Qe (cet. ORkicks)
Fixing integer variables, and solving final LP..
Fixed MIPstatus(l): optiml
Cplex Time: 000xe (cet. Qi)
Solution satisfies tolerances.

P Soution: IR O (Mhiterations, Ohocks)

Firel Sohe: G750 @terations)

Best possible: 128361

Absolute gap: BB

Relatvegep: ~ (bcd)

} **REPORTSUMMARY : O NONOPT
OINFEASIBLE
(OUNBOUNDED

GAVS 221 A Released Dec QBAEXWE! x 8BS Windows BB Page 6
General Algebraic Modeling System

Execution

—  QUARIABLE OBIL = TIBADObjective furction
—  QUARIABLE OPWL Owerall frestwater

282

QARIABLE OWWL BZD0verall vaste



VARIABLE OPACL = ARARDOwerall freshwater oost
VARIABLE OWACL = QBWOerall wasts cost
VARIABLE OPCLL SN (1)

—  QUARIABLE FWL Frestwater flowrate
jIoot

2 B 3%

—  QUARIABLE WWL Waste of each source

i385 4243

—  QUARIABLE XL Source split fraction i toj
ft ft j4

il 100

p 0

i3 4B

i4 BN

i
i

i3
i4

Y
i3
i4

QUARIABLE FL Splitting Flowrate i toj

i3 j4

&3 ()

BR 1
35
Bb

Q/ARIABLEY-L

won A

100

100 100 1
1000
1000

QUARIABLE ZL

jIoot

1o 100
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jI W) 25000 j 3100 ;4T

APPENDIX B-5 Case Study 1.2 GAMS Solve summary

MODEL STATISTICS
BLOCKSOFEQUATIONS B SINGLEEQuUATIONS 9.
BLOCKSOFVARIABLES M SINGLEVARIABLES 1B
NONZEROELEMENTS 23 DISCRETEVARIABLES &
GENERATIONTIVE =  (CBIseconds  4ve 221 4R2Nex\el
EXECUTIONTIME = (CBIsEcoNDS  4vB 221 4BANEx el
GAMS 221 A8 released Dec JBNEX-WEI xEBIS Windovs BB Prae 5
General Algebraic Modeling System
Solution Report  SOLVE CASE Rsing MIP From line 86
SOLVE SUMMARY

MODEL CASEP.  OBJECTIVE ORI

TYPE MP DIRECTION MINIMIZE

SOLVER CPLEX ~ FROMLINE 86
sk SO VERSTATUS — INormal Completion
»** MODEL STATUS 8 Integer Solution
s+ OBJECTIVE VALUE (),

RESOURCE USAGE, LIMIT

ITERATION COUNT, LMIT & A1
IBM 1LOG CPLEX 2421 rPReleased Dec JAI3AE! xED@VS Windows
colex 10

Space for names approximetely QM

Use option ‘names no' to turn use of names off
MIP status( T2® integer optimel, tolerance
Cplex Time; O (. Hticks)

Fixing integer variables, and solving final LP...
Fixed MIP status(): optirrel




Colex Time: Qe (det. Qlicks)

Solution satisfies tolerances.

MIPSolution; 12000000 (Siterations, Jhoce)

Firal Solve; 11000000 (1 iterations)

Best possible: 10000000

Absoluteggp: 1000000

Relativegep: (I

ook REPORT SUMMARY : O NONOPT
ONFEASIBLE
OUNBOUNDED

GAMS 221 148 Released Dec GTMINEX-WET ¥xEDBIS Windows BB Dage 6
General Algebraic Modeling System

Execution
—  GAARIABLE OBIL = J(@objective furction
VARIABLE OFWL = (@Dowrall fresater
VARIABLE OWWL = (0overall waste
VARIABLE OPWCLL = (O0Doverall freshwater cost
' VARIABLE OWWCLL = (DOverall waste cost
VARIABLE OPCL = 1100
—  GAVARIABLE PWL Frestwater flowrate
(AL (0
—  GAARIABLE WW L Waste of each source
(AL (@
—  GNARIABLE XL Source spit fraction  toj
i 2 i3 A j5
i 100
p m O om D

i3 ®4 (06
i D 0el
i5 a®
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— §\VARAEFL SdittiHowratei toj

1 2 B3 A4 b
i QD
2 100 4 3B @/
i3 &0
id 4] 50
5 45 OB
— GNARIABLEY L

it 2 i3 4 5
it 100
2 100 10 10 10
i3 100 100
i 10 1000
iD 100 100
— GhaRriABLEZL

(AL O

.- GVARIABLE CK . Sink stream concentration

) 1A p 1B, 36D 46K 15
APPENDIX B-6 Case Study 1.3 GAMS Solve summary

MODEL STATISTICS

BLOCKS OFEQUATIONS b SINGLEEQUATIONS 4.

BLOCKSOFVARIABLES ¥ SINGLEVARIABLES 1B

NONZEROELEVENTS 8D DISCRETEVARIABLES D

GENERATIONTIVE = (0BsECONDS  4vB 2R TANEX-WEI
ExecuTioNTVE = QJBEcoNDS  4vie 221 42NEX-WEl

GAVS 2421 A8 Released Dec 9XINEX-WE ¥ GBS Windows BB ae 5



General Algebraic Modeling System
Solution Report - SOLVE CASE Husing M From line 86
SOLVE SUMMARY
MODEL CASEIL  OBJECTIVE ORI
TYPE MP DIRECTION MINIMIZE
SOLVER CPLEX ~ FROMLINE 8
weik GOLVER STATUS  Normel Completion
*k MODEL STATUS 8 Integer Solution
s OBJECTIVE VALUE A
RESOURCE USAGE, LIMIT - 008
ITERATIONCOUNT, LMT A
1BV ILOG CPLEX 2218 PReleased Dec QZ3nE! xEDBhS Windows

Cplex 0

Space for names approximately CCDVb
Use aption "names noto tum use of names off
MIPstatus( T2 integer optina, tolerance
Cplex Time: OBec (cet. (Bnticks)
Fixing integer variables, and solving final LP..
Fixed MIP status(l): optirml
Cplex Tire: Ok (cet OCBkicks)
Solution satisfies tolerances.
MIP Solution: (Aiterations, Chokes)
Finel Soh: Oteratons)
Bestpossible:  YEEED
Asoute g 2ZBED
Relativegep: (OO
® *REPORT SUMMARY : O NONOPT
ONFEASIBLE
(OUNBOUNDED
GAVS 221 148 Released Dec QZIBNEXWE! xE@IS Windows CBATBADpage 6
General Algebraic Modeling System
Execution
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SAARIABLE ORI L = @Dobjective function
VARIABLE OFWL = 25 Owrall freshmater
VARIABLE OWNL = Z8D0wral waste
VARIABLE OPWCL = Z8D0wrall freshwater cost
VARIABLE OWWCL = 25 Owralwasts cost
VARIABLE OPC L - B

—  GUARIABLE PWL Freshwater flowrate

ji 8B j 208} j30Eb 4604 jHAH
—  GAARIABLEWWL Waste ofeach source
il ) 750 BS
—  GNARIABLEXL Source split fraction i toj
i 2 i3 4 5
3 Bl A6
4 3 011
b (8B 01$2
—  BNARIABLEFL Splitting Flowrate i toj
i j2 i3 4 b5
06%2) 25 1%
Fb L)
b 0371

TR

SA/ARIABLE YL

i 2 i3 4 5

3 1M W W

4 10 10

5 {((0) ()

—  GVARiABLEZL

il 10, 210 ;31 j410) j510
—  BUARIABLE CK L Sink stream congentration

j 2000 j2200) 300 420, (S0
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APPENDIX B-7 Case Study 2 before regenerationGAMS Solve summary

MODEL STATISTICS
BLOCKSOFEQUATIONS 1L SINGLEEQUATIONS &8
BLOCKSOFVARIABLES 10 SINGLEVARIABLES I 3rojectsd
NONZEROELEMENTS ~ Z1 DISCRETEVARIABLES D)
GENERATIONTIME = (OBsEcoNDs  4vB 2214RANEX-WEl
EUTIONTIVE = (0BsEconds  4vB 2214 AWEX-WEl
GAVS 2021 P Released Dec QZI3NEX-WEL x5 BV Windows CBCE B3 Pae 5
General Algebraic Modeling System
Solution Report ~ SOLVE CASEAUsing MIP Fromline &)
SOLVE SUMMARY

MODEL CASEZ - OBJECTIVE OBJ

TYPE MP DIRECTION MINIMIZE

SOLVER CPLEX ~ FROMLINE &
sk SOLVER STATUS — TNormel Completion
w5 \ODEL STATUS 1 Optima
w0 OBJECTVEVALLE 2000

RESOURCEUSAGE, LmT  (CRL 00D

ITERATION COUNT, LiMT 1. ZVHID
IBM ILOG CPLEX 2121 rABPReleased Dec OXI3NEN x E@VS Windows
Cplex %80

Space for names approximately (@

Use aption "names no' to tum use of names off
MIP status(ioi): integer optimal solution
Cplex Time: (e (clt (R)icks)

Fixing integer variables, and solving final LP..
Fixed MIP status(): optimal

Cplex Tire: OCec (cet. (icks)



Proven optimal solution.
MIP Solution; (I iterations, Chocks)
Fird Sohve: 8T8 Qterations)

Best possible: 4 4

Aolute g (L00000)

Relative gpp: -~ (L0000

sk REPORT SUMMARY : O NONOPT
OINFEASIBLE
(OUNBOUNDED

GAVS 221 48 Released Dec QAIBNEX-WE L& BvS Windows CBCEU I Pae 6
General Algebraic Modeling System

Execution

—  QVARIABLEOBIL = BIBB0bjective function
VARIABLE OFWL = &7 0wrdl frestweter
VARIABLE OWWL = BB Owerdll viaste

—  QVARIABLE FWL Frestwater flowrate
jI Y 5005 3B ¢ M) (53! s BY
—  GVARIABLE WWL Weste of each source
2188 4B
—  QVARIABLE XL Source spit fraction itoj
I 2 i3 4 5 b

i 100
i2 (D A W AR B4
i3 1000

id 0118
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AVARIABLE FL Spliting Flowrate i toj
P2 3 @4 5

B

: BB ABH 7 8D 3B 168
3 2130
4 ()
—  QvaARIABLEYL

i 2 3B A 5 j
i 100
2 100 100 12000 100 1000 100
i3 100
id 100
— 8vARimBLEZL

il X0 2000 340 j4XW) 510 jo 1M
—  8VARIABLE CK.L Sink stream concentration

ji 200 ;280 3100 jAXI) jS2M)j6 20

APPENDIX B-8 Case Study 2 with regeneration GAMS Solve summary

MODEL STATISTICS

BLOCKS OF EQUATIONS 2 SINGLEEQUATIONS 9t
BLOCKSOF VARIABLES &) SINGLEVARIABLES TP 3ojected
NONZEROELEMENTS 3B NONLINEARNZ 4B
DERVATVEPOOL D constantpoor I/

CODE LENGTH )

GENERATIONTIVE = (OIBsECONDS  4vB 2R AANEX-WE!
BECUTIONTIVE = (0BEcoNDs  4ve 2142 we!

GAMS 221 148 Released Dec JTAINEX-WE x@@NS Windows mm?age 5
General Algebraic Modeling System
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SRyt VECAE2 UingNPRamlire 116
SOLVE SUMMARY
MODEL CASEZ2  OBJECTIVE ORJ
TYPE NLP DIRECTION MAXIMIZE
SOLVER CONOPT ~ FROMLINE 1B
sk GOLVER STATUS | Normel Commpletion
sk VODEL STATUS  2Locally Opil
# ORECTVEVALLE — EBHI6
RESOURCEUsAGE LMT 006 D @D
ITERATIONCONT,LMT B D @
EVALUATIONERRORS 0 O
coNoPT 3 22148 PRelesed Dec BN x&i@NS \Windows
CONOPT version ST
Copyright (C)  ARKI Consulting and Development A'S
Bagsvaerchej 2BA
DK~ Bagsvaerd, Denvrerk

The model has TRariables and Sborstraints
with SBJacobian elements, LBof which are nonlinear,
The Hessian of the Lagrangian has (errents on the diagonal,
Drements belowthe diagonal, and Bhorlinear variables.
** \Warning ** The variance of the derivatives in the initial
point s large (= 48, A better iritial
point, a better scaling, or better bounds on the
variables will probably help the optimization.
** Optirmal solution. There are no superbesic variables.
wek REPORT SUMMARY =~ O NONOPT
ONFEASIBLE
OUNBOUNDED
0 ErRRORS



G421 14372 Reeeserd Dec 92003 VEXWELXG G4IVBchins 030314 16323 Pace6
General Algebraic Modeling System
Execution

TIA/ARIABLE OBIL = BB ovjective

VARIABLE INVLL = JRB!Total investrrent cost (9)
VARIABLE INCL = ATB Iniial operatirg Cost (5 per year)
VARIABLEOptCostL. = FECI32New operating Cast ( per year)
VARIABLE SaveL = BB aving Cost (5 per year)
VARIABLE FRL = GIDRegereration Flowrate (ton per )
VARIABLE OFWL = JBROverall Frestweter (ton perh)

TIA/ARIABLE FWL Freshnater flonrate (ton per b

il MG 21628 5368 jo S

TTA/ARIABLE WL Waste flowrate of each source (ton per h)

2B AERD

il

TIA/ARIABLE TWL = (waste to treet flowrate (ton per )
VARIABLERaeal =  TTABOAreaof Regeneration unit (m3

TA/ARIABLE XL Spliting fraction

1 ft ft fto- ft ft
1000

oo Q4 0% (8D 02 (6
1000

TIA/ARIABLE Fx.L Splitting Flowrate (ton per h)
i i3 1w 5 s
4741

? B8 260/ 64 B 3b 3D

3

213D
TIA/ARIABLE Fy.LL Regeneration Splitting Flowrate (ton per h)
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2B 381 4100
—  TIA/ARIABLE 0K Sink stream concentration after Regeneration (ppr)
1 2000 ; 280W) j3T0) jA20W) ;5206
ExecUTIONTIVE = (becons 3B 2214R2ANEx- Wl
USER: The Petroleum and Petrochemical College 6 137285 wil
Chulalongkom University 0
License for teaching and research at degree granting institutions

APPENDIX B-9 Case Study 3,1 GAMS Solve summary’

MODEL STATISTICS
BLOCKSOFEQUATIONS 9 SINGLEEQUATIONS T/
BLOCKSOFVARIABLES ~ § SINGLEVARIABLES P
NONZEROELEVENTS 48
GENERATIONTIVE = (DeCoNDS  4vB 221 4ARANEX-WE
EXECUTIONTIVE = (WsECoNDs — 4vB 221 4A2Nex- el
GAMS 221 B Released Dec QZIBNEXWE! xEBIvS Windons CBEUD M ae 5
General Algebraic Modeling System
Solution Report  SOLVE CASELAL Lsing LP From line 568
SOLVE SUMMARY

MODEL CASETAL]  OBXECTIVE 0BIL

TYPE LP DIRECTION MINIMIZE

SOLVER CONOPT ~ FROMLINE 58
wk O VERSTATUS  INorml Completion
e \ODEL STATUS  otiel
o BECTVEVALE — ZYAAS

RESOURCE USAGE, LIMIT

[TERATION COUNT, LIMIT 4
CONOPT 3 2021 B Released Dec. 9 XI3eEl x 8BS Windovs



CONOPT 3 vasm3 v
Copyright (C) ARKI Consulting and Development A/S
Bagsvagrdve) 2B
DK-ZB)Sagsvaerd, Denmark
** Optimal solution. There are no superbesic variables.
*+ REPORT SUMMARY : O NONOPT
ONFEASIBLE
(OUNBOUNDED

GAVS 221 AP Released Dec QZTBNEX-WEL xE S Windows CBEUAD T pae 6
General Algebraic Modeling System
Execution
— BwrmERIL - AT
—  EOVARIABLE XL Split fraction source to sink

