CHAPTER Il
EXPERIMENTAL

3.1 Materials and Equipment

3.1.1 Equipment
3.1.1.1 Laptop Computer (Intel® Core™ /7 4700HQ Processor
2.4Ghz, 16GB ofRAM, Windows 8.1 and 64-bit Operating system)
3.12 Software
3.1.2.1 Microsoft Office Excel 2010
3122 GAMS V2421

3.2 Experimental Design

3.2.1 Grassroots Design for Water Network with Fixed Flow Rate

a. Develop computer program for water network synthesis with
multiple contaminants using the mixed-integer non-linear-programming (MINLP)

b. Use GAMS program to generate water network with mass balance
equation and constraints to minimize the freshwater usage from research case study
data offlxed flow rate problem (Doyle et al., 1997).

¢. Compare the Water Network result with published data.

3.2.2 Grassroots Design for Water Network with Fixed Contaminants Load

a. Develop computer program for water network synthesis with

multiple contaminants using two models. The first model is non-lingar-programming

(NLP) model to minimize the water consumption at allocation. The second model is

mixed-integer non-liner programming (MINLP) model to synthesize the water
network.

b. Use GAMS program to generate water network with the first NLP

model to find the initial point for the second MINLP model with minimum total cost

fresh water, total cost of water splitting units and total cost of water feeding units



with various scenario from research case study of fixed contaminant load (Savelski et
al, 2003 and Koppol etat., 2003).
¢. Compare the Water Network result with published data.

3.2.3 Grassroots Design for Water/Wastewater Network with Treating Unit

a. Develop computer program for water/wastewater network
synthesis - with  multiple ~ contaminants using the  mixed-integer-non-linear-
programming (MINLP) model.

b. Use GAMS program to generate water/wastewater network with
treating units using NLP and MENLP models to minimize the total cost fresh water,
total cost of water treatment, total cost of water splitting units and total cost of water
feeding units with various scenario from research case study of fixed contaminant
load (Koppol et al, 2003).

¢. Compare the Water/wastewater Network result with published
data.

324 Retrofit Design of Water Network with Treating Units

a. Develop computer program for water network with multiple
contaminants using the linear programming (LP) model.

b. Use GAMS program to retrofit design water network with treating
units using LP model to minimize the amount of treated water with scenario using
research case study of water using units (Savelski et al, 2003) and water treating
units (Koppol et al, 2003).

c. Compare the Retrofit Design of Water Network with Treating
Units with base case design.

3.2.5 Grassroots Design for Water/Wastewater Network
a. Develop computer program for water/wastewater network with
multiple contaminants using the mixed-integer-non-linear-programming (MINLP)
model.
b. Use GAMS program to grassroots design for water/wastewater
network using NLP model and MINLP model to minimize the total annual cost with
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scenario using research case study data of water using units (Savelski et al, 2003)
and water treating units (Koppol et ai, 2003).

C. Compare the grassroots design for Water/Wastewater Netwi
result with base case design.

3.3 Model Formulation

331 Water Network with Fixed Flow Rate

Fig.3.1 shows the grid diagram of water network if fixed flow rate
design of two sources and two sinks. Source stream Is the water streams after passing
the process unit and sink stream is the water streams used for process unit. Source
streams have higher concentration of contaminant than sink streams. Source streams
have flow rate (FSi), contaminant concentrations A (SAI), contaminant
concentrations B (SBi) and transfer mass load to sink streams by fraction of flow rate
oip. Ok streams have flow rate (FDj), maximum concentration of contaminant A
(DMA)) and maximum concentration of contaminant B (DMB). From this model
GAMS program is used to generate the water network using the objective function to
minimize overall fresh water usage, fresh water source unit and matching flow rate
unit of source to sink. The mass balance equations for generating the matching flow
rate are shown by Eq3.1 - Eq.3.7 and Logical constraints to calculate number of
matching unit and fresh water source unit are shown in Eq.3.8 - Eq.3.12.
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Figure 3.1 Grid diagram of Water Network of fixed flow rate.

