CHAPTER Il
EXPERIMENTAL

31 Equipment and Software

Equipment;
Computer laptop model: Intel(R) Core(TM) 17-3517U at CPU 1.9GHz,
RAM: 4 GB and 64-hit Operating system.
Software:
1 GAMS version 24.2.1
2. Microsoft office excel 2010

32  Experimental Procedures

3.2.1 Grassroots Design for Water Network (- N)

a. Develop the mixed-linear programming (MILP) mathematical model
with sufficient mass balance equations and constraints for water
network design.

b. Run the model by GAMS to generate water network where objective
function is to minimize the freshwater usage with various scenarios
using published research case study data of fixed flowrate problem
(Prakash et al, 2005a, Foo, 2008).

¢. Compare the WN result with published data.

3.2.2 Grassroots Design for Water Network (WN) with Regeneration Unit

a. Develop the nonlinear programming (NLP) mathematical model with
sufficient mass balance equations and constraints for water network
with regeneration units design.

b. Run the model by GAMS to generate water network with regeneration
units using four-step calculation procedure for NLP where objective

" function is to maximize saving cost using published research case
study data (Tan et ak, 2007).
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¢. Do awater cascade analysis to ensure the result.

d. Compare the WN result with published data.

3.2.3 Grassroots Design for Water Network (WN) with Several Treating Units

a. Develop the mixed-integer nonlinear  programming (MINLP)
mathematical model with sufficient mass balance equations and
constraints for water network with several treatment units design.

b. Run the model by GAMS to generate water network with regeneration
units using four-step calculation procedure where objective function is
to minimize total annual cost with various scenario using published
research case study data (Sotelo-Pichardo et ah, 2011).

¢. Compare the WN result with published data.

3.2.4 Grassroots Design for Water-and-Heat Exchanger Network (WHEN)

a. Develop the'MINLP model with heat and mass balance equations and
constraints for water and heat exchanger network in sequential design.

b. Run the model by GAMS to generate water and heat exchanger
network using two-step and four-step calculation procedure where
objective is to total annual cost,

¢. Compare the WHEN result among various scenarios.

3.3 Model Formulation

33.1 Grassroots Design for Water Network (WN)
3.3.1.1 Water network with onefreshwater source (MILP)

Fig. 31 shows the water network model represented in grid
diagram of two sources and two sinks. Two sources enter at fixed flowrate (FS]) and
contaminant concentrations (CSj) and transfer the optimal mass load to two sinks at
optimal flowrate by fraction (X]j). At the end of sink streams, freshwater is used at
minimum flowrate (FW) to satisfy the sink concentration (CKLj) and flowrate (FKj) of
sinks. From this model, MILP mathematical model can be generated for identify amount
of freshwater simultaneously generate the network. Necessary equations are shown
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below from Eq. 3.1 to Eq. 3.12. Eq.3.1 to Eq. 3.10 is mass balance and Eq. 3.11, 3.12 is
logical constraint of matching between source and sink and freshwater usage of each
sink. The objective function for this model is to minimize overall freshwater cost,
overall waste cost and piping cost from matching flowrate of source to sink and
freshwater to sink. Index i is an index for the process source, j is an index for the sink.

Sources

e >
CS:; ES.

1’ i }
Sinks R -
CK, FK.

j i

Figure 3.1 Water network model.

Objective: Minimize OFWC + owwc + (Hi.jyij + Hj., + HiWi) *CP

Constraints:

FKj = TIIFSI-xij + FW] (3.2)

FKj =CKj = HiFSi- Xij - CSi (3.2)
ixii <1 (33)

, CKj =  CKL]j (3.4)
Fij = FSi-xi (3.5)

wwi = (L-Hjxij) -Fsi (3.6)
oww = Hi WWi (3.7)
OFW = HjFwWj (38)
OWWC = OWW -Costw (3.9)
OFPWC = OFWCostF (3.10)
Fij-ytj-- - O (3.11)
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FWj -2j-0> = © (3.12)
wwi =Wy < o (3.13)
| ENs, | ENk

Denotation of variables and parameters are shown in nomenclature,

3.3.1.2 Water network with severalfreshwater sources

Fig. 3.2 shows the water network model with "several freshwater
source represented in grid diagram of two sources and two sinks. The model equations
are shown below from Eq. 3.14 to Eq. 3.26. Most of equations same as the previous
model except freshwater concentration (CFU and minimum freshwater flowrate (FWuj)
that have several sources to consider from index . The objective function is overall cost
of freshwater, wastewater and piping. The result of model might depend on cost of each
section.

