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ABSTRACT: Water and energy are key commodities utilized in the process industries.Water
minimization and energy minimization have been studied separately.In this paper, a new systematic
design methodology has been developed for the simultaneous management of energy and water
systemsthat also feature maximum re-use of water. In addition to allowing re-use of water, issues
aboutheat losses inside unit operations have also been incorporated in this new design method. To
implement such a design, two new design aspects are introduced; new method for "Non-isothermal
Mixing" points identification and new "Separate System" generation. The first aspect involves
"non-isothermal mixing", which enables direct heat recoverybetweenwater streams, and therefore
allows the reduction of the number of heat transfer units. An NLP model is formulated to identifY
feasible non-isothermal mixing points in the network regarding minimum operation cost, which
satisfYminimum tTeshwaterand utility requirements.The other aspect is the generation of "separate
system" in heat exchanger network design. The flexibilityofmixing and splitting of water streams
allows separate systems to be created as a cost-efficient series of heat exchanger units between
tTeshwaterand wastewater streams. The new design aspects have been illustrated with an example.

Key word: Heat loss, Non-isothermal mixing, Separate system, Heat recovery, Heat exchanger
network

INTRODUCTION

Water is one of the most widely used raw
materials in chemical and petroleum industries.
Significant amounts of water are required in
washing,stripping, and manufacturingprocesses.
As water resources face scarcities, ever-
increasing prices, and more stringent
environmentalregulations,muchattentionhas been
paid to reduce freshwater consumption and
wastewater generation (Kim and Smith, 2002;
PanjeshahiandAtaei, 2008).Thereare conceptual
and automated approaches as two traditional
methodsto design water networks with re-use of
water(Mann and Liu, 1999).The formeranalysis
exploitsgraphical tools to explorethe possibilities
of water reuse, whilst the latter employs
mathematicaloptimizationmodelsto obtaina cost-

.CoITesponding author E-mail: a-ataei@hotmail.c{)m

effective solution (Alva-Argaez, 1999; Bagajewicz
et al., 2002; Smith, 2005). The analysis of water
management generally involves water distribution
among water-using operations with the criteria of
contaminant concentration levels (Mann and Liu,
1999).In some cases such as sterilization and
process-washing, temperature of water becomes
as important as the quality of water. The water
system is now subject to not only the constraints
of contaminant concentration levels, but also those
of the temperature levels. Water streams need to
be heated up or cooled down to satisfy the
temperature requirements of the operations, and
energy consumption becomes necessary for these
heating and cooling tasks. Under these
circumstances, energy and water management
needs to be considered simultaneously. Therefore,
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the problem has become a combined analysis of
water and energy systems (see Fig.l).

Fig, I, Simultaneous water and energy
management

The simultaneous energy and water
minimization was first addressed by Savulescu
(1999). This methodology assumes that each
water-usingoperationhas a fixedtemperatureand
runs isothermally. It should be noted that for
particular operations, temperature of water
changes and hence isothermally running
assumption for practical water-using operations
cannot be correct.Two main stages are suggested
for simultaneous water and energy minimization
through Savulescu (1999) methodology:
Stage I. Two dimensional grid diagram for
designing a water network.
Stage 2. Separate system approach for designing
a heat exchanger network.

This method is a sequential approach that
follows a set of design rules in the first stage, to
provide a water network with lessheat exchanger
units required.Theserules,however,donotalways
guarantee minimum utility requirement. In other
words, the actual utility requirementof the design
is higherthan the utilitytarget and the designwith
small number of heat exchangers could be
obtained but with utility penalty. Furthermore, in
the presenteddesignmethod,temperatureof some
water streams in the network may increase to
above the normal boiling temperature. This
temperature increasing can cause many
operational problems for the process; however,
increasing of the process pressure, which
suggested in this method,cannot be a no-cost and
easy solution for these problems.