Model 1: Water Network with fixed flow rate
Objective: Minimize OFW+ YiTijyij + YjjZ]
Mixed-integer-non-linear-programming (MINLP)
Mass balance equations:

FDIDAj = Yi(FSi * Xij « 4 (3.)
FDDBj = Yi(FSi * Xij * SBi) (32)
FDj = YiFsi+ Xij » FWj (33)
Fif = FSI o Xi] (34)
WWt= (1-itX iJ)*FSi (35)
OFW = Y§ FWj (36)
OWW = YjWWi (37)
Constraint equations:
lixij < 1 (3.9)
DAj < DMA 39)
DBj < DMB; (3.10)
Fij- ytj* OMEGA < 0 (3.12)
FWj - 7+ OMEGA <0 (312)



NOMENCLATURE
Model 1: Water Network with fixed flow rate
FSi Maximum Water flow rate of source
SAi - Concentration of contaminant A in sources
SBj  Concentration of contaminant B in sources : 1
FDj  Water flow rate of sinks
DA Concentration of contaminant A in sinks
DBj  Concentration of contaminant B in sinks
DMA] Maximum concentration of contaminant A in sinks
DMBj Maximum concentration of contaminant B in sinks
xu  Flowrate splitting fraction from itoj
Fij  Flow rate splitting from | 0]
FW]  Fresh water usage for each sink
ww, Waste of each source
OFW  Overall fresh water flow rate
oww Overall waste water flow rate
yij ~ Binary variable for splitting units
7 Binary variable for fresh water feeding units

INDEX
i Source Stream
j Sink Stream
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3.3.2 Water Network with Fixed Contaminant Load

Fig.3.2 shows the grid diagram of water network with fixed
contaminant load design of two sources and two sinks. Source stream is the water
streams after passing the process unit and sink stream is the water streams used for
process unit. Source streams have higher concentration of contaminant than sink
streams. Source streams have fixed contaminant load of contaminant A (LA), fixed
contaminant load of contaminant B (LBj), contaminant concentrations A (SA)),
maximum contaminant concentrations A (SMAI), contaminant concentrations B
(SBj), maximum contaminant concentrations B (SMBj) and transfer mass load to
sink streams by fraction of flow rate (x;;. Fixed contaminant load model can find the
flow rate of each process by Eq.3.13

L= F(COU- cin) (3.13)
Or LA = FlowiUjCSAI —DA)) (3.14)
Then, L = LA = contaminant load

F = Flowinj = Total flow rate of each process

Cat = SAi = outlet concentration of contaminant

¢ =DAJ =inlet concentration of contaminant
| the process using only fresh water, maximum fresh water flow rate (FSjmax= FWj =
Flowing can be calculated by Eq.3.15

L = F(Cout,MAX s 0) (315)
Or LA =FS"*(SMA;) (3.16)

Then, Cat'MAX= SMAI = maximum outlet concentration of each contaminants

Sink streams have concentration of contaminant A (DA]), maximum
concentration of contaminant A (DMA)), concentration of contaminant B (DBj) and
maximum concentration of contaminant B (DMBJ). From this model GAMS program
Is used to generate the water network of fixed contaminant load. It uses 2 models.
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The first model is initialization step using Non-liner-programming
(NLP) to generate the flow rate of water network of fixed contaminant load. It uses
the mass balance equations to generate the water flow rate of each process (Flowinj)
but the objective is only minimization of fresh water usage. The equations are shown
in Eq.3.17 - Eq.3.3L. The program will calculate the Flowinj to minimize water
usage. And the Flowinj of sink and source from this modlel are used as a starting flow
rate in the second model

The second model is optimization step by using Mixed-integer-non-
liner-programming (MINLP). The model is the same model as one in fixed flow rate
but FS) and FDj are higher than or equal to Flowinj from NLP model. The objective
function is minimizing total cost fresh water, total cost of water splitting units and
total cost of water feeding units. The mass halance equations to generate the
matching flow rate are shown by Eq.3.32 - Eq.3.38. Logical constraint to calculate
number of matching unit and fresh water source unit are shown in £q.3.39 - Eq.3.45.
Cost calculations are shown in Eq.3.44 - Eq.3.48.

LA = Flowin, + (SA, - DA))
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Figure 3.2 Grid diagram of Water Network of fixed contaminant load.