Sources

CS, FS,

Figure 3.2 Water network model for several freshwater source.

Objective: Minimize OFWC +owwc + (Eijyij + Yirjzrj +Y,iwi) ' CP

Constraints:
FKj = ZiFSEXtj+ZrFWr] (3.14)
FKj-CK = SiFg-Xj-CS+ SrPwrj-Cr (3.15)
Ej xij < 1 (316)
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CKj =  CKL]j (3.17)

hi = Fsi*xu (3.18)

wwi = (1-ZjXir-FSi (3.19)

oww = ZIWWE (3.20)

OFW = ZrjFWrj (321)

owwce = OWW -Costw (3.22)

OFWC = OFW -CostF (3.23)

L~ o <0 (3.24)
Fwj -zj-00 < 0 (3.25)
wwi —wiw < 0 (3.20)

i GNS,j GNk r GNr
Denotation of variables and parameters are shown in nomenclature.

3.3.2 Grassroots Design for Water Network (WN) with Regeneration Units

After the'water network was generated with minimum  freshwater and
minimum wastewater, regeneration unit is introduced in this section to help lower the
freshwater usage and wastewater discharge. Wastewater can be purified by regeneration
unit to improve its quality in order to be reused or recycled in a water network.
Treatment unit is used to treat \yastewater before discharge to environment. The water
grid diagram is adapted to involve regeneration unit and treatment unit shown in Fig. 3.3
where model is changed to non-linear programming (NLP). Sufficient equations for this
model are shown below from Eq. 3.27 to Eq. 3.44. Index i is an index for the process
source, j is an index for the sink.



Sources

CS,. FS

Sinks

CK;, FK,

Figure 3.3 Water network model for treating and generation unit.

Objective: Maximize save

Constraints:

FKj

FK] -CK

FR *Ysi Wi
CKj

Eijxij

Zjyj
oww
OFW

[ I N A N A G |

i ENs,j 6 Nk

Cost calculation:
Freshwater cost (/y)

Treatment cost (/y)
Regeneration cost ($fy)
Operation cost ($/y)

(Cost saving)

ZLESTXij + FWj + FR-yj
SIFS -Xj-C5 + FReYj1CR
Zij(I - xij) -rsi

CKL]

1
1

EiWWi
Ej A

FCost = OFW =FC-HY
TCost = OWW -TC-HY
RCost =FR-RC-HY

OptCost = FCost T TCost T RCost

45
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Saving ($fy) Save = INC —OptCost (3.39)
Regeneration area (m2) Rarea = FR/HL (340)
Regeneration investment cost ()  RINV = RFC + RVC -Rarea (341)
Piping investment cost ( ) PINV = RINV -PIEC (342)
Total investment cost ( ) INV = RINV + PINV (3.43)
Payback period (y) Pay = INV/Save (3.44)

Denotation of variables and parameters are shown in nomenclature.

3.3.3 Grassroots Design for Water Network (WN) with Several Treating Units

The problem in is stated as follows. A set of process sources with
composition and flowrate is addressed, also is given a set of process sinks- for the
process units that require specific flowrate and specific limit of its composition. A set of
freshwater with constant composition is determined by its cost. A set of treatment unit is
used to regenerate wastewater to be reuse by reduce source composition. The capital
cost and operation cost of treatment unit is given. Piping allocation is determined by its
cost. The main propose of this study is to generate optimal water network with treatment
unit concerning overall cost and waste generated with proper composition satisfying the
environmental requirement. The MINLP model is used to design water network with
only necessary equations for avoiding non-convexity in calculation. The model is based
on water grid diagram shown in Fig. 3.4. Index 11is an index for the process source, r is
an index for the freshwater source, j is an index for the sink, and is an index for
variables before treated, is an index for variables after treated and is an index for
stages of treatment unit. Due to MINLP problem, the technique of this work needs
initialization technique that the network model must be calculated sequentially by four
steps with four objectives as shown in Fig. 3.5.