1 2
i2 02 B
—  TOVARIABLE RRL Frestwter flowrate (kg perh)

o
2 VR Yexd
—  TEVARIABLE Y.L Split fraction source to treat for mocel 1
1 1) 2128
—  D/ARIABLE XF L Split Howrate source to sink (kg per h)

i
2 3636 3B
MODEL STATISTICS
BLOCKS OFEQUATIONS 45 SINGLEEQUATIONS &)
BLOCKSOF VARIABLES 3B SINGLEVARIABLES 92 projected
NONZEROELEMENTS Y NONLINEARNZ 9B
DERIVATVEPOOL D) constanTPOOL B
CODE LENGTH 2D DISCRETEVARIABLES 6
GENERATION TINE @Fsecones e 221 B2nex el



BECUTIONTIME 004SHOONS  3MB 24212 V\EXVH
GAVS 221 B Released Dec JIBNEX-WE! xS Windows CBRTUAIE Drae D
General Algebraic Modeling System
Solution Report  SOLVE CASESEAL Asing MINLP From line 58
SOLVE SUMMARY

MODEL CASEZLALZ  OBJECTIVE OBIZ

TYPE MINLP DIRECTION MINIMIZE

SOLVER DICOPT ~ FROMLINE 5B

sk SOLVER STATUS — INormal Completion
iy MODEL STATUS 8 Integer Solution
w0 ORIECTIVEVALLE 3808
RESOURCE USAGE,LMT (02 THIED
ITERATION CONT, LT~ T 41
EVALUATIONERRORS O O
week REPORT SUMMARY : O NONOPT
ONFEASIBLE
OUNBOUNDED
0 ERRORS
GAMS 2021 AP Released Dec QEIBWEX-WE xED@S Windows CBAHAEE Dpage 1
General Algebraic Modeling y temEXec ti0
—  DVARIABLE ORILL - JAT
VARIABLE 0BJA. - 332
— BUARIABLE xF L Split Howrate source tosink (kg per h)
1 12
i2 Yo TBRD
—  TVARIABLE yF.L Split Flowrate source to reat (kg per )
ul
i
SEOVARIABLE 2F L Split Flowrate treat tossink (kg perh)
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i j2
| BPI6 &
—  TD/ARIABLE FRL Frestwater flonrate (kg per b
2
i Al
—  SHBVARIABLE WWI.L Weste Lflowrate (kg per h)
2364/

—  DUARIABLEWWAL Weste  flowrats (kg per )
wl J0ED
—  TDUARIABLE OWL (0B Weste discharge composition
— VARIABLE FTX. Treatrrent flowrateiin (kg perh)
ul Z20100)
— TDVARIABLE YTL Existing Treatment it
n2

ul- 1,000

MODEL STATISTICS

BLOCKSOFEQUATIONS B} SINGLEEQuATIONS 1B
BLOCKSOF VARIABLES 4 SINGLEVARIABLES ~ F
NONZEROELEMENTS 2B DISCRETEVARIABLES &)
GENERATIONTIVE = (0iGsECONDS v 221 4BANEX-WE
BEUTIONTIVE = (06EcoNDs  3vB 2R 4RANEX-WEl
GAVS 2021 48 Released Dec QUIBNEXWE! ¥ 8BS Windows CBAIUAB D B
General Algebraic Modeling System
Solution Report  SOLVE CASELAL3king MIP From lire @B

SOLVE SUMMARY

MODEL CASETAL3  OBJECTIVE OBI3

TYPE MIP DIRECTION MINIMIZE

SOLVER CPLEX ~ FROMLINE BB

week GOLVER STATUS  INormel Completion



e \CCELSTATS  1Qind

V% OBECTMVEVALLE — PEIID

RESOURCEUSAGE, LMT O D @

TERATIONCOUNT, LMT O 21D

IBM ILOGCPLEX 2421 v Released Dec JIBNEN xEB@hS Windows

Cplex %400

Space for names approximetely Qv
Use option inames no" to tum use of names off
MIP status(ioi): integer optimal solution
Cplex Time: Qe (cet. Qkicks)
Fixing integer variables, and solving final LP..
Fixed MIP status(l): optimal
Cplex Time: 00k (det. OBicks)
Proven optimal solution.
Mp Solution:  EHEB Oeratons, Chocks)
Firel Sohe: ~ DEIXNB @teratiom)
Best possible; IEXXB
Aolutegpp:— CLOQOO0)
Relative gap: 0
[*** REPORT SUMMARY : O NONOPT
ONFEASIBLE
(OUNBOUNDED
GAMS 21 4 Released Dec QZBNEXWEI xEDBvS Windows RO B Drae B
General Algebraic Modeling System
Execution
— AAmriBERId - 32
VARIABLEORIL. = 3D
VARIABLEFACostL = CHZ3Brrestwater annual cost( pery)
VARIABLE TOCost L T8.0 Treatrent operation anruel cost (5 pery)
VARIABLE TTCostL QBB Total treatrrent investrent amnual cost (Sper y)



VARIABLEPACostL = FPeP/BBPiping annual cost (pery)
— @AVARIABLE CT.L Treatrrent composition out
w (0B
—  @A/ARIABLE CTI L Treatment composition in
ul O
—  @A/ARIABLE TACL - 3D

— GI/PARAVETER YFP XF parameter
i 2

i2 Yo TBHD

—  GI/PARAVETERYFP yF peraneter
ul

1

—  GI/PARAVETER 27 2F paraneter
2

w B9b &A

—  GI/PARAVETER FRP FW parameter

N/
i A

—  G/PARAVETER WW Wi Jperameter
P37
—  G/PARAVETER WW2 W berameter
wl S0
— @A/ARIABLE YT.L Existing Treatment unt
2
ul 1000
—  @A/ARIABLE 2XL Existing Split Flowrate source to sink

J 2
21000 1000
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6L7 VARIABLE2y L Bxisting it Hoarae curce o reet
ul

1 100

—  @A/ARIABLE ZZL Existing Split Flowrate reat to sink
2

w1000 1000

—  @AARIABLE ZrL Existing Flowrate fresh to sink
2
1000
—  @AARIABLE zwl L Existing Split Flowrate source to waste
D100
— @AARIABLE WA Existing Split Flowrate treat to waste
wl 1000
MODEL STATISTICS
BLOCKSOFEQUATIONS B8 SINGLEEQUATIONS B
BLOCKSOFVARIABLES 3 SINGLEVARIABLES T
NONZEROELEMENTS 46 NONLINEARNZ 1B
DERVATVEPOOL D constantrooL )
CODE LENGTH A DISCRETEVARIABLES
GENERATIONTIVE = (0BseconDs 3B 221 ANEX-WE
BECUTINTIVE = (0BseconDs  3v 221 4BANEXWEI
GAMS 221 i Released Dec QZIBAEXWEI xED B Windows CBAACL B pae 2
General Algebraic Modeling System
Solution Report - SOLVE CASESLAL Ausing MALP From line G2}
SOLVE SUMMARY

MODEL CASEZAL4  OBJECTIVE 0B

TYPE MNP DIRECTION MINIMIZE

SOLVER DICOPT ~ FROMLINE 624



wieex OLVER STATUS — Tormel Completion
*xk MODEL STATUS 8 Integer Solution
o OBECTIVEVALUE ~— ZRTHP
RESOURCE USAGE, LMt~ (L
[TERATION COUNT, LIMIT €5
EVALUATIONERRORS O O
week REPORT SUMMARY © O NONOPT
OINFEASIBLE
(OUNBOUNDED
1 ERRORS(*"
GAVS 221 B Released Dec QZ3nExWe! x85BS Windons CBATUAEE Thage A
General Algebraic Modeling System
Execution
— GhmrmBERIY = 36D
vARBLEORMA. = R

VARIABLEPACostL = ZES0EPipingamnual cost (Spery)
— @BIARIABLEXF.L Split Flowrate source tosink (kg per b)
J

i2 B2 %D

—  GBVARIABLE yF.L Split Flowrate source to trea (kg per h)
ul

i

—  GOBVARIABLE ZFL Split Flowrate treat tosink (kg per h)
il

w B4

— @B/ARIABLE FRL Frestwater flowrate (kg per )
]

i Al

— GB/ARIABLE OFWL = ABA7Ovrall frestwter florate (kg per h)
GBVARIABLE WWIL Weste i flowrate (kg per h)
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1231
—  GBVARIABLE WWA. Waste  flowrate (kg perh)
w3. 0
— GBVARIABLE OWWL = GBI/ Overal weste flowrate (kg per h)
— GBVARIABLE YT.L Existing Treatment unit
2
ul 1,000
— @BVARIABLE CT.L Treatment composition ot
w (0B
— @B/ARIABLE CTIL Treatrrent composition in
ul
— GBUARIABLE CWL = (0B Weste discharge composition

—  GBVARIABLE 2XL Existing Split Flowrate source to sink
il »

i2 1000 1000

— @BVARIABLE zy.L Existing Split Flowrate source to reat
ul

il 1000

—  GBVARIABLE 7ir L Existing Flowrate fresh tosink
JI

1000

APPENDIX B-10 Case Study 3.2 GAMS Solve summary

MODEL STATISTICS

BLOCKSOFEQUATIONS 9 SINGLEEQUATIONS
BLOCKSOFVARIABLES 8 SINGLEVARIABLES B
NONZEROELEMENTS 2

GENERATIONTIVE = (TECONDS  4vB 21 ARAEXWEl



2217

ExeCUTIONTIVE = (seconDs  4vie 221 AR2NEXWE
GAMS 221 B Released Dec JAIBNEX-WEI xED B Windows (BRI ae 5
General Algebraic Modeling System
Solution Report - SOLVE CASEZAL JLing LP From line &
SOLVE SUMMARY
MODEL CASERAL1  OBJECTIVE OBJ1
TYPE P DIRECTION MINIMIZE
SOLVER CONOPT ~ FROMLINE 9B
ek SOLVER STATUS | Normel Completion
ik \IODEL STATUS | Optimel
ek OBJECTIVEVALUE e[ ferd
RESOURCE USAGE, LIMIT
ITERATION COUNT, LIMIT 5 ZTIHIHID
CONOPT 3 2P21rA8NReleased! Dec. JA3NET xEDBIS Windons
CON OPT Sversion 3T
Copyright (C) ARKI Consulting and Development A'S
Bagsvaercej DA
DK Bagsvaerd, Denerk
** Optimel solution. There are no superbasic variables.
CONOPT tire Tota O@Aseconds
ofwhich: Functionevaluations ~ QDx 06
& Derivative evaluations OO} 0%
week REPORT SUMMARY ;O NONOPT
QNFEASIBLE
OUNBOUNDED
GAVS 221 B Released Dec QZIBNEX-WE xS Windows CBAHACE B age 6
General Algebraic Modeling System
Execution
— HSomRMBLERIL = SR
—  BB/ARIABLEXL Split fraction source to sink

J2

il 1.000



i2
—  DO/ARIABLE FRL Frestwater flowrate (kg per )

Jl J2
i 800D 3HM
— SB/ARIABLEy 1L Splitfraction source to treat for mockl 1
201 i3 410
—  SO/ARIABLE xFL Split Flowrate source tosink (kg per )
N
1 A0
2 YU
MODEL STATISTICS
BLOCKSOFEQUATIONS ~ 4b SINGLEEQUATIONS T8
BLOCKSOFVARIABLES 3B SINGLEVARIABLES  HL
NONZEROELEMENTS 58 NONLINEARNz 1B
DERIVATIVEPOOL D constantroor 31
CODE LENGTH 4D DISCRETEVARIABLES 1
GENERATIONTIVE = (CRIsEconds — 3vB 221-42Anex- el
pecUTIONTVE = (B%econDs v 221 ARANEx- el
GAMS 221 B Released Dec STIINEX-WE BBV Windows CBHAEREpae D
General Algebraic Modeling System
Solution Report  SOLVE CASESZAL Asing MINLP From fine €624
SOLVE SUMMARY
MODEL CASERALZ  OBJECTIVE OBIZ
TYPE MINLP  DIRECTION MINIMIZE
SOLVER DICOPT ~ FROM LINE @41
ek SOLVER STATUS 1 Normal Completion
**ymodel status 8 Integer Solution
weor OBIECTVEVALUE — ZNXBEID
RESOURCE UsaGE LMT  0IB D
ITERATION COWNT, LMT -~ T4 200D @
EVALUATIONERRORS O O
wioek REPORT SUMMARY . O NONOPT

228



ONFEASIBLE
(OUNBOUNDED
0 RRORS
GAVS 2421 48D Rdleased Dec QREINEXWEI xEDBvS Windows BT B Epage 1L
General Algebraic Modeling y temEXec tio
— @brmeEcRIL - SHRE
VARIABLEGRIA. = ZIAB®A
—  @DVARIABLE ¥ Split Flowrate source tossink (kg per )
i 12
i
? 1Ay
—  @DVARIABLE yF L Split Flowrate source to treat (kg per h)

2
2 3818
322400
4
-— 605 VARIABLE zF.L Split Flowrate treat to sink (kg per h)
)2
2 BB
—  @IDVARIABLE FRL Frestwater flowrate (kg per h)

1
(28 1)
—  @DVARIABLE WWL Waste i flowrate (kg per h)
22385
—  @DVARIABLE WWZL Weste  flowrate (kg per H)
220685
—  @BVARIABLE OWL = HTMwaste discharce composition
—  @DVARIABLE FTI.L Treatrent floarate in (kg per )
25AB
—  @DVARIABLE YTL Existing Treatrent urit

n3

21000

229



— @varimBLERACKL = TOCIDFreshweter annual cost (§ pery)

VARIABLETTCostL = ZESEBB¥Total treatrent investment annual cost (Sper y)
VARIABLETOCstL = XSO Treatrent operation annual cost (5 pery)
MODEL STATISTICS

BLOCKSOFEQUATIONS @ SINGLEEQUATIONS M4
BLOCKSOFVARIABLES 44 SINGLEVARIABLES 1B
NONZEROELEMENTS 49 DISCRETEVARIABLES 3B
GENERATIONTIVE = O0DseconDs  3vB 221 ARAWEX-WEI
pEUTIONTIVE = Q0BEcoNDs 3B 221 4BNEX-WE
GAMS 221 B Released Dec 9ZBNEXWE! xEDBIS Windows CBRTUOE S xe
General Algebraic Modeling System
Solution Report - SOLVE CASERAL 3 sing M From line &
SOLVE SUMMARY
MODEL CASERAL3  OBJECTIVE ORI3
TYPE MP DIRECTION MINIMIZE
SOLVER CPLEX ~ FROMLINE &
sk GO VERSTATUS ! Normel Completion
week \ODEL STATUS | Optimal
o ORIECTVEVALE ~ TE2T81
RESOURCEUSAGE, LMT 08 D
ITERATION COUNT, UMT O 2D O
* *REPORTSUMMARY : O NONOPT
OINFEASIBLE
(OUNBOUNDED
GAVS 2021 rBPRdleased Dec 9ZBNEX-WEL kBB Windows (BRTUAL P+ B
General Algebraic Modeling System
Execution
— GB/ARIABLERIZ. - TR
VARIABLE 0BJ3. - BB
VARIABLEFACstL = TR Freshvter amuel cost (6 pery)
VARIABLETOCotL = KB Treatrent operation annual cost ( pery)
VARIABLE TTCast L AB5PBY Total treatrment investment annual cost (Bper'y)



VARIABLE PACstL = XT3 Pipingannual cost (Spery)
—  GBVARIABLE CTL Treatment composition out
4%
—  GIBVARIABLE CTI.L Treatment composition in
2534
— GB/ARIABLE TACL - 2B
—  GEPARAVETER YFP F paraneter
il j2
i
2 1Y
—  GEBPARAVETER yFP yF perameter
2
2 318
13 220D
4
—  GEPARAVETER 2FP 2F perameter