Model 2: Water Network of fixed contaminant load

The first model - Initialization.
Objective: Minimize OFW
*Non-linear-programming (NLP)
Mass balance equations:
LoadAij = Flowirij » DeltaCAi]
LoadBij = Flowirij « DeltaCBij
Flowirij = £i(FS(ra* « Xij) + Fw;]
LoadAis = FS™ax . SAI
LoadBij = Fsrax e« SBi
DeltaCAi] = SAi - DAj
DeltaCBi| = SBi - DBj
*Flowirij - 'ZiiBSjat  « Xij o+ Sidi)
DBj « Flowirij = EiiF "1 Xi« SBi)
Fij= FsrxeXij
OFW = YJ FWj

Constraint equations:
Flowirij > FS™ax
DAj < DMA]
DBj < DMB]
lixije< 1
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The second model - Optimization.

Objective: Minimize FWCost + nXCost + nFCost
Mixed-integer non-linear-programming (M INLP)
Mass balance equations:

FDjDAj = Ei(FSi * Xij * SAi)
FDjDBj = Si(FSi * Xij * SBi)
FDj = Si FSi ¢ Xij « FWj

Fij = FSi oXij

WWi = (1- :iXij) «FSi
OFW = Sy FW|

OWW = Sy Wi

Constraint equations:

FSi ™ Flowirij

FSi = FDj

Ei*ij< 1

DAj < DMA]

DBj < DMB
Fj—yij*OMEGA <0
FW, . zy « OMEGA <0

Cost equation:

FWCost = OFVF » CostFW . //r

nXCost = Sillyyij + CostnX
nFCost = SyZiy « CostnF



NOMENCLATURE
Model 2: Water Network of fixed contaminant load
LoadAjj Fixed load of contaminant A
LoadBj] Fixed load of contaminant B
Flowinj Flow rate of each process
DeltaCAij  Outlet concentration A- Inlet concentration A
DeltaCBg  Outlet concentration B- Inlet concentration B

pg.max Maximum fresh water flow rate of each process
SA Concentration of contaminant A in sources

SBi Concentration of contaminant B in sources

DA Concentration of contaminant A in sinks

DBj Concentration of contaminant B in sinks

DMA| Maximum concentration of contaminant A in sinks
DMB; Maximum concentration of contaminant B in sinks
XiJ Flow rate splitting fraction from i o]

Fid Flow rate splitting from itoj

FWj Fresh water usage for each sink

OFW Overall fresh water flow rate

FSi Wiater flow rate of source

FD, Water flow rate of sinks

WWi Waste of each source

oww Overall waste water flow rate

Vil Binary variable for splitting units

7] Binary variable for fresh water feeding units

HY Working time (h/yr)

CostFW  Cost of fresh water ($/t)

CostnX Cost of splitting units (/)
CostnF Cost of water feeding units (/)
FWCost  Total cost of fresh water ( /yr)
nXCost Total cost of splitting units ( )
nFCost Total cost of water feeding units ( )
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3.3.3 Water/Wastewater Network with Treating Units
After the water network was generated with minimum freshwater. It
has wastewater leaving from process and wastewater is treated or regenerated to
reduce the concentration of contaminants by treatment units and the treated water can
be reused it in a water network. The treatment unit helps to lower fresh water usage
and wastewater discharge. The water/wastewater network grid diagram is shown in
Fig. 3.3

Source, 1 Treated Source, i = n+1
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'I Treating >
Processes OWD
xFij (l) xFij
»— 1 — & —1 —)—1
, & : - 4 0 ton’h
./ Era— '_'u e o

Figure 3.3 Grid diagram of Water/waste Network with end of pipe regeneration.

This network uses two models as same as the water network with
fixed contaminant load model. The first model Is initialization step using Non-liner-
programming (NLP) in part of water network to generate?the water How rate of each
process (Flowinj). The equations are shown in Eq.3.49 - Eq.3.63. And the second
model is optimization step using Mixed-integer-non-liner-programming (MINLP) in
water network and wastewater parts and by adding one more source of treatment at |
= ntl if source stream have i= . The objective function is minimizing total cost
fresh water, total cost of treatment water, total cost of water splitting units and total
cost of water feeding units. The equations are shown in Eq.3.64 - Eq.3.83.