First, LP is introduced to calculated simple network by direct reuse that
fraction (x,j) is solved where objective is to minimize overall freshwater annual cost
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using Eq. 3.45 to Eq. 3.50. Next, result from first calculation is used as initial point for
MINLP secondary solves which objective is to minimize freshwater annual cost (FAC)
and treatment capital cost and operation cost in annual cost (TTC+TOC) using Eg. 351
to Eq. 3.67 and Eq. 3.86 to Eq. 3.95. From this stage optimal treatment flowrate (FTIU
and economical treatment unit are found. For the next calculation, all flowrate that
calculated from the second step is set as fixed value variable. Mixed-integer linear
programming (MILP) is the third step where objective function is to minimize total
annual cost (TAC) by using results from second step as parameters, such as, FTWFTIY
CTW CTIU xFij, yFiiu tFwey zFW, FWrj, WWIj, and WW2j are changed fixed to FTPW
FTIPu, CTPw, CTIPU xFPjj, yFPju, tFPwj zFPW, FWPrj, WW1P,, and WW2P; as shown
below from Eq. 3.98 to Eq. 3.133. The binary variables for piping exisiting and piping
annual cost are calculated in this step using Eq.3.51-3.53, 3.61, 3.62, 3.65, 3.89, 3.94,
3.97, and set of MILP equation (Eq. 3.98-3.133) . After all variables are found, for more
optimized and ensured, these values are used as initials and bound to finally solve with
MINLP model at same objective but all variables are set to free variables and re-
calculated using Eq. 3.51-3.97.

Sources, i

xLI .VX,IZ
il @ i l
cs, FS, & ® 1
7oy
<+

Ireat. p

OFW

Figure 3.4 Water network with several treatment units model in grid diagram.
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t*ata Optimal water network
Step1 l Step 2 Step 3 Step 4 T
LP MINLP | wmiLp MINLP
Min(FAC) ‘_’ - m?:f'l.‘c“_ - | Min(TAC) Min(TAC)

o[ xE L[ Foy Yy tFu W,
| zF,; WW1, WW,,

Initialized variable for step2 | ©7
Initialized variables for step 3

Y

i All variables |

wj e : o
5B Initialized vanables for step 4

Figure 3.5 Four-Step calculation procedure flowchart.

The variables from one step are slightly calculated to be initial values for
next step. This cascading calculation will reduce non-convexity, give the optimal
solution and use less time to reach the optimal point. The objective function and
constraint equations are shown below.

Objective 1. Minimize FAC (Freshwater annual cost)

Objective 2: Minimize FAC + TTC + TOC

(Freshwater annual cost+ treatment capital annual cost +operation annual cost)
Objective 3: Minimize TAC (Total annual cost)

Objective 4: Minimize TAC (Total annual cost)

Linear Programming (LP)
Constraints:
Sink and source mass balance

FKj = ZiFSEXij+ZrFWr] (3.45)
FKj -CKj = ZiFSi-Xtj -CSi + Zr FWr.j -CFWr (3.46)
Eijxii < 1 (347)

CKj < CKLj (348)

ytoc - e i) (3.49)



Freshwater cost
FAC = ZrjFWrj-CostFWr-HY

ieNs,j € Nk, reNr
Mixed-Integer Nonlinear Programming (MINLP)
Constraints:
Process source mass balance

Fsi = SIFSi-xy+  FSi-ym +wwi

Fsi-csi =SiFsi-XN-CS +  Fsiyt. <si+ wwi-csi

Zixij+Y . uyiive 1
Treatment mass balance

Friu =SiFSi-yu +SwFrw-twy
Friv-ctiv = SIFSi-yu -CS+ Verw-twl -CFW

FTlu = FTW

crw  =(1—au) ectiv

Fiv - FTW -tw, + , FTW .v. . WW 2w
FTW-CTW = FTW -tWM=CTW + FTw=ZW, -cTw + ww 2w -CI'™*,