In the second stage, the idea of generating
separate systems to simplify a heat exchanger
network design was introduced. Nevertheless,the
generation of separate systems has not been ful1y
explored from the recognition that a smaller

number of heat exchanger units could be acquired.
Moreover, the optimum heat transfer area in each
separate system should be explored by introducing
a trade-off between the capital cost of heat
exchanger and the power losses because of the
pressure drops of each fluid to achieve minimum
total annual cost. Accordingly, a new methodology
should be developed to construct a water structure
without the utility penalty and the increasing of
water streams temperature to above the normal
boiling point, and provide a heat exchanger network
with minimum number of units and optimum heat
transfer area.ln this study, a new simultaneous
management of energy and water systems with
maximum re-use of water is introduced to

overcome the aforementioned problems and the
limitations ofSavulescu methodology (1999). The
new simultaneous water and energy minimization
technique has been tested through an illustrative
example. Related coding in GAMS optimization
package was used for the illustrative example to
get optimal values in the proposed design method
computations.

MATERIALS & METHODS

The new systematic design methodologyhas
beendevelopedfor the simultaneousmanagement
of energy and water systems that also feature
maximumre-use of water. In addition to allowing
re-use of water, issues about heat losses inside
unit operationshave also been incorporated inthis
design method. The general features of the
problem involve a set of water-using operations
with specificationsof flow rates, temperatureand
contaminant concentration levels, a selectionof
water sourceswithdifferentqualities,anda number
of heat transfer units. It is desired to determine

water and energy targets and specify the
distribution of water among the water-using
operations as well as the allocation of heat
exchangers between these water streams in order
to complete the overall network configuration.

The new design method comprises 1\\'0new
design aspects; new method for "Non-isothermal
Mixing" point identification to design a water
network with the minimumfreshwater and energy
requirements and new "Separate System"
generationfor designinga heat exchangernetwork
withminimumnumber of heat exchangerunitsand
optimum heat transfer area. Non-isothermal
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mixingenables direct heat recovery between water
streams,and therefore allows the reduction of the
number of heat transfer units. However, non-
isothermal mixing can cause the degradation of
temperature driving forces, and also reduces the
number of possibilities of indirect heat transfer
matchingbetween hot and cold streams. Thus, in
the introductionof non-isothermal mixing, a water
network without utility penalty should be
considered.In this study, an N LP model is
formulated to identify feasible non-isothermal
mixing points, which satisfy not only the inlet
requirements (temperature and contaminant
concentration levels) of the operations but also
achieve the minimum freshwater and utility
requirements and create an overall water network
with fewer number of heat exchanger units. By
usingthis mathematical model, the water network
designwith small number of heat exchangers and
minimumoperating cost can be obtained without
utilitypenalty. .

(Fig.2). depicts a general water-using operation
i. Here, we define the operation with a fixed mass
load of contaminant to be transferred, l1mi.totand
with maximum allowable concentrations of

contaminant at the inlet, Cntax , and outlet, C/

rn
o
ax
w 'I,m ,

of the operation. We include inlet streams from
the freshwater source at temperatureI:,and heated
to Tji with a flowrate, {' (i = 1,2,3,...n t ' ),

J i opera lOllS

as well as streams reused trom other operations,

j(j = 1,2,3,...,noperation..),at a flow rate,Xi,.f
temperature of T. I

and a contaminant
J,ou

concentration, Cj.out . Likewise, we consider an
outtet stream to wastewater treatment at a flow

rate, W:, temperature of T
I

and a contaminant
I ~ou

concentration, Ci,()UI, and outlet streams for reuse
in other operations, j(j = 1,2,3,..., nOperations)at
flow rates, X , temperature of T. andj,t I,OUI

From Other Operations
XI.J

CJ.out
TJ,out

Freshwater
fl
To

TI.ln

CI,ln

Tft 1f
'"

'"
'"

'"

Non-isothermal mixing point

concentration Ci,ol/;rhetotal operating cost, as the
objective function, is expressed in Eq. (1);

(1)

MinOPCOST = CWL;:;-'"" J; +Ce L;:'-- Q

A mass balance on water for the operation i is
given by Eq.(2) (Prakash and Shenoy,2005);

J; + Lj~i Xi,j -W; - Lj~i Xj.i = 0 (2)

We formulate the constraints governing water
reuse from the maximum inlet and outlet
concentrations as well as the fixed mass load

contaminant transferred in each operation. We
calculate the average inlet concentration;Ci,in , by
the flow rate-weighted average of the
concentrations provided by the fresh water source
and reused other operations.

