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ABSTRACT: In this paper, a new systematic design methodology has been developed for the
simultaneous energy and water minimization in multiple-contaminant systems that also feature
maximum re-use of water. In addition to allowing re-use of water in multiple-contaminant systems,
issues about heat losses and flowrate changes 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” point identification and new “Separate System” generation.
The first aspect involves “non-isothermal mixing”, which enables direct heat recovery between
water streams, and therefore allows the reduction of the number of heat transfer units. The other
aspect is the generation of “separate system “in heat exchanger network design. The flexibility of
mixing and splitting of water streams allows separate systems to be created as a cost-effective series
of heat-exchanger units between freshwater and wastewater streams. The new design aspects have
been illustrated with two examples.
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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 manufacturing processes.
As water resources face scarcities, everincr easing prices, and mor e stringent
environmental regulations, much attention has been
paid to reduce freshwater consumption and
wastewater generation (Kim & Smith, 2002),
(Ataei et al., 2009d) There are conceptual and
automated approaches as two traditional methods
to design water networks with re-use of water
(Panjeshahi and ataei, 2008). The former analysis
exploits graphical tools to explore the possibilities
of water reuse, whilst the latter employs
mathematical optimization models to obtain a costeffective solution (Alva-Argaez, 1999), (Ataei et
al., 2009c). The analysis of water management
generally involves water distribution among water-

using operations with the criteria of contaminant
concentration levels (Mann & Liu, 1999).
In some cases such as sterilization and
process-washing, temperature of water becomes
as important as the quality of water (Bagajewicz
et al., 2002). 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 become necessary for these
heating and cooling tasks (Smith, 2005). Under
these circumstances, energy and water
management needs to be considered
simultaneously. Therefore, the problem has
become a combined analysis of water and energy
systems (see Fig. 1).
The simultaneous ener gy and water
minimization was first addressed by Savulescu
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This method is a sequential approach that
follows a set of design rules in the first stage, to
provide a water network with less heat exchanger
units required. These rules, however, do not always
guarantee minimum utility requirement. In other
words, the actual utility requirement of the design
is higher than the utility target and the design with
small number of heat exchangers could be
obtained but with utility penalty. Furthermore, in
the presented design method, temperature of 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 fully 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 tradeoff 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.This paper addresses the
simultaneous management of energy and water
as an approach for multiple-contaminant systems
with maximum re-use of water. In addition, the
heat loss and water flowrate changes through
operations have been considered in this new
methodology. In other words, In addition to
overcome the aforementioned limitations of
Savulecsu design method, the simplifier
assumptions of it have been relaxed in this new
simultaneous water and energy minimization
approach.The new simultaneous water and energy
minimization technique has been tested through
two illustrative examples. Related coding in GAMS

OP 4
Fig.1. Simultaneouse water and energy
management

(1999). In this methodology, several assumptions
are made for problem simplification but these
assumptions make the design inaccurate. Some
of these assumptions are:
• Each water-using operation has a fixed
temperature and runs isothermally.
• The water flowrate through an operation does
not change.
• Only single contaminant operations are
considered.
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.
Furthermore, in industrial practices, many waterusing operations have fixed flowrate requirements,
such as in many vessel-cleaning operations (Young
et al., 2006). Also, there may be a fixed flowrate
of water loss (e.g., cooling-tower evaporation) or
gain (e.g., dewatering filter). Accordingly, the
flowrate changes should be considered in design
of water-using networks with minimum water and
energy consumption. Savulescu design considers
only the networks with single contaminant and the
non-isothermal mixing point identification is based
on water-pinch analysis and synthesis. Therefore,
extension of this method for multiple contaminant
problems may be tedious. Accordingly, An NLP
model should be formulated to identify feasible
non-isothermal mixing points, which satisfy
minimum freshwater and utility requirements in
both of single and multiple contaminant problems.
Two main stages are suggested for simultaneous
water and energy minimization through Savulescu
methodology:
Stage 1: Two dimensional grid diagram for
designing a water network.
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optimization package was used for illustrative
examples to get optimal values in the proposed
design method computations.

T
Q Recovery
Non-isothermal
Mixing Area

T7

MATERIALS & METHODS
The new systematic design methodology has
been developed for the simultaneous management
of energy and water in multiple-contaminant
systems that also feature maximum re-use of
water. In addition to allowing re-use of water,
issues about heat losses and water flowrate
changes inside unit operations have also been
incorporated in this design method. The general
features of the problem involve a set of waterusing operations with specifications of flowrates,
temperature and contaminant concentration levels,
a selection of water sources with different qualities,
and a 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 two new design
aspects; new method for “Non-isothermal Mixing”
point identification to design a water network with
the minimum freshwater and energy requirements
and new “Separate System” generation for
designing a heat exchanger network with minimum
number of heat exchanger units and optimum heat
transfer area. Moreover, in the proposed method,
the optimum detail design of the heat exchanger
related to each separate system can be achieved.
Fig. 2 shows an example of the non-isothermal
mixing area and separate systems in the cold and
hot composite curves.