CFW < crin

Yutwu + zjzwj < 1
Wastewater mass balance
ORI =SiWwWI +  WW2w
OWVT-CW  =SiWW Ii-CSi+SIWW2w-CFw
CW <CWL
Freshwater mass balance
OFW = SrjFWrj
Process Sink mass balance
FKj = THFESI-Xij+Y WFTw -zwj+ Y irFWrj
Fkj-ckj  =SIFSi-Xj -CSi+Iwsc*, - | -crw+ SrFWr) - CFMIr
Stream existing and constraints
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xFij = FSi-Xij
yFi, = Fsi -ytu
tFWi  ~ FTW-twwm
tFyj = FTw -2\
xFij- @uxij < 0
= 300 +2{y
yFi, - I:]>-zyiM < 0
yri, N300 0zyiu
trr,  10"ZtWU — 0

it > 300-ztwu
rwy - @IZy M0
= = 300’zzwj
Fwyj —®ez/ryj < 0
Fwrd > 300 ez/rry
wwii —@ewii < 0
wwii > 300 ezwli
wwo2w- @zwow< 0
wwaw > 30020V
Freshwater cost .
FAC = Irj FWry-CostFVK -z/rry-HY
Treatment capital cost
TFC = Zu,n(IFCuh+ FTIU-IVCun) - KY - VTun
THCL-  U/FCU3+ B3-IVCU+ TRCIU+ (F77u- BYTVCIY -KY -YTIU
TTC = TFC + TFCI
Treatment stage choosing
(FTIM< BO,  FTlu < BI-YTUr + @VIU2+ ©-VIU3+ ©-YTly:
( 1<Fu <BY), FTIU< @KRUL+ F2-VIU2+ ©yrud+ ©-YTlu
(B2< FTIU< BO, FTIU< @ YTUr+ @ YTUz + B3eyrud« @ YTIU
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(FF/ > fi3), FTlu< ®-rruls o) -rru2+Q-rrws+  -YTIU
ZnYTun+ YTIUS 1
Treatment operation cost
TOC = ZUOCU"FTIU-HY
Piping cost
pac = ZIJ[(CPFIt) + CPlij -xry -Hr) -zxBy

+EU[(CPF2U + cpaiu -yrim -Hr) -zyu ]
+ ZWU[(CFF3WU+ cpswu -tFWU-HTr) -ztwY
+ Evwj [(CPFdwj + crawj -zFw) 1HT) +zzW]
+ Z1J[(CPF51) + cpsrj -RVH -HI) -2/rr)]
+ E;[(CPF6: + CPO[ -WWI: -Hr) -zwij]
+ZW[(CPFTW+ CPTW-WW 2w -Hr) -Ziv2w]

Total Annual cost
TAC = FAC T TTC TT0C T PAC

Mixed-Integer Linear Programming (MILP)
Constraints:
Treatment mass balance
FTIPU = EiFst-y 1+ EWFTPw - UM
FTIPUCTIPU =ZiFSi-yiM-CSi+ YIWFTPw -tWM-CTPw
FTIPU = FTPW
CTPW =(1-auycripu

FTPW =ZuFTPw -tWM+ Y.JFTPw -zwj + WW 2w

ol

(39
(394)

(3%)

(396)

3.97)

(399)
(399)
(3.100)
(3101)
(3102)

FTPw-CTPW = EUFTPW -tWU-cTPw + E; FPPW -2 - CFU, + WW2w -ctw  (3.103)

Wastewater mass balance
oww-cwr = ERWWIL «CS: + Eu, WW2w+6TPW
Process Sink mass halance
Fkj = Eixrrij +EUFTPw -zwy + ErPWPrj

(3,104

(3.105)



Fkj-ckj = ELreij-C5+  Frpw-AW-ctrw+Er N -CF
Stream existing and constraints
XFPij = FSi'Xi]
= yFPiM = FSryt,
tFPwu = FTW *twu
tFPw.j = FTW -ZWJ]
xFPij ~ Whzxij — 0
xFPij > 300 I2xij
yFPiv- o -zyiu <0
y FPi, > 300-zy1111
tFPw u~ co-ztwy < 0
tFPwu > 300 *ztwu
iFPwj — @-22wj <0
tFPWp > 300 *zzwj
FWPrd-co-zfrrj <0
Fwprd > 300 ezfrrj
WWIPi- @rzwli < 0
IPj > 300 ezwii
Ww2rw - co-zw2w < 0
wwarw > 300 -zw2w