L.X.C
c" = J~I I.J J,()U/ < Cnt8X (3)

I.m L" X, {' - I,mJ~I I,J + Jj

This average inlet concentration should be
smaller than or equal to the maximum allowed
concentration at the inletCrn~ The outletI;n
concentration is the sum of the average inlet
concentration,Cj in' and the change in
concentration due to the fixed mass load of
contaminant transferred, 11m, . To maximum1.101
water reuse, we force the outlet concentration to
equal the limiting outlet concentration (Prakash
and Shenoy, 2005);

tYJni,tot X 103 = CirnOa:,C -c., + ~ X + {' ,
. OUI- 1,1n J iI. }~I I,}

(4)

Substitutingfor c., from Eq. (3) into Eq. (4)I.1n

gives; (5)
L

} # Xi }
'C

}' OUI + !::..milotX 103 maxC. = " . =c.
I,aut " , ,X. {' I,aut

£.., }~I I,} + J i

To Other Operations
Xj,1
CI,out
Tl,out

Operation i
Wastewater Treatment
WI

Cl,out
TI.out

Fig. 2. Illustration oftbe NLP model for non-isotbermal mixing point identification

291

Archive of SID

www.SID.ir



Industrial rf0ter Reuse and Energy Minimization

By rearranging Eqs. (4) and (5), a set of more
linear constraints can be formed as follows;

Lj# [Cjr;:; - Cj,out]Xj,j + ct:~
(7)

1; 2 !1mi,tot X 103

The temperature of inlet water stream to the
operation i, T.. , and the temperature of outletI,m

water stream from the operation i,1; out' are fixed
and known parameters. The constraint related to
the fixed and known amount of inlet water

temperature can be expressed as Eq.(8);

Tj,jn [(L j'f'i X i,j) + f;] = (8)
[( L j'f' i T j, out Xi, j ) + T fi f; ]

The energy requirement for heating of the inlet
freshwater to the operation i from temperature To
to T,; is given in Eq.(9);

(9)

We specify that all concentrations and flow rates
be positive;

Cj,out20; 1; 20; Xi,} 20; W 20 (10)

The nonlinear program to optimize the water-
using network is to minimize the total operating
cost, OPCOST expressed in Eq.( I), subject to Eqs.
(2), (6), (7), (8), (9) and (10). The presented NLP
model can be a useful tool to determine water and

energy targets and specify the distribution of water
among the water-using operations. After the
connections between operations are established
by using the above mentioned model, heat
exchanger network design is considered to
complete the overan network configuration. In the
next section, a new separate system approach win
be introduced to design the heat exchanger
network.

Once the non-isothermal mixing for the water
re-use streams is completed, the remaining design
is to identify the matching of water streams by
generating separate systems and appropriate
location of separate systems. The remaining
problem of heat recovery involves only fresh water
streams as cold streams and wastewater streams

as hot streams, which enables a simple heat

exchanger network design with fewer heat
transfer units (Kim et al., 2001; Savulescu et aI.,

2002). To design a cost-effective heat exchanger
network for the water system, new separate
system generation has been developed. As each
separate system represents a heat transfer unit
between hot and cold streams (Kim et aI., 2001),
the number of separate systems should be
minimized in order to achieve the minimum number

of heat exchanger units. Besides, the temperature
driving forces in each separate system should be
maximized to reduce heat transfer area. Moreover,
the optimum heat transfer area in each separate
system should be explored by introducing a trade-
off between the capital cost of heat exchanger
and the cost related to compensation of pressure
drops in tube and shell sides, for achieving the
minimum total annual cost. Therefore, the concept
of new separate system approach intends to
create minimum number of separate systems and
optimum heat transfer area in each separate
system. The procedure of the new separate
system approach is based on the five steps as
follows:

Step 1: Construct the energy composite curves
The initial energy composite curves are generated
based on individual thermal stream data extracted
from the water network. The minimum demand

for fresh water can be targeted by the slope of
the fresh water supply line from the cold
composite curve. The energy target obtained from
the analysis of these composite curves is the same
as the value of energy consumption estimated in
the stage of non-isothermal mixing point
identification.