Demand for energy

T6

Separate
Systems

T5
T4
T3
T2
T1

α
Demand for water=[tg( α)× Cp]-1 Enthalpy

Fig. 2. “Non-isothermal Mixing” area and
“Separate Systems” in the composite curves

In this study, an NLP 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 using this
mathematical model, the water network design
with small number of heat exchangers and
minimum operating cost can be obtained without
utility penalty. Fig. 3 depicts a general water-using
operation i . Here, we define the operation with a
fixed mass load of contaminant j(j=1,2,3
), to be transferred, ∆mi , j ,tot , and with
contaminants
maximum allowable concentrations of
contaminant j(j=1,2,3,...,ncontaminants) at the inlet,
max
C imax
, j ,in , and outlet, C i , j ,out , of the operation. We
include inlet streams from the freshwater source
at temperature T 0 and heated to T fi with a
flowrate, f i (i=1,2,3,...,n operati ons ), as well as
streams reused from other operations,
k(k=1,2,3,...,n operati ons ), at a flowrate, X i ,k ,
temperature of T k,out and a contaminant
j(j=1,2,3,...,n contaminants ) concentration, Ck,j,out .
Likewise, we consider an outlet stream to
wastewater treatment at a flowrate, W i ,
temperature of T i ,out and a contaminant
j(j=1,2,3,...,ncontaminants) concentration, Ci,j,out ,and
outlet streams for reuse in other operations,
, . . . , n

New Method for “Non-Isothermal Mixing”
Point Identification
Non-isothermal mixing enables 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 matching between hot and cold
streams (Baldyga et al., 1998). Thus, in the
introduction of non-isothermal mixing, a water
network without utility penalty should be
considered.
13
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Fig. 3. Illustration of the NLP model for non-isothermal mixing point identification in a multiple-contaminant
system with flowrate changes consideration

k(k=1,2,3,...,n operati ons ) at flowrates, X k,i ,
temperature of T i ,out and concentr ation of
contaminant j(j=1,2,3,...,ncontaminants), Ci,j,out.

Substituting for Ci,in from Eq. (2) into Eq. (3)
gives;
(4)

The total operating cost, as the objective function,
is expressed in Eq. (1) (Ataei et al., 2009a);
(1)

Ci , j ,out =

max
[C imax
, j ,in − C k , j ,out ] X i, k + C i, j , in f i ≥ 0
∑
k ≠i

We formulate the constraints governing water
reuse from the maximum inlet and outlet
concentrations as well as the fixed mass load of
contaminants transferred in each operation. We
calculate the average inlet concentration of

Ci , j ,in =

∑ k ≠i X i , k + f i

max
max
3
∑ [C
− Ck , j ,out ] X i ,k + Ci , j ,out fi = ∆mi , j ,out × 10
k ≠i i , j ,out

In addition, we include a mass balance on water
around each operation i as follows;
fi +

(2)

change in concentration due to the fixed mass load
of contaminant j transferred, ∆mi , j ,tot , as follows:

k ≠i

X

+ fi
i ,k

j≠ i

to the operation i , Ti,in and the temperature of
outlet water stream from the operationi ,Ti ,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);

j from operation i , Ci , j ,out , to Ci , j ,in and the

∑

(7)

We specify that all concentrations and flowrates
be positive. The temperature of inlet water stream

We relate the outlet concentration of contaminant

C i , j ,out = C i , j ,in +

∑ X i , j − Wi − ∑ X j,i = 0
j≠ i

∆m
i , j ,tot

(5)
(6)

contaminant j , C i , j ,in , by the flowrate-weighted
average of the concentrations provided by the
fresh water source and reused from other
operations;
max
≤ C i , j ,in

∑ k≠i X i ,k + fi

max
= Ci , j , out

By re-arranging Eqs. (3) and (4), a set of more
linear constraints can be formed as follows;

n operations
n operations
∑
∑
Qi
Min OPCOST = C w
f i + Ce
i=1
i =1

∑ k ≠i X i , k Ck , j , out

∑ k ≠i X i ,k Ck , j ,out + ∆m i , j ,tot

(8)

(3)
max
= C i , j ,out

⎡
Ti,in ⎢(
⎢
⎣
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∑
j ≠i

⎤ ⎡
⎤
X i, j ) + f i ⎥ = ⎢ ( T j ,out X i, j ) + T fi f i ⎥
⎥ ⎢ j ≠i
⎥
⎦ ⎣
⎦

∑
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(

The energy requirement for heating of the inlet
freshwater to the operation i from temperature
T0 to Tfi is given by Eq.(9);
Qi = Kfi C p (T − To )
fi

(12)

However, if we wish to include a water loss at
the limiting inlet concentration of contaminant j ,
we must modify both constraints on the limiting
inlet and outlet concentrations as well as the water
balance. The average inlet concentration of
contaminant j, Ci, j,in , is given by the flowrateweighted average of the concentrations from all
other operations and the freshwater. Note that the
max
numerator contains a term, f i ,lossC i, j ,in , to account
for a water loss at the limiting inlet concentration
of contaminant j ,to operation i ;

(9)

The nonlinear program to optimize the water-using
network, without water flowrate changes
consideration, is to minimize the total operating cost,
OPCOST expressed in Eq. (1), subject to Eqs. (5),
(6), (7), (8) and (9).As we develop constraints for
mathematical optimization, we have a greater
freedom to tailor our model for the type of waterusing operations involved. For non-isothermal
mixing point identification in water networks with
water flowrate changes, (water gain, water loss
and fixed water flowrate), the presented NLP model
should be revised.For a water gain, we can
formulate the constraints governing water reuse
from the maximum inlet and outlet concentrations
as well as the fixed mass load of contaminant j
transferred in each operation just as in Eqs. (5)
and (6). However, we include an increase in the