Freshwater cost

PAC = 'ZrjFWPrj-.CostFW-zfrrJ-HY
Treatment capital cost
TFC = Zun(IFCun+ FTIPu -IVCun)-KY-YTun

trct = EUFCUB+ 83 -iveW3+ trciu+ (FTipu- B3)Tverl -ky -vTiv
Treatment stage choosing

7700 <flY),  FIIPU <. BL-YTew + ( -VIL2+ (0-v7us + @-YTIU
(01 < FTIPU < B, FTIPu < ©-YTUL+ B2-1TU2+ (O-v7us + () - YTIU

52
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(B2 < FTIPU < B3), FTIPu < ( -YTul +(0-YTWR+ fi3-YTU3 + -YTIU (3.130)
(FTIPU>B3),  FTIPu < ()-VIUL+ @ YTu2+ @ YTU3 + (U-YTIU (3.131)
Treatment operation cost
TOC = Y.uOCu-FTIPu-HY (3.132)
Piping cost
PIAC = zimcrriy +cpiij-xrpij -HY) -2xij]
+ ENU(CPF2u + CP2,U-yrrin-/Ir) -zyil
+ SWUICPPPSH, 1L+ ¢ p3wiu - tppwli 1//K) 12twl ]
+ SWI[(CPFAW + CPAN -2k pwj -nv) 122W]
+ Z1,;[(CPF5IJ + cpsij -rwerj -HY) -2/r1]]
+ SJ[(CPF6] + cpci - 14/vriP) -wy) -zw ]
+ SWICCPFy" + CPTW- VKVKPW. wy) -ZW2] . (3.133)
Denotation of variables and parameters are shown in nomenclature.

3.3.4 Water-and-Heat-Exchanger Network (WHEN)

WHEN s design for minimized both  freshwater usage and hot/cold
utiities in process. WN is designed followed by HEN as sequential step. Index i is an
index for the process source, j is an index for the sink, and k is an index for stages of
HEN stage-wise superstructure. A set of process sources i with composition (CSj),
flowrate (FSj), and temperature (TSj) is addressed. A set of process sinks j for the
process units that require specific composition (CK|), flowrate (FK]), and temperature
(TKL,) is also given. Freshwater flowrate (FW)) is determined by process data and its
cost. Freshwater has constant temperature (TFW) and contaminant concentration
(CFW). Piping allocation is determined by its cost. Wastewater must discharge at the
temperature not over the limitation (Tw). HEN is determined by its investment cost and
utility cost. The model consists of 2 sets of equations; the mass halace constraints of WN
design as sown in Eq. 3.134-3.144 and energy balance constraints of stage-wise HEN
design as sown in Eq. 3.151-3.179. Both sets are mixed integer nonlinear programming
(MINLP).
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3.3.4.1 Two-step design
Because of the presence of non-linear and non-convex terms of
MINLP, it needs initialization technique that the WHEN model model as shown in Fig.
3.6 must be calculated for four solving steps sequentially with four objectives that
catagorized into two main steps as shown in Fig. 3.7.

HEN
Sources ! WN
G BS. TS '
B
Sinks
CK;. FK;, TK;

Figure 3.6 Water-and-heat-exchanger network model for two-step design.

Optimal WHEN
Data
J pl HEN Step2 I
: Solve 1 Solve 2 - : Solve 3 Solve 4
: : MINLP

MILP MINLP . | MILP

Minimize

Minimize Minimize Minimize (Utility and
ekt Pl : Ttility cos i o Ny
(Fresh cost) (Fresh+Piping cost) |: (Utility cost) Exchanger cost)

F,; FW, WW, = FH; L TH;; TG,
\\;\\;l rK‘ 0 rcl ql.}.')l qey; qhuj

TH™ =TS; LMTD and
TR =1K, Exchanger area

Link variables hutialized variables

Figure 3.7 Sequential-step solvers flowchart for two-step design.
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Assumptions

1) Specific heat capacity (CP) is constant to 4.2 ki/(kg °C).

2) Non-isothermal mixing occur when WN is designed.

3) After do WN, Sinks must have lower temperature than sources for next-step HEN
design (Sources are determined as hot streams and sinks are determined as cold
streams).

4) Discharged waste concentration is not fixed.

5) Area cost equation, which is 8,000zjj+1,200(Area)°6, are taken from Ahrrretovic et al.
(2014) and linearized to (19,965.89+8,000)zjj+55.749(Area).