Step 2: Minimize the number of separate
systems
In order to achieve the minimum number of

separate systems and consequently fewer heat
transfer units, separate systems should be
generated following kink points on the composite
curve with fewer kink points. Then, the boundaries
of separate systems can be defin~d at kink points
from the selected curve.

Step 3: Maximize temperature driving force in
each separate system.
The creation of separate systems involves non-
isothermal stream mixing in order to achieve the
temperatures required by the water-using
operations. Through non-isothermal mixing of hot
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wastewater streams, the hot composite curve
shouldbe modified to maintain maximum driving
force in each separate system for reducing the
heat transfer area.

Step 4: Determine water distribution between
separate systems and operations
Since some modifications have been made to the

compositecurves, water distribution between the
separate systems and the operations should be
determined.The water distribution involving non-
isothermal mixing of wastewater streams can be
carriedout by solving a simple series of mass and
heat balance equations.
Step 5: Optimize heat transfer area in each
separate system
After determination of cold and hot streams in

each separate system in step 4, the optimum heat
transfer area in each separate system should be
explored by introducing a trade-off between the
capital cost of heat exchanger and the cost related
to compensation of pressure drops in the tube side
and shell side, for achieving the minimum total
annual cost.

Here we examine a procedure for optimizing
the heat transfer area in each separate system.
Weassume the heat exchanger, which represented
by each separate system, is a baffled shell-and-
tube, single-pass, counter flow heat exchanger
(Fig.3). in which the tube fluid is in turbulent flow
but no change of phase of fluids takes place in the
shellor tubes. It should be noted that the inlet and

outlet flow rates and temperatures to and from
the tube side and shell side of the heat exchanger
in each separate system are known in this stage.
Also, the tube spacing and tube inside and outside
diameters should be specified a priori by the
designer. Note that the presented optimization
procedure is specified for a general separate
systemj. Thus, this procedure should be carried
out for each of separate systems individually. The
total cost of the heat exchanger in the separate
systemj, as the objective function in dollars per
year, is formulated as follows;

MinTCj = Ao/CAj +CijEij +CojEoj) (II)

The rate of indirect heat transfer in the separate
systemj is given in Eq.(12) (Edgar et aJ., 2001;
Polley et aJ., 1990);

/1tz -/1t1.
q} = FIjU o}Au} J M . J (12)

In(~)
Mlj

.v
Fig. 3. Illustration of the NLP model for

optimization of the heat transfer area in a general

separate systemj. (Key: !1tlj = 1;j - tlj cold-
end temperature difference; !1t 2j = T2j - t2j

warm-end temperature difference.)

F is unity for a single-pass exchanger for the
se~arate systemj. UOjis given by the values of
h. , h.. and the fouling coefficient hI}' in the

OJ I}

separate systemj, as follows (Edgar et al., 2001;
Polley and Panjeshahi, 1991);

1 1 1 1
-=-+-+-
U oj fAjhij hOJ htj

hI} is a combined coefficient for tube wall and
dirt films, based on tube outside area. This
parameter is expressed in Eq.(14) (Polley and
Panjeshahi,1991);

1 I~Aoj AOj 1-= +-+-
hI} KWjAtmj hfijAij hloj

Cichelli and Brinn (1956) showed that the annual
pumping loss terms in Eq. (11) could be related to

hI} and hoJbyusing friction factors for tube flow
and shell flow;

E h3.5
ij =f/Jij if

(13)

(14)

(15)

E h4.75oj = f/JojOJ (16)

The coefficients f/Jij and f/JoJdepend on fluid
specific heat, thermal conductivity, density and
viscosity as well as the tube diameters in the
separate systemj.f/JOj is based on either in-line or
staggered tube arrangements.If we substitute for