(13)
Ci, j,in =

∑ k≠i X i,k Ck , j ,out − f i,lossC imax
, j ,in
∑ k ≠i X i,k + f i − f i,loss

≤ C imax
, j ,in

The outlet concentration is the sum of the average
inlet concentration of contaminant j , Ci, j ,in , and
the change in concentration of contaminant j due
to the fixed mass load of contaminant j
transferred, ∆ m ifixed
by only the flowrate of water
,j
that passes completely through the operation;

flowrate through operation i , f i , gain . The mass
balance on water around each operation i with
only a water gain becomes;
(10)
f i + ∑ X i, k + f i, gain − W i − ∑ X k, i = 0
k ≠i

)

Qi = K f i + fi ,gain Cp (T fi − T o )

(14)
∆ m i, j,out

Ci , j,out = Ci , j,in +

∑ k ≠i X i,k + f i − f i,loss

k ≠i

When Eq. (10) is included in place of Eq. (7) as a
mass balance on water, the optimization procedure

Substituting for

= C imax
, j,out

C i , j ,in from Eq. (13) into Eq. (14)

gives;

(15)

will make an additional flowrate of f i , gain available
for reuse from operation i . Equations (5) and (6)
remain valid as the constraints on the limiting inlet
and outlet concentrations for operation i ,
respectively. In this condition, the constraints
governing inlet and outlet water temperatures as
well as fresh water heating from temperature T0
to Tfi just as in Eqs. (11) and (12). Therefore, Eqs.
(11) and (12) should be included in place of Eqs.(8)
and (9).

T
i , in

⎡
⎤
∑
+
+
(
X
)
f
f
⎢
⎥
i, j
i i, gain
⎢⎣ j ≠ i
⎥⎦

⎡
⎢ ( ∑ T j, out X i , j )+ T fi
⎢⎣ j ≠ i

(

∑
Ci , j,out =

k ≠i

X

max
− f
+ ∆m
C
C
i,k k , j ,out
i ,loss i , j ,in
i, j,out
∑ k ≠i X i,k + fi − fi ,loss

max
= Ci , j,out

We rearrange Eqs.(14) and (15) to form another
linear constraint as follows;
(16)

∑

]X
+ C imax
, j ,out f i
k , j ,out i , k
∑
k ≠i − f
[ C max − C m ax ] = ∆ m
× 10 3
i , j ,in
i , j , out
i ,loss i , j , out

k ≠i

[ C imax
, j ,out − C

=

f +f
i i , gain

In addition, we form a mass balance on water
around each operation i ;

(11)

)⎤⎥

fi +

⎥⎦
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X i, k −
∑
k ≠i

f i, loss − W i −

X i, k = 0
∑
k ≠i

(17)
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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:

Equations (8) and (9) remain valid as the
constraints on the inlet water temperature to
operation i and heating of the inlet fresh water to
oper ation i from temperature T 0 to T fi ,
respectively.We may choose to model an operation
fixed
i with a fixed flowrate ( fi
) while maintaining
maximum inlet and outlet concentrations. A water
balance across the operation gives;
fi +

∑ X i,k = W i + ∑ X k,i =
k ≠i

f i fixed

(18)

k ≠i

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. As shown in
Fig. 2. 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 nonisothermal mixing point identification.

Equations (5) and (6) remain applicable to the
constraints on the inlet and outlet concentrations,
respectively. Also Eqs. (8) and (9) remain valid as
the constraints on the inlet water temperature to
operation i and heating of the inlet fresh water to
oper ation
from temperature T 0 to T fi ,
respectively.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 with and without flowrate
changes consideration.After the connections
between operations are established by using the
above mentioned model, heat exchanger network
design is considered to complete the overall
network configuration. In the next section, a new
separate system approach will be introduced to
design the heat exchanger network.

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 defined at kink points
from the selected curve.

New Method for “Separate System” Generation
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). To design a costeffective 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,
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 (Savulescu
et al., 2002). Moreover, the optimum heat transfer
area in each separate system should be explored

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
wastewater streams, the hot composite curve
should be 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 composite curves, water distribution between
the separate systems and the operations should
be determined. The water distribution involving
16
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Min TC j = Aoj (CAj + Cij Eij + Coj Eoj )

non-isothermal mixing of wastewater streams can
be carried out by solving a simple series of mass
and heat balance equations.

The rate of indirect heat transfer in the separate
system j is given in Eq.(20) (Polley et al., 1990);

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.

∆t
q

= F U A
tj oj oj

j

∆t

2j

∆t
1j

(20)

)

separate system j (Glavic, 2001). U oj is given by
the values of hoj , hij , and the fouling coefficient
htj in the separate system j, as follows (Polley &

Panjeshahi, 1991);
1

=

U oj

1
f Aj hij

+

1
h oj

+

1
htj

(21)

htj is a combined coefficient for tube wall and

dirt films, based on tube outside area. This parameter is expressed in Eq.(22) (Jarzebski et al.,
1977), (Ramalho &Alabastro, 1966);

l ′j Aoj
Aoj
1
1
=
+
+
htj kwj Almj h fi j Aij h f o j

(22)

Cichelli and Brinn (1956) showed that the annual
pumping cost terms in Eq. (19) could be related to

hij and hoj by using friction factors for tube flow
and shell flow;