Stepl: First, mixed integer linear programming is introduced to calculate minimum
freshwater cost using Eq. 3.134-3.143 where the objective is to minimize freshwater
cost. All calculated varaibles are used as initailization for second solving step, which is
MINLP. Second solving step, WN is designed where the objective is to minimize
freshwater cost and piping annual cost using Eq. 3.134-3.144. Piping allocation perform
by its cost to the lower annual cost. Completed WN is designed with optimal sink
flowrate and concentration value (FK, and CKj). Sinks temperature are changed by the
non-isothermal mixing of freshwater and source streams to arbitary value (TK]) by Eq.
3.139. For the

Step 2 : Necessary variables consist of flowrate and temperature are linked between WN
and HEN by Eq. 3.145-3.150. Third solving step, HEN is calculated from sink streams
(cold streams), where the inlet temperature is variable TKj from second solver, and
waste stream of source (hot streams) with the objective is to minimize hot/cold utility
cost and exchanger area fixed-cost using Eq. 3.145-3.168, Eq. 3.175-3.177 for
exchanger investment cost without area variable cost include, Eq. 3.178, 3.179 for hot
and cold utility operation cost. The third results are used to be initial values of next
fourth solving step where the objective is to minimize hot/cold utility cost, and
exchangers annual cost using Eg. 3.151-3.180. Completd HEN is designed from
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previous solving step. From first thorugh fourth solvers, WHEN is generated

completely.

Objective L. Minimize FAC (Freshwater annual cost)

Objective 2: Minimize FAC + PAC

(Freshwater annual cost+ Piping annual cost)

Objective 3: Minimize Zi cuOPi + Zj huOPj (Utility operation cost)
Objective 4: Minimize Zi cuOP[ + Zj huOPj + Zi,j,k Acosti j k

+Zi Acucosti + Zj Ahucostj (Utility operation cost + Exchanger cost)
Objective 5: Minimize TAC (Total annual cost)

WN mass balance:

ZiFStXty TFWj = FKJ
Zi FSi =xLj =CSi * FWj -CFW = FKj-CK]
viipxij < 1
Kij B> - Ry
wwi-— = (L-xjxtj)-Fst
Non-isothermal heat balance;
Zi FSi =Xij =TSi =CP * FWj -TFW 1P = FKj-TKj-CP
Streams existing logic constraint;
Fj-a-yu <0
Fwj —atyfWj < 0
wwi ~~a lywwi < 0
t GNs,j GNk
WN cost;
FAC = ZjEWj- FRC1



pac = Zij{yij-CPFIt] + Fij -CPlij -wH)
+1iytWj -cproj + Fwj-cr2j -wH)

+ SyCyww; -cpF3i + -CP3i -WH)
Linking variables;
wwi = FHi
rsi = Tl
Tw = TH° ut
FKi = kg
TKj = TCjin
TKLj = TCjout
HEN overall heat balance;
(THtin = THeut) -FHi -CP < vijk0ijk F Reui
(Tcjout - TCiIM) -FCj =CP = viik gijk 4"yhiL]
HEN stage heat balance;
(THUk - THIfKED) -PW - — vijqijx
(Tejk - Tei kD) -FcjcP - Xiogijk
THin = THU
T = TCiNOK+1
Feasibility of temperature;
THOUU _ 1yiNok+1
TCjoUt = o
Hot and cold utility;
(THiiNOl<+1 - THeut)-FHr cp = <[
(Tcjout - TCj1) -FCj-CP = ghUj

5

(3.160)



58

Exchangers existing logic constraint;

Qijk - (0Zijk 0 (3.161)
geUl —corcli < 0 (3.162)
ghUj —cothlj < 0 (3.163)

Logic constraint for temperature difference;
atioe < (reik - tejiiy +y(1 - Zjjfe) (3.164)
dTijjker < (THik+1—cjTeH) + y (1 —zijw) (3.165)
dTcUi < (rHiinok+1 - Tewout) +y (I - ZCU)  (3.166)
dThuj < (Th2ut - TCjOUK) + y(I - zhUj) (3.167)
dTijk 1dTcUi ,dThUj > EMat (3.168)
Log mean temperature difference;