J2
2 BB
—  GBPARAVETER FRP W perarmeter

jl

1 4000

—  GBPARAVETER ww IP W Jperarmeter
122805

—  GEBPARAVETER W2 Wi erameter

22065

—  GIB/ARIABLE YT L Bxisting Treatment urit
n3

2 100

—  GIBVARIABLE 2x L. Existing Split Flowrate source tosink
Ion

il 1000

231



2 1,000
—  GBVARIABLE zy.L Existing Split Flowrate source to treat

2
(0

| RS
B8gE5

ARIABLE ZZL Existing Split Flowrate treat to sink
12
2100
—  GIBVARIABLE zfr L Existing Flowrate fresh tosink
j
1000
—  GBVARIABLE zwl L Bxisting Split Flowrate source tovieste
i2 1000
—  GBVARIABLE 2w Existing Split Flowrate treat to st
2100
MODEL STATISTICS
BLOCKS OF EQUATIONS SINGLEEQUATIONS 23
BLOCKS OFVARIABLES 3l SINGLEVARIABLES A
NONZEROELEMENTS &7 NONLINEARNZ 2D
DERIVATVEPOOL D constantpoo. 44
CODE LENGTH (Bl DISCRETEVARIABLES 3B
GENERATIONTIVE = (0BsECONDS 3B 221 AANEXWEI
EXECUTIONTIVE = (OBsEconDs 3ve 22 BB W
GAVS 221 P Released Dec. JIINEX-WET xS Windows CBAAE R Epae D
General Algebraic Modeling System
Solution Report SOLVE CASE AL Asing MAILP From fine &)
SOLVE SUMMARY
MODEL CASERAL4  OBIECTIVE 0BI4
TYPE MINLP  DIRECTION MINIMIZE
SOLVER DICOPT ~ FROMLINE 6B
4 #SOLVER STATUS  TNormal Completion



***x MODEL STATUS 8 Integer Solution
**** OBJECTIVE VALUE 958322 7301
RESOURCE USAGE, LIMIT 0.671  1000.000
ITERATION COUNT, LIMIT 869 2000000000
EVALUATION ERRORS 0 0
***» REPORT SUMMARY : 0 NONOPT

0 INFEASIBLE

0 UNBOUNDED

0 ERRORS

GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/04/14 01:39:36 Page 21

General Algebraic Modeling System

Execution

— 700 VARIABLE OBJI.L = 85906286
VARIABLE 0BJ2 L = 207203 804
VARIABLE 0BJ3.L = 958322.730
VARIABLE 0BJ4 L = 958322.730

VARIABLE FACost L

16704.0  Freshwater annual cost ($ pery)
VARIABLE TOCost.L

141889.959 Treatment operation annual cost ( pery)
VARIABLE TTCost L

48609.844 Total treatment investment annual cost ($pery)
VARIABLE PACost L

751118.926 Piping annual cost ($pery)

700 VARIABLE xF.L Split Flowrate source to sink (kg per h)

M| ft
2880.000

=

2 12485.857

700 VARIABLE yF.L Split Flowrate source to treat (kg per h)

3280.408

—
~

=
(%

21240.0

—_
~

5040.000

— 7 VARIABLE zF.L Split Flowrate treat to sink (kg per h)

ft

233



2 8394143

700 VARIABLE FR L Freshwater flowrate (kg per h)
jl
1440 000

— 700 VARIABLE OFW.L = 1440.000 Overall freshwater flowrate (kg per h)

-— 700 VARIABLE WWI L Waste i flowrate (kg perh)
i22233.735
— 700 VARIABLE WW2 L Waste flowrate (kg perh)

2 21166.265

700 VARIABLE OWW.L = 23400000 Overall waste flowrate (kg per h)

700 VARIABLE YT L Existing Treatment uflit

2 1.000

700 VARIABLE CT L Treatment compaosition out
24050
— 700 VARIABLE CTI L Treatmentcomposition in
225.314

700 VARIABLE CW L E 5.000 Waste discharge composition

— 700 VARIABLE ZX.L Existing Split Flowrate source to sink
Jl N
1000
I/ 100

— 700 VARIABLE zy.L Existing Split Flowrate source to treat

=

2
P 100
13 1.000
4 1.000

-—— 700 VARIABLE zfr.L Existing Flowrate fresh to sink
jl
rl 1.000
— 700 VARIABLE PALL = 172099.240 Piping cost source to sink ($ pery)

VARIABLE PA2 L = 283782.798 Piping costsource to treat( pery)
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VARIABLE PA3.L

0.000 Piping cost treat to treat ( pery)
VARIABLE PA4 L = 74540.878 Piping cost treatto ($ pery)

VARIABLE PAS L

7720.035 Piping cost fresh tosink ( pery)
VARIABLE PA6 L = 25018648 Piping costsource towaste ( pery)

VARIABLE PAT.L

187957.326 Piping cost treat to waste ( pery)

APPENDIX B-II  Case Study 4 WN design GAMS Solve summary

MODEL STATISTICS

BLOCKS OF EQUATIONS 14 SINGLE EQUATIONS 94

BLOCKS OF VARIABLES 13 SINGLE VARIABLES 109

NON ZERO ELEMENTS 291 DISCRETE VARIABLES 35

GENERATION TIME = 0.016 SECONDS =~ 4 MB 24.2.1 143572 WEX-WEI

EXECUTION TIME = 0.016 SECONDS 4 MB 24.2.1 r43572 WEX-WE1

GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 05:51 46 Page 5
General Algebraic Mod-eling System

Solution Report  SOLVE MIXING! Using MIP From line 335

SOLVE SUMMARY

MODEL MIXINGL OBJECTIVE oil
TYPE MIP DIRECTION MINIMIZE
SOLVER CPLEX FROM LINE 335

**%* SOLVER STATUS  1Normal Completion

***x% MODEL STATUS  10ptimal

***x OBJECTIVE VALUE 67500.0000

RESOURCE USAGE, LIMIT 0.031 10 000

ITERATION COUNT, LIMIT 41 20 0000

IBM ILOG CPLEX 24 2 1143572 Released Dec 9,2013 WEI x86_64/MS Windows
Cplex 12.6.0.0

Space fornames approximately 0.00 Mb

Use option 'names no'to turn use of names off

MIP status(l01): integer optimal solution



Cplex Time: 0.00sec (det. 0.20 ticks)

Fixing integer variables, and solving final LP...
Fixed MIP status(l): optimal

Cplex Time: 0.00sec(det. 0.13 ticks)

Proven optimal solution.

MIP Solution: 67500.000000 (22 iterations, 0 nodes)
Final Solve: - 67500.000000 (19 iterations)
Best possible:  67500.000000
Absolute gap: 0.000000
Relative gap: 0.000000
**** REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 05:51 46 Page 6

General Algebraic Modeling System

Execution

— 336 VARIABLE FCost.L = 67500.000 Freshwater cost
VARIABLE OFW .L = 22.500 Overall freshwater
VARIABLE OWW L = 22.500 Overall wastewater

— 336 VARIABLE FFW L Freshwater flowrate
il 3.205, j22.182, 3 8,107, j4 4.364, j5 4.643
— 336 VARIABLE yFW.L Binary vriable to denote existence ofmatch FW to sink in WN
jl 1.000, j2 1.000, j3 1.000, j4 1.000, j5 1.000
— 336 VARIABLE WW.L Source W aste water
il 9.000, 29000, i34.500
— 336 VARIABLE yWW.L Binary vriable to denote existence of match WW trom source in WN
il 1.000, i21.000, i3 1.000, i4 1.000, 5 1.000
— 336 VARIABLE xL
jl I O L |
13 0.294 0.206

140255 0202 0.139  0.404
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1.000
336 VARIABLE F.L Splitting Flowrate
l 12 j3 j j5
2.643 1.857
2.295 1.818 1.250  3.636

4.500

336 VARIABLE y-L Binary vriable to denote existence

l 12 j3 4 J5
1.000  1.000 1.000  1.000
1.000  1.000 1.000  1.000
1.000  1.000 1.000  1.000
1.000  1.000 1.000 1.0

1.000  1.000 1.000  1.000

336 VARIABLE CK.L Sink stream concentration

j1 20.000, j2 20.000, J320.000, j420.0

jl 76148, j277.273, j3 60.104, j4 77273, j5 55.000

1. 0

1. 0

1.000

1.000

1.000

;5200

336 VARIABLE TK.L Sink femperature

MODEL STATISTICS

BLOCKS OF EQUATIONS 18 SINGLE EQUATIONS
BLOCKS OF VARIABLES 17 SINGLE VARIABLES

NON ZERO ELEMENTS 369 NON LINEARN-Z

DERIVATIVE POOL 100 CONSTANT POOL
CODE LENGTH 216 DISCRETE VARIABLES
GENERATION TIME ~ =- 0.016 SECONDS

EXECUTION TIME = 0.016SECONDS

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows03/31/14 05:51:46 Page 10
General Algebraic Modeling System

Solution Report

SOLVE SUMMARY
MODEL MIXING2 OBJECTIVE
TYPE MINLP

SOLVER DICOPT FROM LINE

SOLVE MIXING2 Using MINLP From line 362

012

DIRECTION MINIMIZE

362

3MB 24.2.1 143572 WEX-WEI

3MB 24.2.1 r43572 WEX-WEI
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**** SOLVER STATUS  1Normal Completion
**%% MODEL STATUS 8 Integer Solution

***% OBJECTIVE VALUE 70853 6753
RESOURCE USAGE, LIMIT 0.234  1000.000
ITERATION COUNT, LIMIT 564 2000000000

EVALUATION ERRORS -0 0

Dicopt 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows

Aldo Vecchietti and Ignacio E. Grossmann
Engineering Design Research Center
Carnegie Mellon University

Pittshurgh, Pennsylvania 15213

CONOPT 3 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows
CON OPT 3 version 3.15M
Copyright (C) ARKJ Consulting and Development A/S
Bagsvaerdvej 246 A
DK-2880 Bagsvaerd, Denmark
The model has 113 variables and 98 constraints
with 369 Jacobian elements, 70 of which are nonlinear.
The Hessian ofthe Lagrangian has 0 elements on the diagonal,
35 elements below the diagonal, and 70 nonlinear variables.
** Warning ** The variance ofthe derivatives in the initial
point is large (= 4.1 ). A better initial
point, a better scaling, or better bounds on the
variables will probably help the optimization.
** Optimal solution. Reduced gradient less than tolerance.
CONOPT time Total 0.064 seconds
ofwhich: Function evaluations 0.001= 1.6%

1St Derivative evaluations  0.000= 0 0%



IBM ILOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
Cplex 12.6.0.0
Unable to load names.
MIP status(ioi): integer optimal solution
Cplex Time. 0.1 Isec (det 6.74 ticks)
Fixing integer variables, and solving final LP...
Fixed M IP status)1): optimal
Cplex Time: 0.00sec (det. 0 11ticks)
Proven optimal solution.
MIP Solution: 70858.350859 (238 iterations, 40 nodes)
Final Solve. 70858.350859 (7 iterations)
Bestpossible:  70858.350859
Absolute gap: 0.000000
Relative gap: 0.000000
**** REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED

0 ERRORS

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 05:51:46 Page 11

General Algebraic Modeling System

Execution

— 363 VARIABLE PICIL = 1404.135 Piping costofsource to sink
VARIABLE PIC2 L = 1208 740 Piping cost of fresh to sink
VARIABLE PIC3.L = 740.800 Piping cost of sourceto waste
VARIABLE PICost.L = 3353 675 Piping cost
VARIABLE FCost.L = 67500.000 Freshwater cost
VARIABLE OFW L = 22.500 Overall freshwater
VARIABLE OWW .L = 22.500 Overall wastewater

— 363 VARIABLE FFW.L Freshwater flowrate

jl 7.016, j2 0.364, j36 114, j4 4.364, 5 4.643

— 363 VARIABLE yFW.L Binary vriable to denote existence of match FW to sink in WN

jI 1.000, j2 1.000, j3 1.000, j4 1.000, j5 1.000

239



363 VARIABLE WW.L Source Waste water

il 9.000, 129.000, i34.500

363 VARIABLE yWW .L Binary vriable to denote existence of match w w from source in WN
il 1.0, 2 1.000, 713 1.000
— 363 VARIABLE XL

[T 2 < B VR

i3 0294 0.206
4 0.038 0.558  0.404
i5 CX808  0.192

363 VARIABLE F.L Splitting Flowrate

] j2 13 j4 j5

i3 2,643 1.857
i4 0341 5023  3.636
i5 3.636  0.864

363 VARIABLE y.L Binary vriable to denote existence ofmatch source to sink in WN

Il ) 3 4 N

i3 1.000 1.000
i4 1.0 1.000 1000
i5 1.000 1.000

— 363 VARIABLE CK.L Sink stream concentration

j1200 , j220.000, j320.0 , j420.0 , j520.000

— 363 VARIABLE TK.L Sink temperature

j156.670, j2 75.000, j3 77.093, j4 77.273, j5 55.000

MODEL STATISTICS

BLOCKS OF EQUATIONS 29  SINGLE EQUATIONS 581

BLOCKS OF VARIABLES 20 SINGLE VARIABLES 439

NON ZERO ELEMENTS 1,858 DISCRETE VARIABLES 110
GENERATION TIME = 0.016 SECONDS 3MB 24.2.1 r43572 WEX-WEI
EXECUTION TIME = 0016 SECONDS 3 MB 24.2.1 r43572 WEX-WEI
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 05:51:46 Page 15
General Algebraic Modeling System

Solution Report SOLVE STAGEMODEL?L Using MIP From line 378



SOLVE SUMMARY

MODEL STAGEMODEL! OBJECTIVE 02

TYPE MIP DIRECTION MINIMIZE

SOLVER CPLEX FROM LINE 378
*)** SOLVER STATUS 1Normal Completion
% *MODEL STATUS  10ptimal
**** OBJECTIVE VALUE 980831.25
RESOURCE USAGE, LIMIT 0.032 1000 O
ITERATION COUNT, LIMIT 0 200 0
[BM ILOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI X86 64/MS Windows
— GAMS/Cplex licensed for continuous and discrete problems.
Cplex 12600
Space fornames approximately 0.03 Mb
Use option 'names no' to turn use of names off
MIP status(ioi): integer optimal solution
Cplex Time: 0 02sec (det. 0 37 ticks)
Fixing integer variables, and solving final LP...
Fixed MIP status(l): optimal
Cplex Time: 0.00sec (det. 0.44 ticks)
Proven optimal solution.
MIP Solution:  980831.2500 (0 iterations, 0 nodes)
Final Solve: 980831.25 00 (0 iterations)
Best possible: 980831 25 00
Absolute gap: 0.0 0
Relative gap: 0.000 0
* * REPORT SUMMARY : 0 NONOPT

0 INFEASIBLE
0 UNBOUNDED

GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEL x86_64/MS Windows 03/31/14 05:51:46 Page 16
General Algebraic Modeling System
Execution

— 379 VARIABLE Z.L Binary variable to denote existence of match ij in sta k
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(ALL  0.000)

— 379 VARIABLE ZCU.L Binary variable to denote existence ofcold utility with hot stream i
il 1.000, i21.000, 131.000

— 379 VARIABLE zhu.L Binary variable to denote existence of hot utility with cold stream

jI 1.000, j2 1.000, j3 1000, j4 1.000, j5 1.000

— 379 VARIABLE tH.L Temperature ofhot stream iat location k
firstloca~ location2- location3 location4 lastlocat-
il 120.000 120.000 120.000 120.000  120.000
2100000 100.000 100.000  100.000  100. 0
i3 130.000 130.000 130.000 130.000 130.0
4 140.000 140,000 140.000 1400 140.0
i5 80.000 80.000 80.000 80.0 80.000
~ - 379 VARIABLE tC.L Temperature ofcold streamj at location k
firstloca- location2 location3 location4 lastlocat-
j|  56.670 56.670 56.670  56.670 56670
jo 75000 75000 75.000 75.0 75.000
j3  77.093  77.093  77.093  77.093  77.093
j4 77213 77.218 0 77.213 71.213 77.273
J5 55.000 55.000 55.000 55.0 55.000
— 379 VARIABLE q.L Heatexchanged between hotstream iand cold stream j at stage k
(ALL  0.000)
— 379 VARIABLE qcu.L Heatexchanged between hotstream iand cold utility
il 945.000, i2735.000, i3525.000
— 379 VARIABLE ghu.L Heatexchanged between cold stream j and hot utility
jl 505.511, j2 116.667, j3 320.701, j4212.121, j5 341.250
— 379 VARIABLE Oghu L = 1496.250 Overall heatexchanged between cold streamj and hot utility
VARIABLE Oqcu.L = 2205000 Overall heatexchanged between hot stream iand cold utility

VARIABLE INV L

0000 Investment cost
VARIABLE 02.L = 980831.250 Objective 2
GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 05:51:46 Page 17

General Algebraic Modeling System
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Equation Listing SOLVE STAGEMODEL2 Using MINLP From line 428
MODEL STATISTICS
BLOCKS OF EQUATIONS 40  SINGLE EQUATIONS 856