EiJ E o}n Eq.(11), the resulting objective function
can be expressed in Eq.( 17);
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Min TC j = C Aj AOj + C i/fJ ijh~.5

A C h 4.75A (17)
oj + oj rp oj oj oj

To accommodate the constraint on the fixed and

known indirect heat transfer rate in the separate
systemj, a Lagrangian functionLj is formed by

augmenting TC j with Eq. (12), using a Lagrange
multipliermjas follows;

Ft/M2j - /1tl) ~
Q}n(/1t2j) UOjAOj

M\j

Eq.(18) can be differentiated with respect to four

variables (hij , hoj , /1t2) and AOj). After some
rearrangement, a relationship between the

optimum hojand hijcan be obtained as follows;
O.74C.rn.. fA '

0 078

h"j = ( C 1J'f'1) IJ) .17hij . (19)ojrpoj

The value of h.. in the separate systemj can be
obtained by solv~ngthe followingequation;

C A . - 2.5 C JfI .. h .~.5 -
IJ 1}"f' IJ IJ

2 .91 (C oj rp oj ) 0.17

( C..m.. fA ' ) 0.83 h..3.72 (20)
IJ "f' IJ IJ IJ

3 .5 C .. m .. fA ' h ~.5
_ 1J"f' IJ IJ IJ = 0

hlj
Accordingly, the following algorithm can be

used to obtain the optimal values of heat transfer
coefficients, power loss inside and outside tubes
because of pressure drops and heat transfer area
in the separate system j without the explicit
calculation ofmj ;
I.Solve for hij from Eq.(20).
Il.Obtain hojfrom Eq.(19).
III.CalculateU from Eq.(13).
IV.Determineland Efrom and using Eqs.

I) 0)

(15) and (16).

L. =TC. +m.
) ) )

(18)

V.Calculate from Eq.(12).

Note that steps I to V require that several
nonlinear equations be solved one at a time.
Application of the new systematic design
methodologyis presented through an illustrative
exampleto specifYthe distributionof water among
the water-usingoperationsas wellas the allocation
of heat exchangers between these water streams
in order to complete the cost-effective
configuration of overall network. The result of
the recently introduced design methodology is
compared with the conventional design method.

RESULTS & DISCUSSION

The new simultaneous energy and water
minimizationtechnique is examined by using an
example.The limitingwater-usingoperationsdata
of the example are given in (Table 1). Design
specifications of the illustrative example have
been given in (Table 2).As presented in Table 2,
the temperature of the fresh water supply in the
example is assumed to be fixed (20°C) and the
effluent discharge temperature is assumed to be
30°C. Therefore, heat can be recovered from the
effluentuntil !1Tmin(10°C) is achieved.Applying
the new NLP model to the illustrative example,
throughthecommercialmathematicaloptimization
software package GAMS, optimum water
network, which can achieve both minimum
freshwater (324 t/h) and hot utility (7344 kW)
consumption, is identifiedin (Fig. 4).

As shown in Fig. 4. the network includestwo
non-isothermalmixingpoints(directheattransfer).
One is the mixing of a freshwaterstream and two
reuse streamsat the inletof operation3. The other
is the mixingof tworeuse streams sentto the same
operation4. Thesemixingscan reducethe number
of heat exchanger units required in the design
without non-isothermal mixing. The targeting
results for the exampleare given in (Table 3).

Table 1.Tbe operating data oftbe illustrative example

294

Operation Limiting Water Contaminant CAX M Inlet Outlet
Flow rate (tIb) Mass Load (ppm) (ppm) temperature temperature

(kg/h) ("C) ("C)
Operation 1 72 7.2 0 100 50 44

Operation 2 360 18 50 100 90 80

Operation 3 144 108 50 800 70 65

Operation 4 36 14.4 400 800 50 44

Archive of SID

www.SID.ir



Int. J. Environ. Res., 3(2):289-300. Spring 2009

Table 2. Design specifications oftbe illustrative example

180 tIh (SO'C) 122.58 t/h (80'C)

Fig.4.An optimum water network

Table3. Tbe targeting results for tbe illustrative
example

Targetedrequiremellts
Fresh water. tlh

Hot utility, kW

Cold utility, kW

Annual cost of fresh water, $/yr

Annual cost of hot utility, $/yr

Annual cost of cold utility, $/yr

Total annual cost of operating, $/yr

324

7344

o
673920
293760
o
967680

After the connections between operations are
created, designof heat exchangernetworkthrough
the new separate system approach is considered
to complete the optimal overall network
configuration. The thermal data of streams
referred to the optimum water network (Fig. 4).
are given in (Table 4).