Model 3: Water/wastewater Network with Treating Units

The first model - Initialization.
Objective: Minimize oFw
Non-linear-programming (NLP)
Mass balance equations:

LoadAij — Flowirij *DeltaCAij

LoadBij = Flowirij « DeltaCBij
Flowirij = U F Srx*7) + FWj
LoadAij = FS™ax . SAi

LoadBi] = Fsrax*SBi

DeltaCAij = SAi - DAj

DeltaCBi | = SBi - DB

DAj * Flowirij = 'ZiiFS™ * exij * SA)
DBj . Flowirij = S;(F5raxe Xij +sBi)
Fij = FS™ax . Xij

OFW =1 FW]

Constraint equations”
Flowirij > FS™ax
DAj < DMA]
DBj < DMB]
Tixij< 1
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The second model - Optimization.
Objective: Minimize FWCost + TCost + nXCost + nFCost
Mixed-integer non-linear-programming (MINLP)
Mass balance equations:

FDjDAj= 1T2p\F Sf xtJ « SAY)

FD|DBj = lii»+1(FS,. . SB)

FOj = UzF'FSi-Xi'fFW]

Fij = FSLeXij

WWtACI-10+ xtji'FSi

OFW —ZjFWj

oww = JMSWWI

OWD = OWW - Zj{FSi=n+L. xi=n+L))

Constraint equations:
FSi- > Flowirij
=x =IT
DAj < DMA]
DBj < DB
Fij - Yij + OMEGA < 0
FWj - 2 OMEGA <0

Cost equations:
FWCost = OFW e CostFI/F « HY
TCost = OVFVF CostT « HY
nXCost — Ei ZjYi.] * CostnX
nFCost — ZjZI'j « CostnF
TAC —FWCost + TCost

42



NOMENCLATURE
Model 3: Water/wastewater Network with Treating Units
LoadAi;  Fixed load of contaminant A
LoadBlj Fixed load of contaminant B
Flowinj Flow rate of each process
DeltaCAij  Qutlet concentration A- Inlet concentration A
DeltaCBjj  Qutlet concentration B- Inlet concentration B

pgmax Maximum fresh water flow rate of each process
SA Concentration of contaminant A in sources

DA, Concentration of contaminant A in sinks

DMA| Maximum concentration of contaminant A in sinks
X Flow rate splitting fraction from i o]

Fy Flow rate splitting from i toj

FW| Fresh water usage for each sink

OFW Overall fresh water flow rate

FSi Water flow rate of source

FDJ Water flow rate of sinks

WWi Wiaste of each source

ow W Overall waste water flow rate

OWD Overall waste water disposal

Vil Binary variable for splitting units

71 Binary variable for fresh water feeding units
HY Working time (h/yr)

CostFW  Cost of fresh water (1)

CostT Cost of treatment water (/1)
CostnX Cost of splitting units ( /  it)
CostnF Cost of water feeding units (/  it)
FWCost  Total cost of fresh water ( /yr)
TCost Total cost of treatment water ( /yr)
nXCost Total cost of splitting units ( )
nFCost Total cost of water feeding units ( )
TAC Total annual cost ($/yr)
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3.34 Retrofit Design of Water Network with Treating Units
After the water network was generated with minimum freshwater. It
has wastewater leaving from process. Treating units are important to treat wastewater
to low concentration of contaminants before discharge. Treated water can be reused
or recycled back to water network and treating parts by retrofit wastewater network
to reduce more cost of treating water. The water/wastewater network grid diagram is
shown in Fig. 34.
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Figure 3.4 Grid diagram of water/waste network with three contaminants (a. s ana

This network was done by Liner programming (LP) model to generate
water treatment network part. It has water network part as a base case and data of
wastewater from this water network is used to create water treatment part by
additional water treating part. The LP is used to generate water treatment network
while water network part is fixed. The equations are shown in Eq.3.84 - Eq.3.92 The
objective function is minimizing total fixed cost (TFC) and total annual cost (TAC).



Model 4: Retrofit Design of Water Network with Treating Units

Objective: Minimize Si44: Flowrate of Treated water
Linear-programming (LP)
Mass balance equations:
WAy, + WwWw = £1FSi et *SAi)
WBw . Www = £;(FSI. 1w *SBi)
WCw « WWw = ZiiFSi . W, €]
WWw =.1(F Sfyiiw)

Constraint equations:
Ew i <1

WFi, = FSi« Wi
WAw < CWAw
WBw < CWBw
WCw < CWCw
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NOMENCLATURE
Model 4: Retrofit Design of Water Network with Treating Units

SAI Concentration of contaminant A in sources
SB, Concentration of contaminant B in sources
SCj Concentration of contaminant ¢ in sources
WAwW Concentration of contaminant A in sinks waste
\WBw Concentration of contaminant B in sinks waste
WCw Concentration of contaminant ¢ in sinks waste