BLOCKS OF VARIABLES 28 SINGLE VARIABLES 736

NON ZERO ELEMENTS 3,026 NON LINEARN-Z 480
DERIVATIVE POOL 10 CONSTANT POOL 22

CODE LENGTH 1,885

GENERATION TIME = 0.016 SECONDS 3 MB 24.2.1 r43572 WEX-WEL
EXECUTION TIME = 0016 SECONDS 3 MB 24.2.1 r43572 WEX-WEI

GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 05:51:46 Page 20
General Algebraic Modeling System
Solution Report  SOLVE STAGEMODEL2 Using MINLP From line 428
SOLVE SUMMARY
MODEL STAGEMODEL?2 OBJECTIVE 03
TYPE MINLP DIRECTION MINIMIZE
SOLVER DICOPT FROM LINE 428
***¥% SOLVER STATUS  1Normal Completion
***+* MODEL STATUS 2 Locally Optimal
****x OBJECTIVE VALUE 1058683.5867
RESOURCE USAGE, LIMIT 0.000  1000.000
ITERATION COUNT, LIMIT 42000000000
EVALUATION ERRORS 0 0
**%* REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 05:51:46 Page 21
General Algebraic Modeling System
Execution
— 429 VARIABLE X.L
> OB W5
i3 0.294 0.206



4 0038 0.558 0.404

15 0.808 0.192

— 429 VARIABLE TK L Sink temperature

j156.670, j2 75.000, j3 77.093, j477.273, j555.0

— 429 VARIABLE Z.L Binary variable to denote existence of match ij in stage k

(ALL  0.000)

— 429 VARIABLE zcu.L Binary variable to denote existence of cold utility with hot stream i
il 1,000, 2 1.000, i3 1.000
— 429 VARIABLE zhu.L Binary variable to denote existence ofhot utility with cold stream
jlI 1.000, j2 1.000, j3 1.000, J4 1.000, j5 1.000
— 429 VARIABLE tH.L Temperature ofhotstream iat location k

firstloca- location2 location3 location4 lastlocat-

il 120.000 120.000 120.000 120.0 120.0

2 100.000  100.000 100.000 100. 0  100.0
i3 130.000 130.000 130.000 130.0 130,0
i4  140.000  140.000 140.000 140.0 140,000

5 80.000 80.000 80.000 80.0 80.000

429 VARIABLE tC.L Temperature ofcold stream j at location k
firstloca- location2 location3 locationd lastlocat-
JI  56.670  56.670 56.670 56670 56.670
2750 75.000 75.0 75.000  75.000
j3  77.098 77.093  77.093  77.003  77.093
j4 17213 77273 71.213  71.2713  71.273
5 55.0 55.0 55.0 55.0 55.000
— 429 VARIABLE q.L Heatexchanged between hot stream iand cold stream j stage k
(ALL  0000)
— 429 VARIABLE qgcu.L Heatexchanged between hot stream iand cold utility
il 945.000, 2 735.000, i3525.000
— 429 VARIABLE ghu.L Heatexchanged between cold stream j and hot utility
jl 505511, j2 116.667, j3 320.701, j4 212 121, j5 341.250

— 429 VARIABLE Oghu.L = 1496.250 Overall heatexchanged between cold streamj and hot utility
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VARIABLE Oqcu L = 2205.000 Overall heatexchanged between hot stream iand cold utility
VARIABLE OCosthu L

564086.250
VARIABLE OCostcu.L = 416745.000
— 429 VARIABLE AL

(ALL  0.000)

— 429 VARIABLE Ahul
il 26.954, 2 7573, j321.382, j4 14.176, j5 17.919
— 429 VARIABLE Acu L

il 38.318, i234.116, 1i320.079

— "429 VARIABLE Atot.L = 180518

VARIABLE 03 L = 1058683 587 Ohjective 3

VARIABLE INV.L = 77852.337 Investment cost

VARIABLE FCost.L = 67500.000 Freshwater cost

VARIABLE TAC.L = 1129537.262 Total annua] cost
EXECUTION TIME = 0.000 SECONDS 3 MB 24.2.1 r43572 WEX-WEI

USER: The Petroleum and Petrochemical College G131219:2228AS-WTN
Chulalongkom University DC4365
License for teaching and research at degree granting institutions

**kx EILE SUMMARY

Input  C:\Users\Sarut\Desktop\W ORK\Thesis water network\GAMS 24 2\WHEN _yWN _x

HEN gms

Output c:\Users\Sarut\Documents\gamsdir\projdinWHEN _yW N _xHEN .Ist

APPENDIX B-12 Case Study 4 WHEN without WN design GAMS Solve
summary

MODEL STATISTICS
BLOCKS OF EQUATIONS 14 SINGLE EQUATIONS 94
BLOCKS OF VARIABLES 13 SINGLE VARIABLES 109

NON ZERO ELEMENTS 291 - DISCRETE VARIABLES 35

CENERATIONTIVE 0016 SEOONDS  4MB 2421 b2 V\EX-\\E



EXECUTIONTIME 0016SEOONDS  4MB 2421 B2 WEXWE

GAMS 24.2.1 r43572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/28/14 21:29:51 Page 5
General Algebraic Modeling System

Solution Report  SOLVE MIXINGL Using MIP From line 335

SOLVE SUMMARY

MODEL MIXING 1 OBJECTIVE oil
TYPE MIP DIRECTION MINIMIZE
SOLVER CPLEX FROM LINE 335

**%x SOLVER STATUS  1Normal Completion

4 MODEL STATUS | Optimal

***x OBJECTIVE VALUE 121500.0000
RESOURCE USAGE, LIMIT 0.063 1000.000
ITERATION COUNT, LIMIT 0 2000000000
IBM ILOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
Cplex 12.6.0.0

Space fornames approximately 0.00 Mb

Use option 'names no’to turn use ofnames o ff

MIP status(l01): integer optimal solution

Cplex Time: 0.00sec (del. 0.06 ticks)

Fixing integer variables, and solving final LP...

Fixed MIP status(l): optimal

Cplex Time: 0.00sec (det. 0.07 ticks)

Proven optimal solution.

MIP Solution: 121500.0000 (0 iterations, 0 nodes)
Final Solve: 121500.00 (0 iterations)
Bestpossible: 1215 0000

Absolute gap: 0.0000

Relative gap: 0.000 0

**%* REPORT SUMMARY : 0 NONOPT

0 INFEASIBLE

0 UNBOUNDED



GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI X86 64/MS Windows 03/28/14 21:29:51 Page6

General Algebraic Modeling System

Execution

— 336 VARIABLE FCost.L = 121500 000 Freshwater cost
VARIABLE OFW L = 40.500 Overall freshwater
VARIABLE OWW .L = 40.500 Overall wastewater

336 VARIABLE FFW.L Freshwater flowrate

jl 10.000, )2 4.000, j3 12.000, j4 8.000, j5 6.500

336 VARIABLE yFW.L Binary vriable to denote existence of match FW to sink in WN

jl 1.000, j2 1.000, j3 1.000, j4 1.000, j5 1.000

336 VARIABLE WW L Source Waste water

il 9.000, 29000, i39.000, i49.000, i54.500

336 VARIABLE yWW .L Binary vriable to denote existence of match w w from source in WN

1.000, i2 1.000, i3 1.000, 4 1.000, {51000

336 VARIABLE X.L
(ALL  0.000)
336 VARIABLE F L Splitting Flowrate
(ALL 0.000)
336 VARIABLE y.L Binary vriable to denote existence of match source to sink in WN
jl 2 i3 i 15
1.000 1.000 1.000 1.000 1.000
1.000 1.000 1000 1.000 1000
1.000 1.000 1.000 1.000 1.000
1.000 1.000 1.000 1.000 1.000
1.000 1.000 1.000 1000 1.000
336 VARIABLE CK L Sink stream concentration
(ALL  0.000)

336 VARIABLE TK.L Sink temperature

§125.000, j225.000, j3 25.000, j425.000, j5 25.000

GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/28/14 21:29:51 Page 7

General Algebraic Modeling System

Equation Listing SOLVE MIXING2 Using MINLP From line 362



MCDEL STATISTICS

BLOCKS OF EQUATIONS 18 SINGLE EQUATIONS 98

BLOCKS OF VARIABLES 17 SINGLE VARIABLES 113

NON ZERO ELEMENTS 369 NON LINEARN-Z 70

DERIVATIVE POOL 10 CONSTANT POOL 33

CODE LENGTH 216 DISCRETE VARIABLES 35
GENERATIONTIME = 0.094 SECONDS 3 MB 24.2.1 143572 WEX-WEI
EXECUTION TIME  =- 0.094 SECONDS 3 MB 24.2.1 r43572 WEX-WEI

GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/28/14 21:29:51 Page 10
General Algebraic Modeling System
Solution Report  SOLVE MIXING2 Using MINLP From line 362

SOLVE SUMMARY

MODEL MIXING2 OBJECTIVE 012
TYPE MINLP DIRECTION MINIMIZE
SOLVER DICOPT FROM LINE 362

**%x SOLVER STATUS  1Normal Completion

¢ ** MODEL STATUS 8 Integer Solution

**»* OBJECTIVE VALUE 124137.6000
RESOURCE USAGE, LIMIT 0.203  1000.000
ITERATION COUNT, LIMIT 14 2000000000

EVALUATION ERRORS 0 0

Dicopt 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows

Aldo Vecchietti and Ignacio E. Grossmann
Engineering Design Research Center
Carnegie Mellon University

Pittsburgh, Pennsylvania 15213

CONOPT 3 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows
CONOPT3 version3.15M

Copyright (C) ARKI Consulting and Development A/S



Basvaerdhg) 246A
DK-2880 Bagsvaerd, Denmark

The model has 113 variables and 98 constraints

with 369 Jacobian elements, 70 of which are nonlinear.

The Hessian ofthe Lagrangian has 0 elements on the diagonal,

35 elements below the diagonal, and 70 nonlinear variables.
** Warning ** The variance ofthe derivatives in the initial

pointis large (=4.1 ). A better initial
point, a better scaling, or better bounds on the
variables will probably help the optimization.

** Optimal solution. There are no superbasic variables.
CONOPT time Total 0.082 seconds

ofwhich: Function evaluations 0.000= 0.0%

1St Derivative evaluations ~ 0.000- 0.0%

IBM ILOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
Cplex 12.6,0.0
Unable to load names.
MIP status(ioi): integer optimal solution
Cplex Time: 0 00sec (det 0.08 ticks)
Fixing integer variables, and solving final LP...
Fixed MIP status(l): optimal
Cplex Time: 0.00sec (det. 0 08 ticks)

Proven optimal solution.

MIP Solution: 124137.600000 (0 iterations, 0 nodes)
Final Solve: 124137.600000 (0 iterations)

Bestpossible:  124137.600000

Absolute gap: Qm
Relative gap: O.(IIIID
***¥% REPORT SUMMARY : 0 NONOPT

0 INFEASIBLE

0 UNBOUNDED
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0 ERRORS

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/28/14 21:29:51 Page 11

General Algebraic Modeling System

Execution
363 VARIABLE PICL.L = 0.000 Piping cost ofsource to sink
VARIABLE P1C2.L = 1374.000 Piping cost of fresh to sink
VARIABLE PIC3 L = 1263.600 Piping cost ofsource to waste
VARIABLE PICost.L = 2637.600 Piping cost
VARIABLE FCost.L = 121500.000 Freshwater cost
VARIABLE OFW.L = 40.500 Overall freshwater
VARIABLE OWW L = 40.500 Overall wastewater

363 VARIABLE FFW.L Freshwater flowrate
jl 10.000, j2 4.000, j3 12.000, j4 8.000, j5 6.500
— 363 VARIABLE yFW.L Binary vriable to denote existence of match FW to sink in WN
jl 1.000, j2 1.000, j3 1.000, j4 1.000, j5 1.000
— 363 VARIABLE WW.L Source W aste water
il 9.000, 29.000, i39.000, i49.000, i54.500
— 363 VARIABLE yWW.LBinary vriable to denote existence of match WW from source in WN
il 1,000, 2 1.000, i3 1.000, 4 1000, 151,000
— 363 VARIABLE XL

(ALL  0.000)

363 VARIABLE F.L Splitting Flowrate

(ALL  0.000)

363 VARIABLE y.L Binary vriable to denote existence ofmatch source to in WN
(ALL  0000)
— 363 VARIABLE CK.L Sink stream concentration

(ALL  0.000)

363 VARIABLE TK L Sink temperature
j125.000, j2 25.000, j325.0 , j425.0 , j525.000
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/28/14 21:29:51 Page 12

General Algebraic Modeling System



Equation Listing SOLVE STAGEMODEL1 Using MIP From line 378
MODEL STATISTICS
BLOCKS OF EQUATIONS 29 SINGLE EQUATIONS 581
BLOCKS OF VARIABLES 20 SINGLE VARIABLES 464
NON ZERO ELEMENTS 2,001 DISCRETE VARIABLES 135
GENERATION TIME = 0.046 SECONDS 3 MB 24.2.1 r43572 WEX-WEI
EXECUTION TIME = 0.046 SECONDS 3 MB 24.2.1 r43572 WEX-WEI
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/28/14 21:29:51 Page 15
General Algebraic Modeling System
Solution Report SOLVE STAGEMODELL Using MIP From line 378
SOLVE SUMMARY

MODEL STAGEMODEL1  OBJECTIVE 02

TYPE MIP DIRECTION MINIMIZE

SOLVER CPLEX FROM LINE 378
**%% SOLVER STATUS I Normal Completion
y *** MODEL STATUS 8 Integer Solution
***¥* OBJECTIVE VALUE 281904.0900
RESOURCE USAGE, LIMIT 0.531 1000.000
ITERATION COUNT, LIMIT " 8298 2000000000
IBM ILOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
— GAMSI/Cplex licensed for continuous and discrete problems.
Cplex 12.6.0.0
Space for names approximately 0.03 Mb
Use option ‘names no’to turn use ofnames off
MIP status(102): integer optimal, tolerance
Cplex Time: 0.47sec (det. 241,67 ticks)
Fixing integer variables, and solving final LP...
Fixed MIP status(l): optimal
Cplex Time: 0.05sec (det. 0.50 ticks)
Solution satisfies tolerances
MIP Solution: 281904 090000 (8297 iterations, 490 nodes)

Final Solve: 281904,090000 (1 iterations)
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Best possible:  263791.942913
Absolute gap:  18112.147087
Relative gap: 0.064249
* *REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
GAMS 24.2 1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/28/14 21 29:51 Page 16
General Algebraic Modeling System
Execution
— 379"VARIABLE Z.L Binary variable to denote existence of match ij in stage k

firstloca- location3 locationd

ij 10

ou 10
B 10

g 1D

i 10
did 100

— 379 VARIABLE zcu.L Binary variable to denote existence ofcold utility with hot stream i
il 1.000, 2 1.000, i3 1.000, 4 1.000, 5 1.000
— 379 VARIABLE zhu.L Binary variable to denote existence of hot utility  ith cold stream
jl 1000, j2 1.000, j3 1.000, j4 1.000, j5 1.000
— 379 VARIABLE tH.L Temperature of hot stream iat location k

firstloca- location2 location3 location4 lastlocat-
il 1200 120.0 120.000  120.0 36.667
2 1 .000 1000 100.000 1000 42.222
i3 130.0 130.0 130.000  42.5 42.5
4 140.0 131111 131111 131 111 31111
i5 800 80.000 80.0 80.0 80.000

379 VARIABLE tC.L Temperature ofcold stream j at location k

firstloca- location2 location3 location4 lastlocat-

il 1.0 1.0 100.0 100.0 25.000

J2 100.0 1000 100.0 25.0 25.0
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J3100.000  100.000 100.000  100.000  25.000

J4100.000  90.000 90.000 90.0 25.000

J5 100.000  100.000 100.0 25.000 25.0

— 379 VARIABLE q.L Heatexchanged between hot stream iand cold stream j at stage k

firstloca~ location3 location4

ilj1 875.000
1. j4 606 667
13j2 350.000

1345 568.750

14j3 1050.000
14j4  93.333

— 379 VARIABLE qcu.L Heatexchanged between hot stream iand cold utility

[ 70.000, i2 128.333, i3 131.250, 4 11.667, 5262.500

379 VARIABLE ghu.L Heatexchanged between cold stream j and hot utility
(ALL  0.000)
— 379 VARIABLE Oghu.L = 0.000 Overall heatexchange between cold streamj and hot utility