The initial energy composite curves based on
the thermal stream data and a minimum

temperature approach (10.C) which indicate the
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Process specifications and economical data

Fresh water supply temperature, °C 20

Environmental temperature discharge limit, °c 30

Specific heat capacity for water and wastewater streams, kJ/kgOC 4.2

Cost of tTesh water, $/t 0.26

Cost of hot utility, $/kWh 0.005

Cost of cold utility, $/kWh 0.000625

Cost of supplying I kW electricity to pump shell side fluid, $/kWh 0.05

Cost of supplying I kW electricity to pump tube side fluid, $/kWh 0.05

Annual cost of heat exchanger per unit outside tube surface area, $/m2yr 385

Payback time, yr 4

Hours operation per year, h/yr 8000

Interest rate, % ]5

Cold utility type Cooling water

Hot utility type Low-pressure steam

Design specifications for heat exchangers

Fouling resistance is shell and tube sides, m2°C/W 0.00018

Tube material Carbon steel

Type of tube layout Triangular

Construction type Fixed tube sheet

Maximum allowable shell diameter, mm 1000

Number of tube passes I

Tube outside diameter, mm 19.05

Tube thickness, mm 2.11

I
OP2I I

54 t/h (80'C)
3.42 t/h (80'C)

72 tIh (6S'C) 144 tIh (70'C)
OP3

I 144 t/h (65'C)
I

18 t/h (44'C)
, 20.52 t/h (50 'C) 20.52 t/h (44 'C) _-, OP4

72 t/h (50' C) 17.1 tIh (44'C) 36.S t/h (44 'C)I OP 1,
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Table 4. Thermal steam data from the water network of Fig. 4.

minimum water and energy requirements in the
new water network are shown in Figure 5. As
represented in Fig. 5. these composite curves
assure that the energy requirements in the new
water network achieve the utility target to 7344
kW hot utility and 0 kW coldutility.Toachievethe
minimum number of separate systems in the
illustrative example, separate systems are created
followingkinkpoints on the coldcompositecurve.
Then, the boundaries of separate systems can be
defined at kink points from the cold composite
curve as shown in (Fig. 5).

Hot utility: 7344 kW

... -T
I

Fresh water demand = [tg(a)Cp(' = 324 tIhI
I

--...............---

5000 10000 15000 20000 25000

Enthalpy (kW)

_Hot Curve __ColdCurve

In addition, the hot composite curve is modified
to maintain maximum driving force in each
separate system. Heat loads exchanged between
wastewater and freshwater streams in the

separate systems are vertically transferred, and
the shaded areas between the original and the
modified hot composite curves represents the non-
isothermal mixing of hot wastewater streams from
the operations.According to (Fig. 5), by applying
the new separate system generation method to
the example, only two separate systems can be
enough to complete overall network configuration.

o
~
OJ
g

...

20.52 tIh 80°C I 122.58 t/h

65°cl144 t/h

---

Fig. 5. New separate system approach

296

Streams Tin ('C) Tout('C)
H eat flow capacity Enthalpy

.--...-.....-. --_.. (kW/°C) (IiW)

Freshwater to operation I 20 50 84 +2520

Freshwater to operation 2 20 90 210 + 14700

Freshwater to operation 3 20 69 84 +4116

Wastewater from operation 1 44 30 43 -602

Wastewater from operation 2 80 30 143 -7150

Wastewater from operation 3 65 30 168 -5880

Wastewate r from ope ration 4 44 30 24 -336

100

90

80

70

60
U

50
I-

40

30

20

10

0

0
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The optimum heat transfer area in each
separate system is found by the introduced trade-
off between the capital cost of heat exchanger
and the cost related to compensation of pressure
drops in the tube side and shell side.(Fig. 6).
illustrates the effect of the heat transfer area on

thetotal annual cost of heat exchangers 1, 2 related
to the represented separate systems in the
example.The optimum heat transfer area achieves
the minimum total annual cost.

