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a b s t r a c t

This paper presents a new approach for the simultaneous synthesis and optimization of heat integrated
water networks. A new superstructure for heat exchanger network (HEN) synthesis is proposed. The pro-
cedure is based on mixed integer non-linear mathematical programming (MINLP). Four relevant examples
are presented to illustrate various aspects of the proposed approach.

© 2008 Elsevier Ltd. All rights reserved.
Heat integration
S
P

1

t
p
e
i
a
t
c
f
w
w
o

c
w
T
r
p
H

t

&
o
d
s
h
t
g
o
a
t
a
m
t
s

w
a
w
&

0
d

uperstructure
rocess synthesis

. Introduction

Water and energy are among the most important commodi-
ies used in the process industries. For example, water is used in
etrochemical plants and refineries for stripping and liquid–liquid
xtraction; in iron and steel industries primarily as a coolant,
n food and agricultural industries in a variety of washing oper-
tions. In certain situations significant amounts of water need
o be heated up or cooled down to meet process operating
onditions. As a consequence, large energy consumption in the
orm of cooling and heating utilities is needed. In such cases,
hen both the quality and temperature of water are important,
ater and energy management need to be considered simultane-
usly.

Different methods, rooted in conceptual design or mathemati-
al programming, have been developed for water minimization as
ell as for the heat exchanger network (HEN) synthesis problem.

he reader is referred to Bagajewicz (2000) for a comprehensive
eview of technologies developed to solve the water minimization

roblem and to Furman and Sahinidis (2002) for a review of the
EN synthesis technologies.

The most widely used technology in HEN synthesis field is
he well-known Pinch Technology (Linnhoff, Townsend, Boland,
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Hewitt, 1982). However, designs using the pinch method-
logy were shown to be in many cases non-optimal, mainly
ue to its sequential nature (minimize energy first, followed by
trict unit number minimization), although some improvements
ave been noted (Supertargeting). To overcome the drawbacks of
he pinch method different approaches using mathematical pro-
ramming were presented over the last two decades. Of these,
ne can classify them as transportation–transshipment oriented
nd superstructure oriented. One of the latest models on the
ransportation–transshipment type is the one proposed by Barbaro
nd Bagajewicz (2005), which is linear and allows non-isothermal
ixing as well as multiple matches between two streams. Among

he superstructure-based models, the most popular method is a
tage-wise superstructure approach (Yee & Grossmann, 1990).

Simplicity of pinch methodology and some similarities between
ater minimization and energy minimization problem induced
development of conceptual design approaches in the field of
ater minimization (Majozi, Brouckaert, & Buckley, 2006; Wang
Smith, 1994). The conceptual approach is mostly useful for the

ingle-contaminant case, with very limited applicability to multi-
ontaminant cases. Multiple contaminant water problems require
ore elaborate methods (Karuppiah & Grossmann, 2006; Savelski,
ivas, & Bagajewicz, 1999).
Despite all the enabling technologies the influence of heat inte-

ration on the solution of water allocation planning (WAP) has been
carcely addressed in past years. Savelski and Bagajewicz (1997)
rst studied the problem pointing out the existence of a trade off. A

http://www.sciencedirect.com/science/journal/00981354
mailto:bagajewicz@ou.edu
dx.doi.org/10.1016/j.compchemeng.2008.05.006
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Nomenclature

Indices
i hot process stream
j cold process stream
k temperature location and stage index
l contaminant
mx mixer unit
n, m, fw, ww stream
p process unit
r regeneration unit
s splitter unit

Sets
CP cold process streams
HP hot process streams
M mixer units
P process units
R regeneration unit
S splitter units
ST stages

Parameters
cl

INmaxp, cl
OUTmaxp maximal inlet/outlet concentration of con-
taminant l for process p (mg/kg)