VARIABLE Oqcu.L

603.750 Overall heatexchanged between hot stream and cold utility
VARIABLE INV.L = 0.000 Investment cost
VARIABLE 02.L = 281904.090 Objective 2
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/28/14 21:29:51 Page 17
General Algebraic Modeling System
Equation Listing SOLVE STAGEMODEL?2 Using MINLP From line 429

MODEL STATISTICS

BLOCKS OF EQUATIONS 40 SINGLEEQUATIONS 856

BLOCKS OF VARIABLES 28 SINGLE VARIABLES 736

NON ZERO ELEMENTS 3,044 NON LINEARN-Z 480
DERIVATIVE POOL 10 CONSTANTPOOL 22

CODE LENGTH 1,885

GENERATION TIME = 0.016 SECONDS 3 MB 24.2.1 143572 WEX-WEL
EXECUTION TIME = 0.016 SECONDS 3 MB 24.2.1 143572 WEX-WEL

GAVB2421 43572 Releaser Dec 9 2013AEXAET 486 64VE Winoons 0328/14 22951 Pap 20
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General Algebraic Modeling System
Solution Report  SOLVE STAGEMODEL?2 Using MINLP From line 429
SOLVE SUMMARY
MODEL STAGEMODEL? OBJECTIVE 03
TYPE MINLP DIRECTION MINIMIZE
SOLVER DICOPT FROM LINE 429
** SOLVER STATUS  1Normal Completion
**xx MODEL STATUS 2 Locally-Optimal
**** OBJECTIVE VALUE 271917,5773
RESOURCE USAGE, LIMIT 0.219  1000.000
ITERATION COUNT, LIMIT 103 2000000000
EVALUATION ERRORS 0 0
**** REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/28/14 21:29:51 Page2l
General Algebraic Modeling System
Execution
— 430 VARIABLE X.L
(ALL  0.000)
— 430 VARIABLE TK.L Sink temperature

jI 253)00, j2 25.000, j3 25.000, j4 25.000, j5 25.000

— 430 VARIABLE Z.L Binary variable to denote existence of match ij in stage k

firstloca- location3 location4

iljl 1.000
i2.j4 1000
i3.j2 1000
3j5 1000
i43 1.000

444 1.000



— 430 VARIABLE zcu.L Binary variable to denote existence ofcold utility with hot stream i
il 1.000, 2 1.000, i3 1.000, i4 1,000, T151.000
— 430 VARIABLE zhu.L Binary variable to denote existence ofhot utility with cold stream
jl 1.000, j2 1.000, j3 1.000, j4 1.000, j5 1.000
— 430 VARIABLE tH.L Temperature of hot stream iat location k
firstloca- location2 location3 location4 lastlocat-
il 120.000 120.000 120.0 120.0 36.667
i2 100.000 100.000 100.0 100.0 42.222

i3 130.000 130.000 130.0 42500 425

4 140.000 131 111 131111 131111 31111

i5 80.000 80.000 800 80.000  80.000

—- 430 VARIABLE tC.L Temperature ofcold stream j at location k
firstloca- location2 location3 location4 lastlocat-

J1 100.000 100.0 100.0 100.0 25.000

J2100.000 100.000 100.0 25.000 25.000

J3 100.0 100.000  100.0 100.0 25.000

J4 1000 90.0 90 000 90.0 25.000

J5 1000 100.000  100.000  25.000  25.000

430 VARIABLE q.L Heatexchanged between hotstream iand cold stream j at stage k

firstloca- location3 location4

iljl 875 000
i2j4 606.667
i3.2 350.000

135 568.750
TRT 1050.000
i4j4 93333

— 430 VARIABLE qgcu.L Heatexchanged between hotstream iand cold utility

| 70.000, i2128.333, i3 131.250, i4 11.667, i5262.500
— 430 VARIABLE ghu.L Heatexchanged between cold stream j and hot utility

(ALL  0.000)

430 VARIABLE Oghu.L = 0.000 Overall heat exchanged between cold streamj and hot utility

VARIABLE Oqcu.L = 603.750 Overall heat exchanged between hot stream iand cold utility



ADVARABEAL

firstloca- location3 location4

1l 113.202
0 91338
13j2 30.187

13j5 49.054
U3 137.811
i4j4 4603

— 430 VARIABLE Ahul
(ALL  0.000)
— 430 VARIABLE Acul
il 7.658, i212.169, i3 12.367, 4 1543, i5 14.446
— 430 VARIABLE Atot L = 474379

VARIABLE 03.L

271917577 Objective 3

VARIABLE INV.L = 157808.827 Investment cost
VARIABLE FCost L = 121500.000 Freshwater cost
VARIABLE Costh L = 63787.924

VARIABLE Costhu L = 46563.207

VARIABLE Costcul = 47457.696

VARIABLE OCosthu.L = 0000

VARIABLE OCostcu.L = 114108.750

VARIABLE TAC.L = 396055.177 Total annual cost

EXECUTION TIME = 0.016 SECONDS 3 MB 24.2.1 r43572 WEX-WE!L

USER: The Petroleum and Petrochemical College G131219:2228AS-WIN
Chulalongkom University DC4365
License forteaching and research at degree granting institutions
**« FILE SUMMARY
Input  C:\Users\Sarut\Desktop\W ORK\Thesis water network\GAMS 24 2\WHEN _xWN _y
HEN.gms

Ou»put  C:\Users\Sarut\Documents\gamsdir\projdinWHEN _xWN_yHEN.Ist



257

APPENDIX B-13  Case Study 4 WHEN by two-step design GAMS Solve summary

MODEL STATISTICS

BLOCKS OF EQJJATIONS 14 SINGLE EQUATIONS 94

BLOCKS OF VARIABLES 13 SINGLE VARIABLES 109

NON ZERp ELEMENTS 291 DISCRETE VARIABLES 35

GENERATION TIME = 0.140SECONDS 4 MB 24.2.1 r43572 WEX-WEI

EXECUTION TIME = 0.140 SECONDS 4 MB 24.2.1 r43572 WEX-WEI

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:33:41 Page 5
General Algebraic Modeling System

Solution Report SOLVE MIXINGL Using MIP From line 340

SOLVE SUMMARY

MODEL MIXING1 OBJECTIVE oil
TYPE MIP DIRECTION MINIMIZE
SOLVER CPLEX FROM LINE 340

¢ ***SOLVER STATUS | Normal Completion
***% MODEL STATUS 1 Optimal

***% OBJECTIVE VALUE 675 .0000
RESOURCE USAGE, LIMIT 1593 10 . 0
ITERATION COUNT, LIMIT 41 20 0000
IBM ILOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI X86 64/MS Windows
Cplex 12.6.0.0

Space fornames approximately 0.00 Mb

Use option 'names no'to turn use ofnames off

MIP status(ioi): integer optimal solution

Cplex Time: 0.75sec (det. 0.20 ticks)

Fixing integer variables, and solving final LP...

Fixed MIP statusfl): optimal

Cplex Time: 0.03sec (det. 0.13 ticks)

Proven optimal solution.

MIP Solution:  67500.0 0 (22 iterations, 0 nodes)



Final Solve: 67500.000000 (19 iterations)

Best possible:  67500.000000

Absolute gap: 0.000000

Relative gap. 0.000000

***¥%* REPORT SUMMARY 0 NONOPT

GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS W indows03/31/14 14:33:41 Page6

0 INFEASIBLE

0 UNBOUNDED

General Algebraic Modeling

EXec ti(Tn

— 341 VARIABLE FCost.L = 6
VARIABLE OFW L = 2

VARIABLE OWW.L =

System

7500.000 Freshwater cost
2.500 Overall freshwater

22.500 Overall wastewater

341 VARIABLE FFW L Freshwater flowrate

J1 3.205, j22.182, 38107, j44.364, |

341 VARIABLE yFW.L Binary vriable to denote existence of match FW to sink in WN

il 1.000, j2 1,000, j3 1.000, j4 1.000, ]

3

~

1 VARIABLE WW L Source Waste

119.000, 2 9.000, i34.500

341 VARIABLE yWW .L Binary vriable to denote existence of match WW from source in WN

il 1.000, 2 1000, i3 1.000, 4 1.000, i

13

14

15

3

14

15

341 VARIABLE XL

i BW s
0.294 0.206

0.255  0.202  0.139  0.404

1.000

341 VARIABLE F L Splitting Flowrate

Il j2 j3 j4 j5
2.643 1.857

2295 1.818  1.250 3.636

4.500

54.643

5 1.000

water

5 1.000
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— YL VARABLEYL Binery wriabie todknote existance of netch source tosirk inVAN
Il j2 i3 4 J5

il 1.000 1.000 1.000 1.000 1.000

i2 1.000 1.000 1.000 1.000 1.000

i3 1.000 1.000 1.000 1.000 1000

i4 1.000 1.000 1.000 1.000 1.000

i5 1000 1.000 1.000 1.000 1.000

— 341 VARIABLE CK.L Sink stream concentration

j120.000, j220.000, j320.000, j420.000, j520.000

— 341 VARIABLE TK L Sink temperature

jl 76.148, j2 77.273, j360.104, j4 77.273, 5 55.000

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI X86 64/MS Windows 03/31/14 14:33:41 Page 7

General Algebraic Modeling System

Equation Listing SOLVE MIXING2 Using MINLP From line 367

MODEL STATISTICS

BLOCKS OF EQUATIONS 18 SINGLE EQUATIONS 98

BLOCKS OF VARIABLES 17 SINGLE VARIABLES 113

NON ZERO ELEMENTS 369 NON LINEARN-Z 70
DERIVATIVEPOOL 10 CONSTANTPOOL 33

CODE LENGTH 216 DISCRETE VARIABLES 35
GENERATION TIME = 0.031 SECONDS  3MB 24.2.1 r43572 WEX-WEI
EXECUTION TIME = 0094 SECONDS 3 MB 24.2.1 r43572 WEX-WEI

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI X86 64/MS Windows 03/31/14 14:33:41 Page 10
General Algebraic Modeling System
Solution Report  SOLVE MIXING2 Using MINLP From line 367

SOLVE SUMMARY

MODEL MLXING2 O0BJECTIVE 012
TYPE MINLP DIRECTION MINIMIZE
SOLVER DICOPT FROM LINE 367

**%x SOLVER STATUS  1Normal Completion

**% MODEL STATUS 8 Integer Solution

o CBECTVEVALLE 708836753



RESOURCE USAGE, LIMIT 1.937  1000.000
ITERATION COUNT, LIMIT 564 20 000000

EVALUATION ERRORS 0 0

Dicopt 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows

Aldo Vecchietti and Ignacio E. Grossmann
Engineering Design Research Center '
Carnegie Mellon University

Pittshurgh, Pennsylvania 15213

CONOPT 3 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows
CONOPT3 wversion 3.15M
Copyright (C) ARKI Consulting and Development A/S
Bagsvaerdvej 246 A
DK-2880 Bagsvaerd, Denmark
The model has 113 variables and 98 constraints
with 369 Jacobian elements, 70 of which are nonlinear.
The Hessian ofthe Lagrangian has 0 elements on the diagonal,
35 elements below the diagonal, and 70 nonlinear variables.
** Warning ** The variance ofthe derivatives in the initial
point is large (= 4.1 ). A better initial
point, a better scaling, or better bounds on the
-variables will probably help the optimization.
** Optimal solution. Reduced gradient less than tolerance.
CONOPT time Total 1.087 seconds
ofwhich: Function evaluations 0.034= 3.1%
1St Derivative evaluations  0.000= 0.0%
[BM ILOG CPLEX 24 2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
Cplex 12.6.0.0
Unable to load names.

MIP status(ioi): integer optimal solution



261

Cplex Time: 0.25sec (det. 6.74 ticks)
Fixing integer variables, and solving final LP...
Fixed MIP status(l): optimal
Cplex Time: 0.00sec (det. 0 11 ticks)
Proven optimal solution.
MIP Solution!- 70858.350859 (238 iterations, 40 nodes)
Final Solve: 70858.350859 (7 iterations)
Best possible:  70858.350859
Absolute gap: 0.000000
Relative gap: 0.000000
**x%* REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 43572 Released Dec 9,2013 WEX-WEL x86 _64/MS Windows 03/31/14 14:33:41 Page 11

General Algebraic Modeling System

Execution

— 368 VARIABLE PICL.L = 1404.135 Piping costofsourceto sink
VARIABLE PI1C2 L = 1208.740 Piping cost of fresh to sink
VARIABLE P1C3.L = 740.800 Piping costofsourceto waste
VARIABLE PICost.L = 3353.675 Piping cost
VARIABLE FCost.L = 67500.000 Freshwater cost
VARIABLE OFW.L = 22500 Overall freshwater
VARIABLE OWW.L = 22500 Overall wastewater

— 368 VARIABLE FFW.L Freshwater flowrate

jl 7.016, j20.364, j36 114, j4 4.364, j54.643

— 368 VARIABLE yFW.L Binary vriable to denote existence of match FW to sink in WN

jl 1.000, j2 1.000, j3 1.000, j4 1.000, j5 1.000

— 368 VARIABLE WW.L Source Waste water

il 9.000, i29.000, i34.500

— 368 VARIABLE yWW .L Binary vriable to denote existence of match w w from source in WN
il 1.000, i2 1.000, 131000



I8 VARABLE. L

jl i 3 i 5

i3 0294 0.206
i4 0038 0.558  0.404
i5 0.808 0,192

368 VARIABLE F.L Splitting Flowrate

l j2 3 4 j5

i3 2.643 1.857
i4 0341 5023  3.636
i5 3.636  0.864

_» 368 VARIABLE y.L Binary vriable to denote existence 1

Il 12 13 j4 j5

i3 1.000 1.000
4 1.000 1.000 1.000
i5 1.000  1.000

— 368 VARIABLE CK.L Sink stream concentration

j120.000, )220.000, j320.000, j4 20.000, j5 20.000

— 368 VARIABLE TK L Sink temperature

jl 56.670, j2 75.000, j3 77.093, j4 77.273, |5 55.000

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEL x86_64/MS Windows 03/31/14 14:33:41 Page 12
General Algebraic Modeling System

Equation Listing SOLVE STAGEMODELZ Using MIP From line 382

MODEL STATISTICS

BLOCKS OF EQUATIONS 29 SINGLE EQUATIONS 581

BLOCKS OF VARIABLES 20 SINGLE VARIABLES 464

NON ZERO ELEMENTS 1,983 DISCRETE VARIABLES 135
GENERATION TIME 0.016 SECONDS 3 MB 24.2.1 r43572 WEX-WEI

EXECUTION TIME 0.063 SECONDS 3 MB 24.2.1 r43572 WEX-WEI



GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:33:41 Page 15
General Algebraic Modeling System
Solution Report SOLVE STAGEMODELI Using MIP From line 382
SOLVE SUMMARY

MODEL STAGEMODELI OBJECTIVE 02

TYPE MIP DIRECTION MINIMIZE

SOLVER CPLEX FROM LINE 382
**%% SOLVER STATUS I Normal Completion
**%% MODEL STATUS 8 Integer Solution
**x* OBJECTIVE VALUE 423783.9197
RESOURCE USAGE, LIMIT " 25.203 10000
ITERATION COUNT, LIMIT 812424 20 0000
IBM 1LOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
— GAMS/Cplex licensed for continuous and discrete problems.
Cplex 12.6.00
Space for names approximately 0.03 Mb
Use option ‘names no’to turn use of names off
M IP status(102): integer optimal, tolerance
Cplex Time: 25.19sec (det. 17458.70 ticks)
Fixing integer variables, and solving final LP.
Fixed MIP status/1): optimal
Cplex Time. 0.00sec (det. 0.51 ticks)
Solution satisfies tolerances.
MIP Solution: ~ 423783.919697 (812423 iterations, 69517 nodes)
Final Solve: 423783.919697 (1 iterations)
Best possible: ~ 381406.362183
Absolute gap: 42377.557514
Relative gap: 0.099998
**%%* REPORT SUMMARY : 0 NONOPT

0 INFEASIBLE

0 UNBOUNDED



GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEL x86_64/MS Windows 03/31/14 14:33:41 Page 16
General Algebraic Modeling System