LMTDIjk = [(dTijk - dTiIM1)-{dTijk+k+1)]" (3.169)
o Ty 13
IMTDGUI = 14TcUi - (THeut - Touin) (DT HTHOUEToum) (3.170)
. . (dThUj+(Tkuin-TCjout)) 13
LMTDhUj = dThUj -(Thi n- rc fut) (3.171)
Exchangers area;
NIk - e 3172
AU = Y (3.173)
U-LMTDcUI
whe> = .MTDRIL: (3.174)

Exchangers area cost;

Acostijk = (000 Zyfc+ 1200(i4] jtk)° 6) -AF (3.175)
(8000 -zcUi + 1200(i4cUj)°'6) *AF (3.176)
(8000 -zhUj + 1200(/Ifiuy)a6) -AF (3.177)

Acucosti

Ahucostj
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Utility operating cost;
CUOPI
huOPj

Total annual cost;dx

TAC = FAC + PAC +YiijkAcostijk + Xi Acucosti
+ X; Ahucostj + Xi cuOPi + X; huOPj (3.180)

i Nhotj ¢ Ncold,k ¢ Nstage

1cUi-CUC (3.179)
ghUj-HUC (3.179)

3.3.4.2 Four-step design

The four-step design WHEN maodel is difference from two-step by
complexity and solving procedure. The concept of initialization technique are similar to
two-step design. This approach have seven solving steps that catarorized to four main
steps. WHEN are devided into two parts that each part consists of WN and HEN as
shown in Fig 3.8 for increase WHEN design opportunity. The same assumptions and
equations are used from Eq. 3.134-3.180 but differ by solving method. Due to
complexity of this model, it needs cascading four-step calculation as shown in Fig. 3.9
to generate optmal WHEN.

HEN| : HEN2

: WNI 5 WN2
Sources v WY,

H [ ’ A
CS,. FS;,. TS; g .fs;}gi'.'!» T o
T ey cTW

Fl;, l k2
o L e é (B

CK, FK; K, & < -

Figure 3.8 Water-and-heat-exchanger network model for four-step design.
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l Data l
Stapi e
Overall WN' :
: MINLP
Minimize

:| (Freshwater - Piping cost)

......................................................................................... Adjust
e §Step3 F1,,and F2,,
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Figure 3.9 Sequential-step solvers flowchart for four-step design.

Step 1 WNL and WN2 are designed to minimize freshwater cost and piping cost. This
step give a optimal WN by lowest freshwater and piping in annual cost. Next, Transfer
flowrate streams from sources to sinks are distributed into two parts as F1%Lfor Step2
calculation for WN1 and HENL and F2. for Step3 calculation for WN2. This method
needs trial-and-error for choosing Fig and F2,J for the result of temperature feasibility
after WN2 is generated.

Step 2 WNL s calculated with defined sinks outlet temperature from part 2
(TOUTC?2)) where is determined by pinch temperature theory and defined sinks flowrate



61

from WN2 (FK2j). After WNL is generated, HENL is calculated by MILP followed by
MINLP with the objective is to minimize hot/cold utilities and exchagers cost in annual
of HENL. This step sink or cold streams flowrate are satisfied to determined values
(FK]), temperature are increased to defined values (TKLj) by non-isothermal mixing of
FK2j with Fljj and HENL configuration, but source or hot streams temperature are
decresed to non-fixed arbitary values (TOUTH1).

Step 3 After WNL and HENL is designed, residue source streams (FSIj) with
decreased temperatures (TOUTHI)) are transfer to sink stream at F2jj values that were
set after stepl combined with freshwater flowrate, which calculated from stepl. Sinks
temperature are increased by non-isothermal mixing of freshwater and transfer flowrate
from sources to TK2j. The rest of sources are discharged as waste streams ().
Before forwarding to the last step, calculated TK2j must lower than TOUTC2jthat were
set in first step for temperature feasibility. If TK2j higher than TOUTCZ], the way to
modify is to adjust transfer flowrate (Fljj and Flj j)

Step 4 HENZ is design after WN2 was generate by MILP followed by MINLP where
the objective is to minimize hot/cold utilities and exchangers in annual cost. Sink or cold
streams temperature are increased from TK2j to expected (TOUTCZ)) with minimum
annual cost. Source or hot streams temperature are decreased to obliged values (Tw) and
for discharging reguration.
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