CWAW Maximum concentration of contaminant A in sinks waste

CWBw Maximum concentration of contaminant B in sinks waste

CWCw Maximum concentration of contaminant ¢ in sinks waste
| Flow rate splitting fraction from 10

WH, Flow rate splitting from 1t0

FS Water flow rate of source

WWhw Water flow rate of sinks waste

INDEX
| Source Stream (Qutlet water from water network)
Sink waste Stream (Waste water discharge)
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335 Grassroots Design for Water/Wastewater Network

The grassroots design for water/wastewater network is the redesign of
base case model with the mathematical programming. The water/wastewater network
grid diagram is shown in Fig. 3.4. The model consists of NLP model and MINLP
model. The proposed NLP model has initial point of lower-bounds for water flowrate
of each process (Flowinj) to generate the simple water network. The equations are
shown in £0.3.93 - £q.3.107. Flowinj as a lower bound of flowrate of source 1 (FSI)
in MINLP model. The MINLP model is to generate water/wastewater network with
not fixed topology of hase case and the objective function is minimizing the total
annual cost (TAC). The equations are shown in Eq.3.108 - Eq.3.127



Model 5: Grassroots Design for WaterAVastewater Network

The first model - Initialization,
Objective: Minimize oFw
Non-linear-programming (NLP)
Mass balance equations:

LoadAij = Flowirij « DeltaCAij

LoadBij = Flowirij « DeltaCBij
Flowirij = 'ZINFS™(* « Xij) + FW|
LoadAij = FS™ax « SAI

LoadBij = FS™ax « SBi

DeltaCAij = SAi - DA

DeltaCBij = SBi - DBj

DAj « Flowirij = Si(FSma*e %ij * SAI)
DBj « Flowirij = 2 I(FSfma*. Xy . SBi)
Fij= FS™ax»Xij

OFWAZJFW]|

Constraint equations:
Flowirij > FSf®

DAj < DMA]
DBj < DMSB;

zZixt< 1
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(3.107)



The second model - Optimization.
Objective: Minimize TAC
Mixed-integer non-linear-programming (v INLP)
Mass balance equations:
FDjDAj = E | oxt) +SAi)
FDJDBj = Ei=S+1(F5i **£] « SBi)
FDj= Ziz@+LFSi ¢ x| « FWj
Fij = FStXij
WWi=il- * Ixtj)*FSi
OFW = ZjFW;
oww = UoWWi
OWD = OWW - E;(F5i=nt1. xi=n#l,)

Constraint equations:
FSi > Flowirij
FSi = FD)
Etvij < 1
DAj < DMAj
DBj < DMBj
Fij - yij * OMEGA < 0
FWj - 2 + OMEGA < 0

Cost equations:
FWCost = OFW ¢ CostFW ¢ HY
TCost = QWW ¢ CostT * HY
nXCost = EIE;yij ¢ CostnX
FCost = E;Zj *CostnF
TAC = FM/Cost + TCost
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NOMENCLATURE

Model 5: Grassroots Design for WaterAVastewater Network

LoadAij
LoadBij
Flowirij
DeltaCAjj
DeltaCBjj
pgmax

SAI

DAI
DMA

X

FiJ

FWj
OFW

FSi

FDJ

ww,
oww
OWD

Yij

Z]

HY
CostFW
CostT
CostnX
CostnF
FWCost
TCost
nXCost

nFCost
TAC

Fixed load of contaminant A

Fixed load of contaminant B

Flow rate of each process

Outlet concentration A- Inlet concentration A
Qutlet concentration B- Inlet concentration B
Maximum fresh water flow rate of each process
Concentration of contaminant A in sources
Concentration of contaminant A in sinks
Maximum concentration of contaminant A in sinks
Flow rate splitting fraction from i toj

Flow rate splitting from it0j

Fresh water usage for each sink

Overall fresh water flow rate

Water flow rate of source

Water flow rate of sinks

Wiaste of each source

Overall waste water flow rate

Overall waste water disposal

Binary variable for splitting units

Binary variable for fresh water feeding units
Working time (h/yr)

Cost of fresh water (/1)

Cost of treatment water ($/1)

Cost of splitting units ( / it)

Cost of water feeding units (/ it)

Total cost of fresh water ( /yr)

Total cost of treatment water ( /yr)

Total cost of splitting units ( )

Total cost of water feeding units ( )

Total annual cost ( fyr)
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