Execution

— 383 VARIABLE Z.L Binary variable to denote existence of match ij in stage k

firstloca- locationd

ilj3 1.000

noj4 1.000

Dl 10
31 1.000

B 1.000-

— 383 VARIABLE zcu.L Binary variable to denote existence ofcold utility with hot stream i
il 1.000, 2 1.000, i3 1.000
— 383 VARIABLE zhu.L Binary variable to denote existence ofhot utility with cold stream
j11.000, j2 1.000, j3 1.000, j4 1.000, j5 1.000
— 383 VARIABLE tH.L Temperature of hot stream i at location k

firstloca- location2 location3 locationd lastlocat-
il 120.000 120.000 120.000  120.000 77.273

2 100.000 100.000 100.000  100.000  62.967

i3 130.000 120.000 120.000  120.000  55.000

4 140.000  140.000  140.000  140.000  140.000
i5 80.000 80.000 80.000  80.000  80.000
383 VARIABLE tC.L Temperature of cold stream j at location k
firstloca- location2 location3 locationd lastlocat-
JI 94500 90.000 90000 90.000 56.670
J275.000  75.000  75.000  75.000  75.000
j3 100.000  100.000  100.000 100.000  77.093
j4 90980 90.980 90.980 90.980  77.273
j5 100.000  100.000  100.000  100.000  55.000
— 383 VARIABLE q.L Heatexchanged between hotstream iand cold stream j at stage k
firstloca~ location4
il.j3 320.701

il.j4 127.936

264



265

2jl 388.845
i3j1 - 52.500
13j5 341.250

— 383 VARIABLE qcu.L Heat exchanged between hot stream iand cold utility
i1496.364, 2 346.155, i3 131.250
— 383 VARIABLE ghu L Heat exchanged between cold stream j and hot utility
JI 64,167, j2 116.667, j4 84.186

— 383 VARIABLE Oghu.L = 265.019 Overall heat exchanged between cold streamj and hot utility
VARIABLE Ogcu.L = 073769 Overall heat exchanged between hot stream i and cold utility
VARIABLE INV L = 0.000 Investment cost
VARIABLE 02.L = 423783.920 Objective 2

GAMS 24.2.1 r43572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:33:41 Page 17
General Algebraic Modeling System

Equation Listing SOLVE STAGEMODEL2 Using MINLP From line 426

MODEL STATISTICS

BLOCKS OF EQUATIONS 40 SINGLE EQUATIONS 856

BLOCKS OF VARIABLES 28 SINGLE VARIABLES 736

NON ZERO ELEMENTS 3,026 NON LINEAR N-Z 480

DERIVATIVE POOL 10 CONSTANT POOL 2

CODE LENGTH 1,885
GENERATION TIME = 0.094 SECONDS 3 MB 24.2.1 r43572 WEX-WEI
EXECUTIONTIME = 0.110SECONDS  3MB 24.2.1 r43572 WEX-WEI

GAMS 24.2.1 43572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:33:41 Page 20
General Algebraic Modeling System
Solution Report  SOLVE STAGEMODEL2 Using MINLP From line 426
SOLVE SUMMARY

MODEL STAGEMODEL2  OBJECTIVE 03

TYPE MINLP DIRECTION MINIMIZE

SOLVER DICOPT FROM LINE 426
*#xkx SOLVER STATUS — 1Normal Completion
*kxk MODEL STATUS 2 Locally Optimal
*+x OBJECTIVE VALUE 417306.9485



RESOURCE USAGE, LIMIT ~ 0.437  1000.000
ITERATION COUNT, LIMIT 99 2000000000
EVALUATION ERRORS 0 0

Dicopt ~ 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS  indows

Aldo Vecchietti and Ignacio E. Grossmann
Engineering Design Research Center
Carnegie Mellon University

Pittsburgh, Pennsylvania 15213

CONOPT 3 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
CONOPT3 version 3.15M
Copyright (C) ARKI Consulting and Development A/S
Bagsvaerdvej 246 A
DK.-2880 Bagsvaerd, Denmark
The model has 736 variables and 856 constraints
with 3026 Jacobian elements, 480 ofwhich are nonlinear.
The Hessian ofthe Lagrangian has 135 elements on the diagonal,
235 elements helow the diagonal, and 405 nonlinear variables.
** Warming ** The variance of the derivatives in the initial
point is large (=5.7 ). A better initial
point, a better scaling, or better bounds on the
variables will probably help the optimization.
** Optimal solution. Reduced gradient less than tolerance.
CONOPT time Total 0.445 seconds
ofwhich: Function evaluations 0.139=31.2%
1%t Derivative evaluations  0.008= 1.8%
2nd Derivative evaluations  0.008= 1.8%
Directional 2nd Derivative  0.013 = 2.9%
*kxx REPORT SUMMARY : 0 NONOPT



0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:33:41 Page 21
General Algebraic Modeling System
Execution -
— 42T VARIABLE F.L Splitting Flowrate
a2 B AP

i3 2643 1.857
i4 0341 5023 3.636
i5 3636  0.864

— 427 VARIABLE FFW.L Freshwater flowrate

j1 7.016, j20.364, j36.114, j44.364, j54.643

— 427 VARIABLE WW.L Source Waste water

il 9.000, 129.000, i34.500

— 427 VARIABLE TK.L Sink temperature

jl 56.670, j2 75.000, j3 77.093, j4 77.273, j555.000

— 427 VARIABLE ZL Binary variable to denote existence of match ij in sta k

firstloca- location4

L3 1000
ilj4 1,000
 jl 1.000
Bl 1000

i35 1000

— 427 VARIABLE zcu.. Binary variable to denote existence of cold utility with hot stream i
il 1,000, 2 1.000, 31000
— 427 VARIABLE zhu.L Binary variable to denote existence of hot utility with cold stream
J1'1.000, j2 1.000, j3 1.000, j4 1.000, j5 1.000
— 427 VARIABLE tH L Temperature of hot stream i at location k
firstloca~ location2 location3 location4 lastlocat~
il 120000 120000 120.000 120.000 77.426
i2100.000 100.000 100.000 100.000 62.967

267



i3 130000 107.778 107.778 107.778  55.338

i4 140000 1400 1400 1400  140.0

i 80.0 80000 800 800  80.000

—- 427 VARIABLEC.L Temperature of cold stream j at location k
firstloca- location2 location3 location4 lastlocat-

jl 1.0 90 90000 900 56670

j2 750 75000 750 750  75.000

j3 98198 98198 98198 98198 77.093

J4 93510 93510 93510 93510 77273

j5 91304 91304 91304 91304 55.000

— 427 VARIABLE q.L Heat exchanged between hot stream iand cold stream j at stage k

firstloca~ locationd

113 295473
il j4 151,550
i2j 388.845
i3l 116667

i35 275307

— 427 VARIABLE qgeu.L Heat exchanged between hot stream i and cold utility
Pl 497.978, 12 346.155, i3 133.026

— 427 VARIABLE ghu.L Heat exchanged between cold stream j and hot utility

j2 116667, j3 25.228, j4 60571, 5 65.943

— 427 VARIABLE Oghu.L = 268.409 Overall heat exchanged between cold streamj and hot utility

VARIABLE Oqgcu L = 977.159 Overall heat exchange between hot stream iand cold utility
— 421 VARIABLE AL
firstloca- location4

ilj3 136.857

il.j4 80.069

i2jl 97.143

i3j - 9.990

i35 152.739

— 421 VARIABLE AhuL

j2 7573, j32.416, j45.246, 55476

268



L7VARABLE AL
il 28.113, 123.061, i3 9875

— 427 VARIABLE Atot.L = 558558
VARIABLE FCost L = 67500000 Freshwater cost
VARIABLE 012.L = 70853675 Objective 12
VARIABLE 02.L = 423783920 Objective 2
VARIABLE OCosthu L = 101190.239
VARIABLE OCostcu.L = 184683074
VARIABLE INV.L = 131433.636 Investment cost
VARIABLETACL ' = 488160.624 Total annual cost
EXECUTION TIME = 0.000 SECONDS 3 MB 24.2.1 r43572 WEX-WEI
USER: The Petroleum and Petrochemical College ~ G131219:2228AS-WIN
Chulalongkom University DC4365

License for teaching and research at degree granting institutions

APPENDIX B-14 Case Study 4 WHEN by four-step design GAMS Solve
summary

MODEL STATISTICS
BLOCKS OF EQUATIONS 14 SINGLE EQUATIONS 94
BLOCKS OF VARIABLES 13 SINGLE VARIABLES 109
NON ZERO ELEMENTS 291 DISCRETE VARIABLES 3
GENERATIONTIME = 0,047 SECONDS ~ 4 MB 24.2.1 r43572 WEX-WEI
EXECUTIONTIME = 0.047 SECONDS 4 MB 24.2.1 r43572 WEX-WEI
GAMS 24.2.1 143572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 5
General Algebraic Modeling System
Solution Report  SOLVE INITIAL 1Using MIP From line 653
SOLVE SUMMARY

MODEL INITIALL OBJECTIVE 011

TYPE MIP DIRECTION MINIMIZE

SOLVER CPLEX FROM LINE 653



TLVERSTATUS  INonel Corpleton
**k% MODEL STATUS  10ptimal
*kxk OBJECTIVE VALUE 675 .00
RESOURCE USAGE, LIMIT ~ 0.046 10 . 0
ITERATION COUNT, LIMIT 41 20 000000
IBM ILOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
Cplex 12.6.0.0
Space for names approximately 0. Mb
Use option ‘names no’ to turn use of names off
MIP status(ioi): integer optimal solution
Cplex Time: 0.05sec (det. 0.20 ticks)
Fixing integer variables, and solving final LP. .
Fixed MIP status) 1): optimal
Cplex Time: 0.00sec (det. 0.13 ticks)
Proven optimal solution.
MIP Solution: ~ 67500.0 0 (22 iterations, 0 nodes)
Final Solve: ~ 67500.0 0 (19 iterations)
Best possible: - 67500.000000
Absolute gap. ~ 0.000 0
Relative gap: 0.000 0
*kxk REPORT SUMMARY : 0 NONOPT

0 INFEASIBLE

0 UNBOUNDED
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 6
General Algebraic Modeling System

Execution

— 654 VARIABLE FCost.L = 67500.0
VARIABLE OFW L = 225 Overall freshwater
VARIABLE OWW L = 22500 Overall wastewater

— 654 VARIABLE FFW.L Freshwater flowrate
jl 3.205, j22.182, 38.107, j44.364, [54.643
654 VARIABLE yFW.L Binary vriable to denote existence of match FW to sink in WN



jl 1,000, j2 1.000, j3 1.000, j4 1000, j5 1.000

— 654 VARIABLE WW.L Source Waste water

il 9.000, 129.000, i34.500

— 654 VARIABLE yWW.L Binary vriable to denote existence of match w w from source in WN
il 1.000, 2 1.000, i3 1.000, i4 1,000, 15 1.000

— 654 VARIABLE XL

1A T TR
3 - 0.294 0.206
U025 0202 0139 0404
51000

— 654 VARIABLE F.L Splitting Flowrate
il B @4

i3 2643 1857
42295 1818 1250  3.636
5 4500

— 654 VARIABLE y.L Binary vriable to denote existence of match source to sink in WN
I’ 3 W

il 1000 1.0 1000 1,000  1.000

21000 1.0 10 10 1.0

i3 1000 1.0 1000 1.0 1.000

41000 10 1000 1000 1.000

51000 1.0 1000 1,000  1.000

— 654 VARIABLE CK L Sink stream concentration

j120.000, j220.000, j320.0 , j420.000, j520.000

— 654 VARIABLE TK L Sink temperature

jl 76.148, j2 77273, j360,104, j477.273, 5 55.000

GAMS 24.2.1 143572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54.02 Page 7

General Algebraic Modeling System

Equation Listing  SOLVE INITIAL2 Using MINLP From line 680
MODEL STATISTICS

BLOCKS OF EQUATIONS 18 SINGLE EQUATIONS 9%

271



BOOSCFVARABIES  T7 INGEVARABIES 183
NONZERO ELEMENTS 369 NONLINEARN-Z 70
DERIVATIVEPOOL 10 CONSTANTPOOL 3%

CODE LENGTH 216 DISCRETE VARIABLES 3%
GENERATIONTIME = 0.031 SECONDS ~ 3MB 24.2.1 r43572 WEX-WEI
EXECUTION TIME = 0.031 SECONDS ~ 3MB 24.2.1 r43572 WEX-WEI

GAMS 24.2.1 143572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 10
General Algebraic Modeling System
Solution Report  SOLVE INITIAL2 Using MINLP From line 680
SOLVE SUMMARY

MODEL INITIAL2 ~ OBJECTIVE 012

TYPE MINLP DIRECTION MINIMIZE

SOLVER DICOPT FROM LINE 680
#rkk SOLVER STATUS — 1Normal Completion
**kx MODEL STATUS 8 Integer Solution
*+xk OBJECTIVE VALUE 70853.6753

RESOURCE USAGE, LIMIT 0.609 1000,000
ITERATION COUNT, LIMIT 627 20000000
EVALUATION ERRORS 0 0

Dicopt 24.2.1 43572 Released Dec 9,2013 WEI x86_64/MS Windows

Aldo Vecchietti and Ignacio E. Grossmann
Engineering Design Research Center
Camegie Mellon University

Pittsburgh, Pennsylvania 15213

CONOPT3  24.2.1 43572 Released Dec 9,2013 WEI x86_64/MS Windows
CONOPT3 version 3.15M
Copyright (C) ARKI Consulting and Development A/S
Bagsvaerdvej 246 A



DK.-2880 Bagsvaerd, Denmark
The model has 113 variables and 98 constraints
with 369 Jacobian elements, 70 of which are nonlinear.
The Hessian ofthe Lagrangian has 0 elements on the diagonal,
35 elements below the diagonal, and 70 nonlinear variables.
** Optimal solution. Reduced gradient less than tolerance.
CONOPT time Total 0.099 seconds
ofwhich: Function evaluations 0.000=0.0%
15t Derivative evaluations  0.000 = 0.0%
Directional 2nd Derivative ~ 0.000= 0.0%
IBM ILOG CPLEX 24 2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows
Cplex 12.6.0.0
Unable to load names.
MIP status(ioi): integer optimal solution
Cplex Time: 0.065ec (det. 6.45 ticks)
Fixing integer variables, and solving final LP...
Fixed MIP status(1): optimal
Cplex Time: 0 03sec (det. 0 11 ticks)
Proven optimal solution.
MIPSolution:  70855.792819 (255 iterations,43 nodes)
Final Solve: ~ 70855.792819 (7 iterations)
Best possible:  70855,792819
Absolute gap: 0.000000
Relative gap: 0.000000
*kxk REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 143572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 11
General Algebraic Modeling System
Execution
681 VARIABLE PICLL 1404.135 Piping cost of sourceto sink



VARIABLE PIC2L = 1208.740 Piping cost of fresh to sink
VARIABLE PIC3 L = 740.800 Piping cost of sourceto waste
VARIABLE PICost L = 3353.675 Piping cost

VARIABLE FCost.L = 67500.000

VARIABLE OFW.L - 22500 Overall freshwater
VARIABLE OWW.L = 22500 Overall wastewater-

— 681 VARIABLE FFW L Freshwater flowrate

jl 7016, j20.364, j36 114, j4 4364, j54.643

— 681 VARIABLE yFWL Binary vriable to denote existence of match FW to sink in WN

jl 1000, j2 1.000, j3 1.000, j4 1.000, j5 1.000

— 681 VARIABLE WW L Source Waste water

il 9.000, i29.000, i34.500

— 681 VARIABLE yWW.L Binary vriahle to denote existence of match WW from source in WN
il 1,000, 121000, i3 1.000

— 681 VARIABLE XL

IR B W
B 0294 0.206
i 0038 0558 0404
i5' 0808  0.192

681 VARIABLE F.L Splitting Flowrate
o2 B4 s

i3 2,643 1.857
4 0341 5023 3636
i5 3636 0864

— 681 VARIABLEY L Binary vriable to denote existence of match source to sink in WN
/I < I L

i3 1.000 1.000
i4 1000 1.000 1000
i5 1.000 1000

— 681 VARIABLE CK..L Sink stream concentration
j120.000, j2 20)000, j320.000, j4 20.000, j5 20.000
681 VARIABLE TK.L Sink temperature

274
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] 156.670, ]2 75.000, j3 77.093, j4 77,273, j555.000

GAMS 24.2.1 143572 Released Dec 9, 2013 WEX-WEL x86_64/MS Windows 03/31/14 14:54:02 Page 12
General Algebraic Modeling System

Equation Listing  SOLVE MIXING I Using MINLP From line 717

MODEL STATISTICS

BLOCKS OF EQUATIONS 29 SINGLE EQUATIONS 18

BLOCKS OF VARIABLES 29 SINGLE VARIABLES 225

NON ZERO ELEMENTS 827 NON LINEARN-Z 390

DERIVATIVE POOL 10 CONSTANT POOL B

CODE LENGTH 878 DISCRETE VARIABLES = 60
GENERATIONTIME = 0.110 SECONDS ~ 3MB 24.2.1r43572 WEX-WEI
EXECUTIONTIME = 0 110SECONDS 3 MB 24 2.1 r43572 WEX-WEI

GAMS 24 21 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 15
General Algebraic Modeling System
Solution Report  SOLVE MIXINGL Using MINLP From line 717
SOLVE SUMMARY

MODEL MIXING 1 OBJECTIVE TACL

TYPE MINLP DIRECTION MINIMIZE

SOLVER DICOPT FROM LINE 717
*#+kx SOLVER STATUS 1 Normal Completion
**y* MODEL STATUS 8 Integer Solution
*+x OBJECTIVE VALUE 708536753
RESOURCE USAGE, LIMIT ~ 0.093  1000.000
ITERATION COUNT, LIMIT 11 2000000000
EVALUATION ERRORS 0 0

Dicopt 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows

Aldo Vecchietti and Ignacio E. Grossmann
Engineering Design Research Center
Camegie Mellon University

Pittsburgh, Pennsylvania 15213



CONCPT3 2421 14372 Refeasenl Dec 92013 VAE ¥86 G4/VE Winchovs
CONOPT3 version 3.15M
Copyright (C) ARKI Consulting and Development A/S
Bagsvaerdvej 246 A
DK.-2880 Bagsvaerd, Denmark
The model has 225 variables and 185 constraints
with 827 Jacobian elements, 390 ofwhich are nonlinear.