E

ij

oj

3 .5
=ϕ h
ij ij

=ϕ

4.75
h
oj oj

(23)
(24)

The coefficients ϕ ij and ϕ oj depend on fluid
specific heat, thermal conductivity, density and
viscosity as well as the tube diameters in the
separate system j . ϕ oj is based on either in-line

T1j
qj

− ∆t
1j

Ftj is unity for a single-pass exchanger for the

E

Mij

2j

Ln (

Here we examine a procedure for optimizing
the heat transfer area in each separate system. We
assume the heat exchanger, which represented by
each separate system, is a baffled shell-and-tube,
single-pass, counter flow heat exchanger (Fig. 4).
in which the tube fluid is in turbulent flow but no
change of phase of fluids takes place in the shell or
tubes. It should be noted that the inlet and outlet
flowrates and temperatures to and from the tube
side and shell side of the heat exchanger in each
separate system are known in this stage (Edgar et
al., 2001). Also, the tube spacing and tube inside
and outside diameters should be specified a priori
by the designer (Nordman & Berntsson, 2001).
Note that the presented optimization procedure is
specified for a general separate system j. Thus,
this procedure should be carried out for each of
separate systems individually.The total cost of the
heat exchanger in the separate system j, as the
objective function in dollars per year, is formulated
as follows (Ataei et al., 2009c);
t2j

T 2j

(19)

Mij

or staggered tube arrangements.If we substitute
t1j

for E ij , E oj in Eq. (19), the resulting objective
function can be expressed as Eq.(25) (Woods et
al., 1976);
(25)

Fig. 4. Illustration of the NLP model for
optimization of the heat transfer area in a general
separate system j. (Key: ∆t1 f = T1 f − t1 f cold-end
temperature difference; ∆t 2 f = T2 f − t 2 f warmend temperature difference)

Min TC j = C Aj A oj + Cij ϕ ij h ij3 .5 A oj + C ojϕ oj h oj4. 75 Aoj
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Optimal Detail Design of the Heat Exchanger
Related to Each Separate System
Once the optimal four variables (hij, hoj, ∆t2i,
and Aoj) were calculated in the previous stage,
the physical dimensions of the heat exchanger in
each separate system can be determined.
Accordingly, the following algorithm can be used
to obtain the optimal detail design of the heat
exchanger related to each separate system;
I. Determine the optimal vij and voj from hij and
hoj using the appropriate heat transfer correlations
(McAdams, 1954); recall that the inside and outside
tube diameters are specified a priori.
II. The number of tubes Ntj can be found from a
mass balance as follows;
πD ij2
(29)
ν ij N tj
= KM ij
4

To accommodate the constraint on the fixed and
known indirect heat transfer rate in the separate
system j , a Lagrangian function L j is formed
by augmenting TC j with Eq. (26), using a
Lagrange multiplier ω j as follows (Ataei et al.,
2009a);
⎡
⎤
⎢
⎥
Ftj (∆t 2 j − ∆t1 j )
1 ⎥
⎢
(26)
−
L j = TC j + ω j ⎢
⎛ ∆t 2 j ⎞ U oj Aoj ⎥
⎢ Q j Ln ⎜
⎟
⎥
⎜ ∆t ⎟
⎢⎣
⎥⎦
1
j
⎝
⎠
Eq. (26) can be differentiated with respect to four
variables (hij , hoj , ∆t 2 j and Aoj ) . After some
rearrangement, a relationship between the
optimum hoj and hij can be obtained as follows
(McAdams, 1954);
⎛ 0. 74Cijϕ ij f Aj
hoj = ⎜⎜
Cojϕ oj
⎝

⎞
⎟
⎟
⎠

0. 17

III. The length of the tube
Eq. (30);

(27)

hij 0.78

Aoj = N tj πDoj Ltj

The value of hij in the separate system j can be

IV. The number of clearances
L
Ntjcj

obtained by solving the following equation;
(28)

( Cijϕ ij f

Aj

)

3 .7 2
hi j

−

3 .5 C ij ϕ ij f

4. 5
h
A j ij

(30)
can be found

from N tj based on either square pitch or equilateral
pitch. The flow area S oj is obtained from ν oj
(flow normal to a tube bundle). Finally, baffle
spacing (or the number of baffles) is computed

3 .5
0. 1 7
C
− 2 .5 C ij ϕ i j h ij
− 2 .9 1( C oj ϕ o j )
Aj

0. 83

can be found from

from S oj , Aoj , Ntj and Ncj.

= 0

h tj

III.Calculate U oj from Eq. (21).

RESULTS & DISCUSSION
The application of the new simultaneous water
and energy minimization technique presented in
this paper is demonstrated on two different
examples. The design specifications for both of
examples have been given in Table 1. As presented
in Table 1. the temperature of the fresh water
supply in these examples is assumed to be fixed
(20 oC) and the effluent discharge temperature is
assumed to be 30oC. Therefore, heat can be
recovered from the effluent until ∆Tmin (10 oC) is
achieved.

IV.Determine E ij and E oj from hij and hojusing
Eqs. (23) and (24).
V.Calculate Aoj from Eq. (20).
Note that steps I to V require that several nonlinear
equations be solved one at a time.