Total annual cost (S/yr)
27000
260000
250000
240000
230000
220000
210000
200000
190000
180000
170000
160000

150000( Area(m')140000
100150200250300350400450500550600650700750800

Fig.6.Total annual cost of beat excbangers 1,2
related to tbe represented separate systems in

tbe example

...- ~ -- -----

Wastewater
.
324 tJh (30.C

Freshwater
I

324 tJh (20"C)

18 t/h (44.C)

72 t/h (SO' C)

The total number of heat transfer units is four, as
there are two heat exchangers (separate systems)
plus two steamheaters. The newand conventional
network configurationsare presented in (Fig. 7 &
8). respectively.ln energy saving projects,
environmentcosts offossil fuelsand water as well

as electricity must be assessed. However,
internalization of externalities needs further
research (Karbassi et al., 2008; Shafie-Pour
Motlagh and Farsiabi, 2007).A comparison of
designs from the conventional and new
approaches is made in (Table 5). As presented in
Table 5, the newapproach providesa betterdesign
with less utility usage, fewer heat transfer units
and smaller total annual cost.

According to Table 5, applying the new
processdesignmethodto this examplecan provide
more than 18.38 MW, 71.45%, energy saving,
which is supplied by low-pressure steam as the
hot utility, for heating of the process streams in
heaters. By reducing energy consumption in
process plants, considerable amount of air
pollutants as well as greenhouse gases will be

122.58 t/h (ao.c)

OP3
144 t/h (6S'C)

20.52 tJh (SO.C)

17.1 t/h (44'C)

OP4 20.52 t/h (44. C)

36.9 t/h (44 .C)OP1

Fig. 7.New network configuration

Op4H'-"
630 kW

Fig. 8. Conventional network configuration

72t1h 72 tIh

20°C
Op1

44°C
C

30°C
1176kW

Fresh water
180 tIh 180 tIh WastewaterOp2 80°C

C
405 tIh 20°C 30°C 405 tIh
20°C

10500 kW
30°C

135 tIh H Op3
20°C 6!fC

7875 kW
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New design

Table 5. Comparison ofthe results

Requirements

Fresh water, tJh 324

7344

o

4

1377800

Hot utility, kW

Cold utility, kW

Number ofheat transfer units

Total annual cost, $/yr

reduced (Karbassi el al., 2008). The reduction of
air pollutants emission for this example is given in
(Table 6).

Table 6. Reduction of air pollutants emission for the
illustrative example (tIyr)

NO. S02 S03 C02 CO CH SPM

48.28 38.29 0.592 8399 0.074 1.44 5.14

CONCLUSION

Process integrationhas beenhighlightedinthis
paper to provide a new systematic design
methodology for the problem of simultaneous
energy and water minimizationwith considering
heat losses inside unit operations. A new design
procedure has been developed to achieve both
water and energy targets for systems using water
at different temperatures and maximum re-use of
water.The method relies on two sequential design
aspects to achieve the water and energy targets;
new method for non-isothermal mixing points
identificationand newseparate systemgeneration.
In the new method for non-isothermal mixing
points identification,reuseoptionsof water within
the water-using systems are exploited not only
from the point of view of contaminant

Nomenclature

Aij Inside tube surface area in separate
system},m2
Log mean of inside and outside tube
surface areas in separate system}, m2
Outside tube surface area in separate
system},m2