The Hessian ofthe Lagrangian has 0 elements on the diagonal,
125 elements below the diagonal, and 175 nonlinear variables.
** Warning ** The number of nonlinear derivatives equal to zero

in the initial point is large (= 38 percent).
Abetter initial point will probably help the
optimization

** Optimal solution. There are no superbasic variables.

CONOPT time Total 0.042 seconds
ofwhich: Function evaluations 0.000 = 0.0%
Lst Derivative evaluations ~ 0.000= 0 0%
IBM ILOG CPLEX 24.2.1 r43572 Released Dec 9, 2013 WEI x86_64/MS Windows
— GAMSI/Cplex licensed for continuous and discrete problems
Cplex 12.6.0.0
Unable to load names.
MIP status(ioi): integer optimal solution
Cplex Time: 0.00sec (del 0 19 ticks)
Fixing integer variables, and solving final LP
Fixed MIP status(l): optimal
Cplex Time: 0.00sec (det. 0.18 ticks)
Proven optimal solution.
MIP Solution: ~ 70853.675325 (0 iterations, 0 nodes)
Final Solve: ~ 70853.675325 (0 iterations)
Best possible:  70853.675325



Absolute gap: ~ 0.000000
Relative gap: 0.000000
*4 REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/3L/14 14:54:02 Page 16
General Algebraic Modeling System
Execution
— 718 VARIABLE x| L
I 2 B 5
i3 0,294 0.206
i4 0038
i5 0808 0192
. T18 VARIABLE FIL.L Splitting Flowrate
I 2 B B
i3 2643 1.857
i4 0341
i5 3636 0.864
— 718 VARIABLE WWL.L Source Waste water
il 9.000, i29.000, i34.500, i48.659
— T18 VARIABLE OWWZ.L = 31.159 Overall wastewater
— TI8 VARIABLE FS2.L
il 9.000, i29.000, 34500, i48.659
— TI8 VARIABLE x2.L
B
0580  0.420
718 VARIABLE F2.L Splitting Flowrate
3 4
i4 5023 3636
— T18 VARIABLE FFW2.L Freshwater flowrate
jl 7.016, j20.364, j361!4, J44.364, |5 4.643

=

211



— 718 VARIABLE WW2.L Source Waste water

il9. 0, i29.000, 134.500

— 718 VARIABLE Oww2.L = 225 Overall wastewater
— 718 VARIABLE CKI L Sink stream concentration
j120000, j2 20,000, j320.0 , j420.0 , j520.000
— T18 VARIABLE TK! L Sink temperature

jl 88.244, j279.091, j370.720, j470.0 , j587.143
— 718 VARIABLE FK2.L

jl 7016, j2 0.364, j3 11136, j4 8. 0, j5 4.643
— 718 VARIABLE TK2.L ddddd

jl 25,000, j225.000, j3 13.724, j4 13.636, j525.0
— 718 VARIABLE CK2 L Sink stream concentration
j3 19.845, 4 20.0

— 718 VARIABLE FCost2.L = 675 . 0
VARIABLE TACLL = 70853.675 Total annual cost 1
*kk REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 21
General Algebraic Modeling System
Execution

— 753 VARIABLE FI L Splitting Flowrate
jl R B 5

i3 2643 1.857

i4 0341

i5 3636 0864

753 VARIABLE FFW2.L Freshwater flowrate
jl 7016, j20.364, j36.114, j44.364, |S4.643
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— 753 VARIABLE q] L Heat exchanged between hot stream iand cold stream | at stage k

firstloca~ location3 locationd

il j4 280.000

iljs  97.500

ijl - 137.159

i4j3 409.924

— 753 VARIABLE zI L Binary variable to denote existence of match ij in stage k

firstloca~ location3 locationd

il j4 1,000

ij5 1,000

idjl 1000

i4,3 1,000

— 753 VARIABLE ghul L Heat exchanged between cold stream j and hot utility
j2 97.576
— 153 VARIABLE zhul L Binary variable to denote existence ofhot utility with cold stream
jl 1,000, )2 1.000, j3 1.000, j4 1.000, j5 1.000
— 753 VARIABLE qcul L Heat exchanged between hot stream i and cold utility
(ALL  0.000)
— 753 VARIABLE zcul L Binary variable to denote existence of cold utility with hot stream
i2 1,000, 4 1.000, i5 1.000

— T53VARIABLEOCosthul L = 36786.061
VARIABLE OCostculL = 0,000
— 753 VARIABLE TS2.L
(ALL  0.000)

— 753 VARIABLE TKI.L Sink temperature

jl 88.244, j279.091, j370.720, j4 70.000, j5 87.143

— 753 PARAMETER TOUTC outlet temperature ofcold stream (degree celcius)
jl 100,000, j2 100.000, j3 100.000, j4 100.000, j5 100.000

— 753 VARIABLE tH1L Temperature ofhot stream i at location k



firstloca: locatior? locatior  locationd letlocat-
il 120000 110714 110714 84.048  84.048
i2100.0  100.000 100.000 100.0  100.0
i3 1300 1300 1300 1300  130.000
41400 126423 126423 126423  85.846
5 80.000 80.000 80.000 80.000 80000
—- 753 VARIABLE tc 1L Temperature of cold stream j at location k

firstloca- location2 location3 locationd lastlocat-
jl 1000 88244 88.244 88.244  88.244
Jo 79091 79091 79091 79001 79091
j3 100000 100.000 100.000 100.0  70.720
j4 1000 100000 1000  70.000  70.000
jp 1000  87.143 87.143 87143 87143
— 753 VARIABLE TOUTHIL
il 84.048, 2 100.000, i3 130.000, 4 85.846

— 753 VARIABLE FK2.L
JI 7016, j2 0364, j3 11136, j4 8.000, j5 4,643
— 753 VARTABLE WW2.L Source Waste water
il 9.000, i29.000, 1i34.500
— 753 VARIABLE x2.L
B4
i4 0580 0420
— 753 VARIABLE FFW2.L Freshwater flowrate
jl 7.016, j20.364, j36.U4, j44.364, ]54.643
GAMS 24.2.1 143572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 22
General Algebraic Modeling System
Equation Listing SOLVE WHEN 1A Using MINLP From line 807
MODEL STATISTICS
BLOCKS OF EQUATIONS 39  SINGLE EQUATIONS 863
BLOCKS OF VARIABLES ~ * 34 SINGLE VARIABLES 770
NON ZERO ELEMENTS 3,230  NON LINEAR N-Z 615



DERVATMEROOL 10 CONSTANTROOL 4
CODE LENGTH 2,170
GENERATIONTIME = 0.031 SECONDS ~ 3MB 24.2.1 43572 WEX-WEI
EXECUTION TIME =  0.031 SECONDS 3 MB 24.2.1 r43572 WEX-WEI
GAMS 24.2.1 r43572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 25
General Algebraic Modeling System
Solution Report ~ SOLVE WHEN! A Using MINLP From line 807
SOLVE SUMMARY

MODEL WHEN 1A OBJECTIVE 022

TYPE MINLP DIRECTION MINIMIZE

SOLVER DICOPT FROM LINE 807
#xkx SOLVER STATUS — 1Normal Completion
ek MODEL STATUS 2 Locally Optimal
**k OBJECTIVE VALUE 85310.8197
RESOURCE USAGE, LIMIT 0.172  1000.000
ITERATION COUNT, LIMIT 34 2000000000
EVALUATION ERRORS 0 0

Dicopt 24.2.1 143572 Released Dec 9,2013 WEI x86 64/MS Windows

Aldo Vecchietti and Ignacio E Grossmann
Engineering Design Research Center
Carnegie Mellon University

Pittsburgh, Pennsylvania 15213

CONOPT3  24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
CONOPT3 version 3.15M
Copyright (C)  ARICI Consulting and Development A/S
Bagsvaerdvej 246 A
DK.-2880 Bagsvaerd, Denmark
The model has 770 variables and 863 constraints

with 3230 Jacobian elements, 615 of which are nonlinear.



282

The Hessian ofthe Lagrangian has 135 elements on the diagonal,
290 elements below the diagonal, and 455 nonlinear variables.
** Warning ** The variance of the derivatives in the initial
point is large (=5.9 ). A better initial
point, a better scaling, or better bounds on the
variables will probably help the optimization.
** Optimal solution. There are no superbasic variables.
CONOPT time Total 0.173 seconds
ofwhich: Function evaluations 0.071=41.0%
1st Derivative evaluations ~ 0.009= 5.2%
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEL x86_64/MS Windows 03/31/14 14:54:02 Page ?
General Algebraic Modeling System
Equation Listing  SOLVE WHEN 1 Using MINLP From line 752
ek REPORT SUMMARY ;0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 143572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 26
General Algebraic Modeling System
Execution
— 808 VARIABLE q1L Heat exchanged between hot stream i and cold stream jat stage k
firstloca- location3 locationd
il.j4 280.000
ilj5 97500
i4jl - 137.159
i3 409.924
— 808 VARIABLE zI.L Binary variable to denote existence of match ij in Stk
firstioca~ location3 locationd

il j4 1000
ilj5 1000
il 1000

i3 1000
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— 808 VARIABLE ghul.L Heat exchanged between cold stream j and hot utility

j2 97.576
— 808 VARIABLE zhul.L Binary variable to denote existence ofhot utility with cold stream
j2 1,000
— 808 VARIABLE qcul L Heat exchanged between hot stream i and cold utility
(ALL  0.000)
— 808 VARIABLE zculL Binary variable to denote existence of cold utilitywith hot stream i
(ALL - 0.000)
— 808 VARIABLE Oghul L = 97.576 Overall heat exchanged between cold stream j and hot utility
VARIABLE Oqcul .L = 0.000 Overall heat exchange between hot stream iand cold utility
— 808 VARIABLE ALL
firstloca- location3 location4
ilj4 45,507
ilj5 8971
il 7019
i4,3 40.488

808 VARIABLE Ahul.L

2 3677

— B08VARIABLECosthIL = 39143857
VARIABLE CosthulL = 9380,902
VARIABLE OCosthul L~ = 36786.061

— 808 VARIABLE TOUTHI.L

I 84.048, i2100.000, i3 130.000, 4 85.846

— 808 VARIABLE 022.L = 85310.820 Objective 2.2

VARIABLE 02.L 74036.626 Objective 2

— 808 VARIABLE tHI.L Temperature of hot stream i at location k
firstloca~ location2 location3 location4 lastlocat-

il 120000 110714 110714 84048 84,048

i2 1000 1000 1000 12000  100.0

i3 1300 1300 1300  130.000 130. 0

i4 140000 126423 126423 126423  85.846



5 Q00 &0 0 00 &
— 808 VARIABLE tel L Temperature of cold stream j at location k
firstloca- location2 location3 location4 lastlocat-
jl 1000 88244 88244 88.244 88.244
)2 79001 79.001 79091 79.091 79001
j3 1000 1000 1000  100.0  70.720
j4 1000 1000 100000 70.0  70.000
J5 100000 87.143 87.143 87143 87.143
808 VARIABLE TK1.L Sink temperature
jl 88.244, j279.091, j370.720, j470.0 , j587.143
- 808 VARIABLE TOUTC2.L
jl 70.000, j2 70.000, j370.0 , j470.0 , j570.000
— 808 PARAMETER TS Source temperature (degree celcius)
il 120.000, i2100. 0, i3130.0 , 4 140. 0, i580.0
— 808 VARIABLE FI.L Splitting Flowrate
I 2 B3 5
i3 2643 1.857
i4 0341
i5 3636  0.864
— 808 VARIABLE FK2.L
JI 7016, j2 0.364, j3 11136, j4 8. 0, j5 4643
— 808 VARIABLE TKLL Sink temperature
jl 88.244, j279.091, j370.720, j470.0 , ]587.143
— 808 PARAMETER FKL Sink flowrate (ton per h)
jl 10.000, j2 4.000, j3 12.000, j4 8.000, j5 6500
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 27
General Algebraic Modeling System
Equation Listing  SOLVE M1X2 Using NLP From line 843
MODEL STATISTICS
BLOCKS OF EQUATIONS 12 SINGLE EQUATIONS 64
BLOCKS OF VARIABLES 15 SINGLE VARIABLES 9
NON ZERO ELEMENTS 380 NON LINEAR N-Z 250



DERIVATIVE POOL 10 CONSTANTPOOL 2

CODE LENGTH 470
GENERATIONTIME = 0.079 SECONDS ~ 3MB 24.2.1 r43572 WEX-WEI
EXECUTIONTIME = 0.079 SECONDS ~ 3MB 24.2.1 r43572 WEX-WEI

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 30
General Algebraic Modeling System
Solution Report  SOLVE MIX2 Using NLP From line 843
SOLVE SUMMARY

MODEL MIX2 OBJECTIVE FCost2

TYPE NLP DIRECTION MINIMIZE

SOLVER CONOPT FROM LINE 843
*** SOLVER STATUS | Normal Completion
k% MODEL STATUS 2 Locally Optimal
*kxk OBJECTIVE VALUE 67500.0000

RESOURCE USAGE, LIMIT 0015  1000.000
ITERATION COUNT, LIMIT 4 2000000000
EVALUATION ERRORS 0 0
CONOPT 3 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
CON OPT 3 version 3,15M
Copyright (C) ARK.I Consulting and Development A/S
Bagsvaerdvej 246 A
DK-2880 Bagsvaerd, Denmark
** Warning ** The number of nonlinear derivatives equal to zero
in the initial point is large (= 31 percent).
A better initial point will probably help the
optimization.
** Optimal solution. There are no superbasic variables.
CONOPT time Total 0.001 seconds
ofwhich: Function evaluations 0.000 = 0.0%

1st Derivative evaluations  0.000= 0.0%

e REPCRTUMVIRY 0 NONCPT



0INEASBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 r43572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54.02 Page 3
General Algebraic Modeling System
Execution
— 844 VARIABLE TS2.L
il 84.048, 2 100.000, i3 130.000, i4 85.846
— 844 VARIABLE F2.L Splitting Flowrate
3 U

i4 5023- 3.636
— 844 VARIABLE FFW2.L Freshwater flowrate
jl 7.016, j20.364, j36.114. J44.364, 54643
— 844 VARIABLE TS2.L
il 84,048, 2 100.000, 13130.000, i4 85.846

— 844 VARIABLE TKLL Sink temperature

jl 88.244, j279.091, j370.720, j4 70.000, j5 87,143

— 844 VARIABLE TK2.L' ddddd

jl 25.000, j225.000, j352.443, j452.657, 5 25.000

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 32
General Algebraic Modeling System