Example 1
The first example is a multiple-contaminant
problem without water flowrate changes but with
heat loss inside unit operations. The limiting waterusing operations data of example 1 are given in

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 of ω j ;
I.Solve for hij from Eq. (28).
II.Obtain hoj from Eq. (27).
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Table 2. Applying the new NLP model to illustrative
example 1, through the commercial mathematical
optimization software package GAMS, an
optimum water network, which can achieve both
minimum freshwater (70 t/h) and hot utility (1983.3
kW) consumption, is identified in Fig. 5.

operations are created, design of heat exchanger
network through the new separate system
approach is considered to complete the optimum
overall network configuration. The thermal data
of streams referred to the optimum water network
(Fig. 5) are given in Table 4.

Table 1. Design specifications of examples 1 and 2

The initial energy composite curves based on
the thermal stream data and a minimum
temperature approach (10 °C) which indicates the
minimum water and energy requirements in the
new water network (example 1) are shown in Fig.
6. As represented in Fig. 6, these composite curves
assure that the energy requirements in the new
water network achieve the utility target to 1983.3
kW hot utility and 0 kW cold utility.To achieve the
minimum number of separate systems in example
1, separate systems are created following kink
points on the cold composite curve. Then, the
boundaries of separate systems can be defined at
kink points from the cold composite curve as
shown in Fig. 6. 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
represent the non-isothermal mixing points of hot
wastewater streams from operations.

Pr ocess specifications and economical data
Fresh water supply
20
o
temperature, C
Environmental temperature
30
o
discharge limit, C
Specific heat capacity for
water and wastewater streams,
4.2
kJ/kgoC
Cost of fresh water, $/t
0.26
Cost of h ot utility, $/kWh
Cost of cold utility, $/kWh
Cost of supplying 1 kW
electricity to pump shell s ide
fluid, $/k Wh
Cost of supplying 1 kW
electricity to pump tube side
fluid, $/k Wh
Annual cost of heat exchanger
per unit outs
ide tube surface
area, $/m2yr
Payback time, yr
Hours operation per year, h/yr

0.005
0.000625
0.05
0.05
385
4
8000

Interest rate, %
15
Design specifications for hea t exchangers
Fouling resistance in shell and
0.00018
tube sides, m2o C/W
Carbon
Tube material
s teel
Type of tube layout
Triangular
Fixed
Construction type
tube sheet
Maximum allowable shell
1000
diameter, mm
Number of tube passes
1
Tube outside diameter, mm
19.05
Tube thickness, mm
2.11

According to Fig. 6. by applying the new
separate system generation method to example 1,
only two heat exchangers represented by two
separate systems can be enough to complete
overall network configuration.The optimum heat
transfer area and detail design for each heat
exchanger related to the represented separate
systems are 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. 7 illustrates the
effect of the heat transfer area on the total annual
cost of heat exchangers 1 and 2 related to the
represented separate systems in example 1. The
optimum heat transfer area achieves the minimum
total annual cost. The optimum design of heat
exchangers 1 and 2 has been given in Table 5. In
example 1, the total number of heat transfer units
is three, as there are two heat exchangers
(separate systems) plus one heater. The new and
conventional network configurations for example
1 is presented in Fig. 8.

As shown in Fig. 5, the network includes two nonisothermal mixing points (direct heat transfer).
One is the mixing of a freshwater stream and a
reuse stream at the inlet of Operation 2. The other
is the mixing of a freshwater stream and a reuse
stream at the inlet of Operation 3. These mixings
can reduce the number of heat exchanger units
required in the design without non-isothermal
mixing. The targeting results for example 1 are
given in Table 3. After the connections between
19
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Table 2. The operating data of example 1
O per at ion i

Contamin ant j

Operation 2

Operation 3

C

kg/h
3
2.4
1.8
4
3
3.6
1.5
0.6
2

A
B
C
A
B
C
A
B
C

Operation 1

∆mi, j,out

m ax
i , j ,in

C

pp m
0
0
0
50
40
15
50
50
30

max
i , j , out

Inlet
t emperatu re

O utlet
te mp erature

o

o

90

80

50

40

85

70

C

pp m
100
80
60
150
115
105
125
80
130

C

Table 3. The targeting results for example 1
Targeted requirements
Fresh water, t/h
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

70
1983.3
0
145600
79333
0
224933

Table 4. Thermal steam data from the water network of Fig. 5.
Streams

Inlet
temperature
(oC)

Outlet
temperature
(oC)

Heat flow capacity
(kW/oC)

Enthalpy
(kW)

Freshwater to operation 1 and a mixing
point
Freshwater to a mixing point
Wastewater from operation 1
Wastewater from operation 2
Wastewater from operation 3

20

90

46.6667

3266.669

20
80
40
70

40
30
30
30

35
11.6667
46.6667
23.3333

700
583.335
466.667
933.332

Table 5. Optimum design of heat exchangers 1 and 2 for example 1

HEX 1

HEX 2

Number of shell in series

1

Tube counts

112

Number of shell in parallel

1

Number of tube passes

1

Shell diameter, mm

384

Tube layout

30

Tube thickness, mm

2.11

Baffle cut, %

45

Tube outside diameter, mm

19.05

Baffle spacing, mm

450

Tube pitch, mm

25

Baffle type

Single segmental

Tube length, m

2.438

Area, m2

16.33

Number of shell in series
Number of shell in parallel
Shell diameter, mm
Tube thickness, mm
Tube outside diameter, mm
Tube pitch, mm
Tube length, m

1
1
315
2.11
19.05
25
2.438

Tube counts
Number of tube passes
Tube layout
Baffle cut, %
Baffle spacing, mm
Baffle type
Area, m2