Cooler

AImj

Annual cost of heat exchanger per unit
outside tube surface area in separate

. 11'/ 2
system], o/Ym yr

concentration, but also considering energy. An NLP
model is proposed to identify feasible non-
isothermal mixing points, which create an overall
water network with minimum freshwater and utility
consumption. Then, new separate system
generation is developed to design a simplified heat
exchanger network. The new approach provides
a heat exchanger network with fewer heat transfer

units and optimal heat transfer area. The presented
simultaneous water and energy minimization
technique has been tested through an illustrative
examp1e.Optimization was made using the
commercial mathematical optimization software
package GAMS. The results of the analysis for
the example demonstrated 20% of fresh water,
71.45% of hot utility (low-pressure steam), 100%
of cold utility (cooling water), 50% of number of
heat transfer units and 46.2% of total cost saving
relevant to the conventional design method. In
addition, the results showed that more than 48 ton

NO", 38 ton S02' 0.59 ton S03' 8399 ton C02'
0.07 ton CO, 1.44 ton CH and 5.14 ton SPM per
year could be reduced. Consequently, applying the
presented methodology to the industrial large-scale
problems can provide more water and energy
conservational opportunities.

NLP Non-linear programming

Number of operations

OPCOST

OPi, OP2,
OP3,ON

Total anuual cost of operating, $/yr

Water-using operations

Energy requirement for heating of
inlet freshwater stream to operation i,
kW

298

Conventional design Saving, %

405 20

25725 71.45

17482.5 100

8 50

2559900 46.2
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C, i\nnual cost of energy, $/kUlyr

Average concentration of inlet stream
to operation i, ppm

Cost of supplying I kW electricity to
pwnp tube side fluid in separate system
j, $/kUlyr

Average concentration of outlet stream
from operation i, ppm

Average concentration of outlet stream
from operation j, ppm

Cost of supplying I kW electricity to
pwnp shell side fluid in separate
systemj, $/kWyr

Specific heat capacity, kJ/kgOC

Ci,in

Cij

Ci,out

Annual cost of fresh water, $.h/t.yr

Eij
Power loss inside tubes per unit outside
tube area in separate systemj, kW/m2

Power loss outside tubes per unit
outside tube area in separate system j,
kW/m2

!Aj Aij/ Aoj

Inlet fresh water flowrate to operation
i, tlh

Multipass exchanger factor in separate
systemj

Heater

htoj

Fouling coefficient of inside tubes in
separate systemj, W/m2°C

Fouling coefficient of outside tubes in
separate systemj, W/m2°C
Coefficient of heat transfer inside tubes

in separate systemj, W/~oC
Coefficient of heat transfer outside

tubes in separate systemj, UI/m2°C
Combined coefficient for tube wall and

dirt films in separate systemj, W/m2°C

K Unit conversionfactor, 0.2778

Thermal conductivity of tube wall in
separate systemj, UI/moC

Lagrangian function for separate
systemj, $/yr

Thickness of tube wall in separate
systemj, m
Minimization

(.J

Min

T

To

t.zj

7i,in

7j,out

XCj

Greek
Letters

(u.J

'Pij

'Poj

Superscripts

Max

299

Heat recovery, kUl

Rate of indirect heat transfer in separate
systemj, kUl

Temperature,oC

Temperature of freshwater source, °C

Shell side inlet temperature in separate
system j, oC

SheIl side outlet temperature in separate
systemj,OC

Tube side outlet temperature in separate
systemj, °c

Tube side inlet temperature in separate
systemj,OC

Total annual cost of the heat exchanger
in separate systemj, $/)"1"

Temperatureof inlet fresh water stream
to operation i, °c

Average temperature of inlet stream to
operation i, oC
Average temperature of outlet stream
ffomoperation i, °c

Average temperature of outlet stream
fromoperationj, °c
Overall coefficient of heat transfer
based on outside tube area in separate
systemj, W/m2°C

Flowrate of steam from operation i to
wastewatertreatment, tlh
Flowrate of stream from operation j to
operation i, tlh
Flowrate of stream from operation i to
operationj, tlh

Total mass transfer load of contaminant

in operation i, kglh

Lagrange multiplier for separate system
j, $UI/YrOC

Factor relating friction loss to hij

Factor relating friction loss to hoj

Maximwn
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