Equation Listing  SOLVE WP1EN2 Using MINLP From line 872
MODEL STATISTICS

BLOCKS OF EQUATIONS 34 SINGLE EQUATIONS 602
BLOCKS OF VARIABLES 3l SINGLE VARIABLES 639
NON ZERO ELEMENTS 2,263 NON LINEAR N-Z 170
DERIVATIVE POOL 10 CONSTANT POOL 19

CODE LENGTH 420 DISCRETE VARIABLES 13
GENERATION TIME = 0,015 SECONDS ~ 3MB 24.2.1 r43572 WEX-WEI
EXECUTIONTIME =  0.015SECONDS 3MB 24.2.1 r43572 WEX-WEI

GAVB2421 r43572 Released Dec 9 2003 WEXAEL X6 G4VE Windons 03/31/14 145402 Pace B



General Algebraic Modeling System
Solution Report  SOLVE WHEN2 Using MINLP From line 872
SOLVE SUMMARY
MODEL WHEN2 OBJECTIVE 03
TYPE MINLP DIRECTION MINIMIZE
SOLVER DICOPT FROM LINE 872
**+k SOLVER STATUS 1 Normal Completion
**xx% MODEL STATUS 8 Integer Solution
*kx+ OBJECTIVE VALUE 198958.7750
RESOURCE USAGE, LIMIT ~ 1.094 1000000
ITERATION COUNT, LIMIT 8929 2000000000
EVALUATION ERRORS 0 0

Dicopt 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows

Aldo Vecchietti and Ignacio E. Grossmann
Engineering Design Research Center
Carnegie Mellon University

Pittsburgh, Pennsylvania 15213

CONOPT3  24.2.1 43572 Released Dec 9, 2013 WEI x86_64/MS Windows
CONOPT3 version 3.15M
Copyright (C) ARKI Consulting and Development A/S
Bagsvaerdvej 246 A
DK-2880 Bagsvaerd, Denmark
The model has 639 variables and 602 constraints
with 2263 Jacobian elements, 170 of which are nonlinear.
The Hessian ofthe Lagrangian has 0 elements on the diagonal,
65 elements below the diagonal, and 75 nonlinear variables.
** Warning ** The variance ofthe derivatives in the initial
point is large (= 6.3 ). A better initial

point, a better scaling, or better bounds on the

287



variables will probably help the optimization.
** Optimal solution. Reduced gradient less than tolerance.
CONOPT time Total 0.026 seconds
ofwhich: Function evaluations 0.000 = 0.0%
13t Derivative evaluations  0.000= 0.0%
— GMO Resort Time Oms
IBM ILOG CPLEX 24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
— GAMS/Cplex licensed for continuous and discrete problems.
Cplex 12.6.0.0
Unable to load names.
MIP status(ioi): integer optimal solution
Cplex Time: 0.45sec (det. 148.95 ticks)
Fixing integer variables, and solving final LP. ..
Fixed MIP statusfl): optimal
Cplex Time: 0.00sec (det. 0.61 ticks)
Proven optimal solution.
MIP Solution:  193254.315229 (7722 iterations, 1364  es)
Final Solve:  193254.315229 (11 iterations)
Best possible: 193254 315229
Absolute gap: 0.000000
Relative gap: 0.000000
*kxk REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEL X86 64/MS Windows 03/31/14 14:54:02 Page 36
General Algebraic Modeling System
Execution
-— 873 VARIABLE g2-L Heat exchanged between hot stream i and cold stream j at stage k
firstioca- location2 locationd
iLj2 19001
*2l 368.352

288
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12j5 243.750
13J3  228.114
Bj4 161.867

— 873 VARIABLE z2.L Binary variable to denote existence of match ij in Stk
firstioca- location2 location4

ilj2 1000

i21 1,000

i2J5 1,000

33 1.000

i3,j4 1,000

— 873 VARIABLE ghu2.L Heat exchanged hetween cold stream j and hot utility

(ALL  0.000)

— 873 VARIABLE zhu2.L Binary variable to denote existence ofhot utility with cold stream

jl 1,000, j2 1.000, 3 1.000, j4 1.000, j5 1.000

— 873 VARIABLE qcu2.L Heat exchanged between hot stream iand cold utility

il 548.409, 2 122.898, i3 135.019

— 873 VARIABLE ZCU2L Binary variable to denote existence of cold utility hot stream i
il 1000, 2 1.000, i3 1.000
— 873 VARIABLE Oghu2.L = 0.000 Overall heat exchanged between cold streamj and hot utility
VARIABLE Oqeu2 L = 806.326 Overall heat exchanged between hot stream iand cold utility
— 873 VARIABLE tH2.L Temperature ofhot stream i at location k
firstloca- location2 location3 location4 lastlocat~
-l 84048 82229 82229 82229 82.229
21000 100000 41705 41705 41705
i3 1300 86550 86550 86550 55.718
i4 85846 85846 85.846 85846 85.846
- 873 VARIABLE tC2.L Temperature ofcold stream j at location k
firstioca- location2 location3 locationd lastlocat-
Jo 700 70000 250 250  25.000
j2 70000 25000 25.0 250  25.000
j3 70000 52443 52443 52443 52443



j4 700 70000 700 700 52657
j5 70000 70.000 25.0  25. 0 25000
— 873 VARIABLE TS2.L
il 84.048, 2 100.000, 13130.000, i4 85.846
— 873 VARIABLE F2.L Splitting Flowrate
-3 U
i4 5023  3.636
— 873 VARIABLE FFW2.L Freshwater flowrate
j1 7.016, j20.364, j36.114, j44.364, ]54.643
— 873 VARIABLE TK2.L ddddd
j125.000, j225.000, j3 52443, j452.657, j525.000
— G873 VARIABLE TS2.L
il 84.048, 2 100.0 , i3130. 0, i4 85.846
— 873 VARIABLE TOUTC2.L
j1 70.000, j2 70.000, j370.0 , j470.0 , j570.000

— 873 VARIABLE 03.L
VARIABLE OCosthu2.L 0.000
VARIABLE OCostcu2.L 152395.568

GAMS 24.2.1 143572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 37

General Algebraic Modeling System

Equation Listing SOLVE WHEN2A Using MINLP From line 927

MODEL STATISTICS

BLOCKS OF EQUATIONS 42 SINGLE EQUATIONS 858

BLOCKS OF VARIABLES 44  SINGLE VARIABLES 912

NON ZERO ELEMENTS 3285 NON LINEAR N-Z 655

DERIVATIVE POOL 10 CONSTANT POOL p

198958.775 Objective 3

CODE LENGTH 2,315
GENERATION TIME = 0.016 SECONDS ~ 3MB 24.2.1 r43572 WEX-WEI
EXECUTION TIME = 0.032 SECONDS 3 MB 24.2.1 r43572 WEX-WEI

GAMS 24.2.1 r43572 Released Dec 9,2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 40
General Algebraic Modeling System
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Solution Report  SOLVE WHEN2A Using MINLP From line 927
SOLVE SUMMARY
MODEL WHEN2A OBJECTIVE 032
TYPE MINLP DIRECTION MINIMIZE
SOLVER DICOPT FROM LINE 927
*xk SOLVER STATUS 1 Normal Completion
{ ¥ MODEL STATUS 2 Locally Optimal
*+kx OBJECTIVE VALUE 229816.9353
RESOURCE USAGE, LIMIT ~ 0.141 1000000
ITERATION COUNT, LIMIT 33 20 000000
EVALUATION ERRORS 0 0

Dicopt 24.2.1 143572 Released Dec 9,2013 WEI x86_64/MS Windows

Aldo Vecchietti and Ignacio E. Grossmann
Engineering Design Research Center
Carnegie Mellon University

Pittsburgh, Pennsylvania 15213

CONOPT3  24.2.1 r43572 Released Dec 9,2013 WEI x86_64/MS Windows
CONOPT3 version 3.15M
Copyright (C) ARKI Consulting and Development A/S
Bagsvaerdvej 246 A
DK-2880 Bagsvaerd, Denmark
The model has 912 variables and 858 constraints
with 3285 Jacobian elements, 655 of which are nonlinear.
The Flessian ofthe Lagrangian has 140 elements on the diagonal,
305 elements below the diagonal, and 470 nonlinear variables.
** Warning ** The variance of the derivatives in the initial
point is large (= 5.6 ). A better initial
*

point, a better scaling, or better bounds on the

variables will probably help the optimization.



(yfivl solton. RecLoed gadirtlessthen tlerane
CONOPT time Total 0.141 seconds
ofwhich: Function evaluations 0.080 = 56.7%
1St Derivative evaluations ~ 0.015= 10.6%
* *REPORT SUMMARY : 0 NONOPT
0 INFEASIBLE
0 UNBOUNDED
0 ERRORS
GAMS 24.2.1 43572 Released Dec 9, 2013 WEX-WEI x86_64/MS Windows 03/31/14 14:54:02 Page 41
General Algebraic Modeling System
Execution
— 928 VARIABLE q1L Heat exchanged between hot stream iand cold stream jat stage k
firstloca- location3 locationd

il j4 280,000

ilj5 97500

i4j1 137159

i4,3 409.924

— 928 VARIABLE zI .L Binary variable to denote existence of match ij in stage k
firstloca~ location3 locationd

ilj4
iljS  1.000
i4.jl 1,000
i4]3
— 928 VARIABLE qhul .L Heat exchanged between cold stream j and hot utility
J2 97,576
— 928 VARIABLE zhul L Binary variable to denote existence of hot utility with cold stream
j2 1.000
— 928 VARIABLE qcul .L Heat exchanged between hotstream i and cold utility

(ALL  0.000)
— 928 VARIABLE zcul L Binary variable to denote existence of cold utility with hot stream i

(ALL  0.000)

928 VARIABLE Oghul .L 97.576 Overall heat exchanged between cold streamj and hot utility



VARIABLE Qpul L 0000 Overall het excranged between hot sreami and coldl ility
— 928 VARIABLE ALL
firstloca- location3 locationd
il.j4 45.507
iLjS 8971
i4jl 7019
i4,j3 40.488
— 928 VARIABLE Ahul .L
j23617
— 928 VARTABLEtHI L Temperature of hot stream i at location k
firstloca- location2 location3 location4 lastlocat-
il 120000 110714 110714  84.048  84.048
21000 12000 1000 1000 1000
i3 1300 1300 130000 1300  130. 0
i4 1400 126423 126423 126423 85.846
i 80.000 80.0 80,000 80.000 80.000

— 928 VARIABLEtCI L Temperature of cold stream j at location k
firstloca- location2 location3 location4 lastlocat-

J 100000 88.244 88.244 83244  88.244

279091 79091 79091 79091  79.001

j3 1000 100000 1 .000 100. 0 70.720

J4 1000 1000  100.0  70.000 70.0

B 10 §7.143 87.143 87.143 87.143

— 928 VARIABLE WWLL Source Waste water

il 9.000, i29.000, 34500, i48.659

— 928 VARIABLE TKIL Sink temperature

]188.244, j2 79091, j370.720, j4 70.000, j5 87.143

—- 928 PARAMETER TOUTC outlet temperature of cold stream (degree celcius)

jl 100,000, j2 100.000, j3 100.000, j4 100.000, j5 100.0

— 928 VARIABLE g2.L Heat exchanged between hot stream iand cold stream jat stage k
firstloca- location2 location4



ilj2 19,001

i2l 368.352

i2J5 243.750

i3j3 228114

i3.j4 161867

— 928 VARIABLE z2.L Binary variable to denote existence of match ij in stage k

firstloca~ location2 locationd

ilj2- 1000

i2l 1.000

2 5 1.000

133 1.000

Bj4 1,000

— 928 VARIABLE ghu2.L Heat exchanged between cold stream j and hot utility

(ALL  0.000)

— 928 VARIABLE zhu2.L Binary variable to denote existence ofhot utility with cold stream

(ALL 0. 0)

— 928 VARIABLE qgcu2.L Heat exchanged between hot stream iand cold utility
il 548.409, 2 122.898, i3 135.019
— 928 VARIABLE ZCU2L Binary variable to denote existence of cold utilitywith hot stream i
il 1.000, i2 1.000, i3 1.000
— 928 VARIABLE Oghu2.L = 0.000 Overall heat exchanged hetween cold streamj and hot utility
VARIABLE Oqcu2.L = 806.326 Overall heat exchanged between hot stream i and cold utility
— 928 VARIABLE A2.L
firstloca- location2 location4
ilj2 1248
12,1 32.449
i2.5 21472
33 9.954
i34
— 928 VARIABLE Acu2.L
il 29.543, 2 11.794, i3 9.965
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IPBVARIABLE A2

(ALL ~ 0.000)

028 VARIABLE Costhl L~ = 39143857
VARIABLE CosthulL = 9380.902
VARIABLE OCosthulL = 36786.061
VARIABLE 032.L = 229816.935 Objective 32
VARIABLE Costh.L = 48531049
VARIABLE CostuzL = 0,000

VARIABLE OCosthu2L = 0.000
VARIABLE Costeu2.L = 28890 318
VARIABLE OCostcu2l = 152395568

VARIABLE 022.L
VARIABLE 032.L
VARIABLE FCost2.L
VARIABLEPICLL L 911.171 Piping cost of sourceto !
VARIABLE PICost2 L 2442.504 Piping cost

928 VARIABLE tH2.L Temperature ofhot stream iat location k

85310.820 Objective 2.2
229816.935 Objective 3.2
67500.000

firstloca- location2 location3 location4 lastlocat-

il
i2
i3
i4

il
j2
B3
W
5

84.048 82229 82229 82229 82.229
100000 1 .0 41705 41705 41.705
130.000  86.550  86.550  86.550  55.718
85.846 85846 85846 85.846 85.846

- 928-VARIABLE tC2.L Temperature of cold stream | at location k

firstloca- location2 location3 locationd lastlocat-

700 70000 25000 25.000 25.000
700 25000 25.0 25000 25.000
700 52443 52443 52443 52.443
700 70000 700 700 52657
700 70000 250 250 25000
928 VARIABLE WW2.L Source Waste water

il 9.000, 129.000, i34.500



928 VARIABLE V2L Fresheter flowrate
j 7016, j20.364, j36.114, j44.364, j54.643
— 928 VARIABLE F2.L Splitting Flowrate
3 WU
i4 5023 3636
— 928 VARIABLE TK2.L ddddd
j1 25,000, j225.000, j3 52.443, j452.657, 5 25.000
— 928 VARIABLE TOUTC2.L
j170.000, j2 70.000, j3 70.000, j4 70.000, j5 70.000

— 928 VARIABLE 03.L = 198958.775 Objective 3
VARIABLE 032.L = 229816935 Objective 3.2
VARIABLE Atotl L = 105662
VARIABLE Atot2 L = 157.303
VARIABLE AREA L = 262,965 Total Area’
VARIABLE TAC2.L = 385981.430 Total annual cost 2

— 928 PARAMETER TS Source temperature (degree celcius)
il 120.000, 2 100.000, i3 130.000, 4 140.000, 15 80.000
— 928 VARIABLE FS2.L

i 9000, 29.000, 34500, i48.659

928 VARIABLE FI L Splitting Flowrate

LI A B

i3 2643 1.857

i4 0341

i 3636 0864

— 928 VARIABLE TK2.L ddddd

J1 25.000, j225.000, j352.443, j452.657, j5 25.000

— 928 VARIABLE FK2.L

jl 7.016, j2 0364, j3 11.136, j4 8.000, j5 4.643

— 928 VARIABLE TK1 L Sink temperature

jl 88.244, j2 79.091, j370.720, j4 70.000, j587.143

— 928 PARAMETER FKL Sink flowrate (ton per h)



jI 10.000, j2 4.000, j3 12.000, j4 8.000, j5 6.500
EXECUTION TIME = 0.000 SECONDS 3MB 24.2.1 r43572 WEX-WEI
USER: The Petroleum and Petrochemical College G131219:2228AS-WIN
Chulalongkom University DC4365
License for teaching and research at degree granting institutions
+¢* FILE SUMMARY
Input  C:\Users\Sarut\Desktop\WORK\Thesis water network\ GAMS 24.2\WHEN case

4.2.gms

Output  C:\Users\Sarut\Documents\gamsdir\projdinWHEN case 4.2.1st
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