73
1
30
45
450
Single segmental
10.65
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40 t/h

30 t/h
40 °C

90 °C

10 t/h

30 t/h
80 °C

Operation 1

40 t/h
40 °C

50 °C

10 t/h

30 t/h

Operation 2

80 °C

10 t/h
10 t/h

20 t/h

90 °C

85 °C

Operation 3

20 t/h
70 °C

Fig. 5. An optimum water network for example 1

QRecovery: 1983.3 KW

100

Hot utility: 1983.3 KW

40 °C 40 t/h 70 °C 20 t/h

90

Non-Isothemal Mixing Area

80

10 t/h
Separate
Syst em 2

70
60
50
40

st
Sy
te
ara

30
20

Operation 3

Operation 2

T (°C)

em

Non-Isothemal Mixing Area

80 °C

1

Sep α

Fresh water demand = [ tg(α)Cp]-1 = 19.44 kg/s=70 t/h

10
0
0

1000

2000

3000

4000

Enthalpy
(KW)
5000

Fig. 6. New separate system approach for example 1

21000

Example 2
The second example is a multiple-contaminant
problem with heat loss inside unit operations and
with water loss in operations 1 & 5, water gain in
operation 3 and water fixed flowrate in operations
2 & 4. The limiting water-using operations data
of example 2 are given in Table 6.Formulating and
solving the presented NLP model to illustrative
example 2, through the GAMS optimization
software, an optimum water network, which can
achieve both minimum freshwater (93.02 t/h) and
hot utility (4923.1 kW) consumption, is shown in
Fig. 9. The targeting results for example 2 are
given in Table 7.

Total annual cost ($/yr)

20000
19000
18000
17000
16000

Area (m2)
15000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

HEX 1

HEX 2

After the connections between operations are
created, optimum design of heat exchanger
network can be achieved similar to example 1. In
other words, only formulation of the presented
NLP model for non-isothermal mixing point

Fig. 7. Total annual cost of heat exchangers 1 and 2
related to the represented separate systems in
example 1
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30 t/h
40 °C
30 t/h
40 t/h

70 t/h

40 t/h

H

Fresh water

Operation 1

70 t/h

10 t/h
30 t/hr

40 t/h
40 °C
10 t/h
80 °C

20 t/h

Operation 3

20 t/h
70 °C

85 °C

73.33 °C

Wastewater
30 °C
50 °C
1633.3 kW

350 kW
(a)

30 t/h

30 t/h
H

20 °C

90 °C

Operation 1

80 °C

2450 kW
Fresh water

Operation 2

50 °C

80 °C
10 t/h

90 °C 10 t/h
1983.3 kW
90 °C

40 °C

20 °C

90 °C

40 t/h

79.7 t/h
20 °C

C

30 °C

1750 kW

34.3 t/h
H
20 °C
1200.5 kW

50 °C

Operation 2

15.4 t/h H
85 °C
20 °C
1167.833 kW

40 °C

Operation 3
70 °C

C

34.3 t/h

79.7 t/h

30 °C
400.1667 kW

C

30 °C

Wastewater

15.4 t/h
30 °C

718.667 kW

(b)

Fig. 8. (a) New network configuration, (b) Conventional network configuration for example 1
Table 6. The operating data of example 2
Op eration i

Contamin an t j

Ope ration 1
Ope ration 2
Ope ration 3
Ope ration 4
Ope ration 5

A
B
A
B
A
B
A
B
A
B

C max

C max

pp m
100
10
300
200
0
0
0
0
10
10

pp m
1000
100
800
700
0
0
0
0
100
50

i , j ,i n

i , j ,o ut

Table 7. The targeting results for example 2

93.02

Hot utility, kW

4923.1

C old utility, kW

0

Annua l cost of fresh water, $/yr

193482

Annua l cost of hot utility, $/yr

196924

Annua l cost of cold utility, $/yr

0

Total annual c ost of oper ating , $/yr

390406

lim
i ,in

f lim
i , ou t

Inlet
temper atu re

O utlet
tempe rature

t/h

t/h

o

80

20

92

80

50

50

78

75

10

40

95

80

10

10

75

60

15

5

65

60

C

o

C

exchangers are the same in both of examples. The
new and conventional network configurations for
example 2 are presented in Fig.10.As shown in
Fig. 10. the total number of heat transfer units for
example 2 is three, as there are two heaters plus
one heat exchanger (separate system). A
comparison of designs from the conventional and
new approaches for examples 1 and 2 is made in
Table 8. As presented in Table 8. the new approach
provides a better design with less utility usage,
fewer heat transfer units and smaller total annual
cost for both of examples.

Targe ted re qu irem ents
F resh wate r, t/h

f

identification is different between example 1 and
example 2, but the method for separate systems
generation and optimum design of heat
22
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11.35 t/h

68.09 t/h
95 °C
10 t/h
95 °C

Operation 3

40 t/h

80 t/h

80 °C

92 °C

Operation 1

20 t/h
80 °C

20 t/h

14.44 t/h

80 °C
10 t/h

Operation 4

75 °C

10 t/h

15 t/h

60 °C

65 °C

Operation 5

80 °C 45 t/h
50 t/h
5 t/h
60 °C

78 °C

80 °C

Operation 2

50 t/h 38.58 t/h

75 °C

75 °C

75 °C 5 t/h
4.93 t/h

0.07 t/h

75 °C

75 °C

Fig. 9. An optimum water network for example 2

Example 2

Example 1

Table 8. The result comparison for both of examples
Requirements
Fresh water, t/h
Hot utility, kW
Cold utility, kW
Number of heat transfer units
Total annual cost, $/yr
Fresh water, t/h
Hot utility, kW
Cold utility, kW
Number of heat transfer units
Total annual cost, $/yr

Wastewater

New design
70
1983.3
0
3
259333
93.02
4923.1
0
3
409793

Conventional design
79.7
4818.3
2869
6
474853
165
12407.5
6650
10
1066750

Saving, %
12.2
58.8
100
50
45.4
43.6
60.3
100
70
61.6

2867.8 kW

53.02 kW
30 °C
11.35 t/h
75 °C

Fresh water
H

95 °C

75 °C

H
10 t/h

93.02 kW
20 °C

3101 kW

1822.1 kW

85 °C

Operation 3

80 t/h

80 t/h

80 °C

92 °C

Operation 1

20 t/h

80 °C
14.44 t/h

75 °C

14.93 t/h
75 °C

80 t/h
20 °C
50 t/h
20 °C

10 t/h 15 t/h
5 t/h
10 t/h
75 °C Operation 4 60 °C 65 °C Operation 5 60 °C

6720 kW

Fresh water

10 t/h
20 °C
10 t/h
20 °C

H
641.67 kW

15 t/h
20 °C

92 °C

95 °C
75 °C
65 °C

C

80 °C

Operation 2

H
787.5 kW

80 °C

0.07 t/h

Operation 1

78 °C

H
875 kW

50 t/h 38.58 t/h

75 °C

75 °C

H
3383.33 kW

165 t/h
20 °C

Operation 2

75 °C 5 t/h

4.93 t/h
75 °C

H

50 t/h

78 °C

75 °C

Operation 3
Operation 4
Operation 5

1166.67 kW
C

2333.3 kW
C

60 °C

350 kW
C

60 °C

50 t/h
30 °C

2625 kW
C

80 °C

20 t/h
30 °C

40 t/h
30 °C

125 t/h
30 °C

Wastewater

10 t/h
30 °C
5 t/h
30 °C

175 kW

Fig. 10. (a) New network configuration, (b) Conventional network configuration for example 2
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CONCULSION
Process integration has been highlighted in this
paper to provide a new systematic design
methodology for the problem of simultaneous
energy and water minimization in multiplecontaminant systems with consideration of
flowrate changes and heat losses inside unit
operations.

The presented simultaneous water and energy
minimization technique has been tested through
two multiple-contaminant examples that one of
those was with water flowr ate changes.
Optimization was made using the commercial
mathematical optimization software package
GAMS. The results of the analysis for example 1
demonstrated 12.2% of fresh water, 58.8% of hot
utility, 100% of cold utility, 50% of number of heat
transfer units and 45.4% of total cost saving
relevant to the conventional design method. In
addition, the results of the new water and energy
minimization for example 2 showed 43.6% of fresh
water, 60.3% of hot utility, 100% of cold utility,
70% of number of heat transfer units and 61.6%
of total cost saving relevant to the conventional
design method. Consequently, applying the
presented methodology to the industrial large-scale
problems can provide more water and energy
conservational opportunities.

The method relies on two sequential design
aspects to achieve the water and energy targets;
new method for non-isothermal mixing points
identification and new separate system generation.
In the new method for non-isothermal mixing
point’s identification, reuse options of water within
the water-using systems with multiple-contaminant
are exploited not only from the point of view of
contaminant 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.

ACKNOWLEDGEMENTS
This work is supported by Brain Korea 21
project (environmental informatics program), the
Korea
Science
and
Engineering
Foundation (KOSEF) grant funded by the Korea

NOMENCLATURE
Aij

Inside tube surfa ce area in separate
system j, m 2

Cw

Almj

Log mea n of inside and outside tube
2
surf ace area s in separa te system j, m

Cimax
, j ,in

Aoj

Outside tube surfac e are a in separate
2
system j, m

Dij

C

Coole r

Doj

C Aj

Annual cost of heat e xc ha nger per unit
outside tube surface ar ea in separate
system j, $/m 2y r

Eij

Ce

Annual cost of ener gy, $/k Wy r

Eoj

Ci, j ,in

Ave rage c ontaminant j concentration of
inlet str eam to oper ation i, ppm
Cost of supplying 1 kW e le ctr icity to
pum p tube side fluid in separa te system j,
$/kWy r
Ave rage c ontaminant j concentration of
outlet stre am from opera tion i, ppm

f Aj

A ij /A oj

fi

Inle t fresh water
ope ration i, t/h

Cij
Ci, j, out

fi

Ck , j,out Ave rage c ontaminant j concentration of
outlet stre am from opera tion k, ppm

C oj

Cost of supplying 1 kW e le ctr icity to
pum p she ll side fluid in separate system
j, $/kWyr

24

fixed

Annual cost of fr esh wate r, $.h/t.yr
Ma ximum a llowable c once ntra tions
of conta mina nt j at the inlet of
ope ration i, ppm
Tube inside dia meter in se parate
system j, m
Tube outside diame te r in se parate
system j, m
Power loss inside tube s per unit
outside tube are a in sepa rate syste m
j, kW/m 2
Power loss outside tubes per unit
outside tube are a in sepa rate syste m
2
j, kW/m
flowrate

fixe d flowra te of operation i, t/h

f i,gain

incr ease in the flowrate through
ope ration i, t/h

f i , lo ss

wate r loss through oper ation i, t/h

to
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Cp
C imax
, j , o ut

hfi j
hfo j
hij

Sp ec ific he at cap ac ity , k J/k go C
ma ximu m a llo wa b le co n ce ntration s o f
co n ta mina nt j at th e o u tlet of o p eration i,
ppm
Fo u lin g co ef fic ie nt o f ins id e tu b es in
2o
s ep arate sy s te m j, W /m C
Fo u lin g co e ffic ie nt of o u ts id e tu be s in
2o
s ep arate sy s te m j, W /m C
Co ef fic ie nt o f h eat tran s fer ins ide tu be s
in se pa rate s y s te m j, W /m 2o C

F tj

M ultip as s ex ch an g er facto r
in se p arate s y s te m j

H

H eater

Q Re co v ery H eat r eco v ery , kW
qj
S oj

Ra te o f in direc t h eat tran s fer in
s ep arate s ys te m j, kW
M in imu m c ro ss -s ection al ar ea fo r
flo w ac ro ss tub es in s ep ara te
s y stem j, m 2

htj

Co ef fic ie nt o f h eat tra ns fer o u ts id e tu be s
in se pa rate s y s te m j, W /m 2o C
Co mb in ed c oe fficie nt fo r tu b e wa ll an d
d ir t film s in s ep ar ate s ys tem j, W /m 2o C

T0

k

U n it c on v ers ion facto r, 0. 2 77 8

t1 j

k wj

T h erma l co n d uctiv ity o f tub e w all in
s ep arate sy s te m j, W /m o C
L ag ran g ia n fun ctio n f or se pa rate s ys tem
j, $ /yr

t2 j
T1 j

L tj

L en g th o f tu b es in s ep arate sy s te m j, m

T2 j

l ′j

T h ic kn es s o f
s y stem j, m

TC j

M ij

Flo w rate o f fluid in s id e tu b es in s ep ara te
s y stem j, t/h

T fi

M in

M inim iza tio n

T i , in

T emp e rature o f fres h wa ter s o ur ce,
C
Sh ell s ide in let te mp eratu re in
s ep arate s ys te m j, o C
Sh ell s id e o utlet temp era tu re in
s ep arate s ys te m j, o C
T u b e s id e o utlet temp era tu re in
s ep arate s ys te m j, o C
T u b e s id e in le t te mp eratu re in
s ep arate s ys te m j, o C
T o ta l a nn u al c os t o f th e h ea t
ex ch an g er in se pa rate s y stem j,
$ /yr
T emp e rature o f in le t fres h w ater
o
s tr eam to op er atio n i, C
A v erag e te mp eratu re o f in le t
o
s tr eam to op er atio n i, C

N cj

N u mb er o f clear an ces fo r flow be tw ee n
tub es ac ro ss s h ell a xis in s ep ara te
s y stem j

T i , out

A v erag e temp er atur e o f ou tle t
s tr eam fro m o pe ratio n i, o C

NLP

N o n- lin ear pr og ra mmin g

T j, ou t

n operation s

N u mb er of o pe ratio n s

U oj

N tj

N u mb er o f tu b es in th e ex ch an ge r in
s ep arate sy s te m j

Wi

O P CO ST

T o ta l an uu al co s t o f o p era tin g, $ /yr

X i, k

O P 1,2, 3, 4

W ater-u s ing o p er atio ns

Qi

E n erg y re q uirem en t fo r h eating o f in let
fre sh w ater strea m to o p eratio n i, kW

hoj

L

j

tub e

w all in s ep ara te

o

T

T emp e rature , C
o

X k ,i

Gre ek Lett ers
T o ta l mas s tr an sf er lo ad o f c on tamin an t
∆ m i, j, tot
j in o pe ratio n i, kg /h
ch an g e in co n cen tratio n o f co n tam in an t j
d u e to the fixe d ma ss lo ad o f
∆ mifixed
,j
co n ta mina nt j tra ns fer red th ro ug h
o p eration i, kg /h
A v erag e v elo city of flu id in s id e tu be s in
ν ij
s ep arate sy s te m j,m /s
A v erag e ve lo city of fluid o u ts id e tu be s
ν oj
at s h ell ax is in s ep arate s ys te m j, m/s

A v erag e temp er atur e o f ou tle t
s tr eam fro m o pe ratio n j, o C
O v erall
c oe ffic ie nt
of
h ea t
tran s fer b as ed o n ou ts id e tub e
2o
ar ea in s ep arate s ys tem j, W /m C
Flo w rate o f s team fro m o p era tio n
i to w as te wa te r treatme nt, t/h
Flo w rate o f strea m f ro m o p era tio n
k to op er atio n i, t/h
Flo w rate o f strea m f ro m o p era tio n
i to o p eration k , t/h

ωj

L ag ran g e m ultip lier fo r s ep ara te
s y stem j, $ W /yr o C

ϕ ij

Fa cto r relatin g fr ictio n lo s s to

hij

ϕo j

Fa cto r relatin g fr ictio n lo s s to

h oj

Ataei, A., Panjeshahi, M. H. and Gharaie, M. (2009a).
New Method for Industrial Water Reuse and Energy
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