CHE fixed costs for heat exchangers ($)
CA area cost coefficients ($/m2)
CCON fixed costs for HEN connections ($)
CHU hot utility costs ($/(kW a))
CCU cold utility costs ($/(kW a))
CFW fresh water costs ($/t)
CR costs of waste water regeneration ($/t)
CR,v regeneration unit capacity cost ($ h/t)
Cp heat capacity (kJ/kg K)
EMAT exchanger minimum approach temperature
fa/1 time fraction of operation
h stream heat transfer coefficient (kW/(m2 K))
Ll

p mass load of contaminant l in process p (kg/s)
Nh number of hours per year (h/a)
NOK number of stages
TFWS temperature of fresh water source (K)
TWWS temperature of waste water sink (K)
U overall heat transfer coefficient (kW/(m2 K))
� upper bound for temperature difference (K)
� upper bound for heat exchange (kW)
˛/1 exponent for regeneration unit capacity
ˇl/1 exponent for area cost
�l/1 removal efficiency

Continuous variables
CFH,IN

i
, CFC,IN

j
inlet heat capacity flow rate of hot stream i,

and cold stream j (kW/K)
CFH

i,k
, CFH′

i,i,k
, CFH′

i,k

CFC
j,k

, CFC′
j,j,k

, CFC′
j,k

}
heat capacity flow rate of hot (kW/K)

stream i, and cold stream j
F mass flow rate (kg/s)
T IN

i
, T IN

j
inlet temperature of hot stream i, and cold stream j
(K)

Ti, T ′
i,k

Tj, T ′
j,k

}
temperature of hot stream i, and cold stream j (K)

�TH i,j,k temperature approach for match (i,j) in hot end of
stage k (K)

�TC i,j,k temperature approach for match (i,j) in cold end of
stage k (K)

�TCU i temperature approach for match of cold utility and
hot stream i (K)

�THU j temperature approach for match of hot utility and
cold stream j (K)

qi,j,k heat exchanged between streams i and j in stage k
qCU j heat exchanged between hot stream i and cold util-

ity (kW)
qHU j heat exchanged between cold stream j and hot util-

ity (kW)

Binary variables
zi,j,k existence of heat exchanger for match (i,j) in stage k
ZCU i existence of heat exchanger for match (cold utility,

i)
ZHU j existence of heat exchanger for match (hot utility, j)
yH

i,i,k
, yC

j,j,k
existence of splits of hot and cold streams in HEN

Subscripts/superscripts
CU cold utility
FW fresh water
FWS fresh water source
HU hot utility
HEN heat exchanger network
IN inlet
LO lower
OUT outlet
UP upper
WW waste water
WWS waste water sink
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WN water network

raphical procedure was introduced by Savulescu and Smith (1998)
ttempting to solve the energy efficient WAP problem. The method
hey used is sequential and was recently extended to consider water
nd heat minimization simultaneously (Savulescu, Kim, & Smith,
005a; Savulescu, Kim, & Smith, 2005b). However, the approach is

imited to a single-contaminant case. In turn, Bagajewicz, Rodera, &
avelski (2002) solved the problem using mathematical program-
ing. With minor modifications their approach can be extended

o handle the multi-contaminant case. The model is, nonetheless,
equential.

An important realization about all these systems is that, in
he absence of regeneration, systems are pinched at the lowest
inlet) temperature. In addition, what makes the design challeng-
ng is that mixing of streams is a part of the design, especially
f mixing of streams is used to achieve target temperatures, and
herefore avoid the use of heat exchangers or utilities. It has been
hown that clever mixing can reduce the number of exchangers
n the system (Bagajewicz et al., 2002; Savulescu, Sorin, & Simth,
002).

This paper introduces a new approach for simultaneous synthe-
is of energy efficient water networks, portions of which have been
dvanced, without the inclusion of important details, by Bogataj

nd Bagajewicz (2007). The model is MINLP and the main feature
f the formulation is mixing and splitting of streams within the
EN superstructure, thus enabling direct heat exchange in order

o reduce the number of heat exchangers as well as to reduce the
omplexity of heat integrated process structure.
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. Problem statement

Given is a set of water using/water disposing processes, which
equire water of adequate quality and temperature. The objective is
o determine the optimal network of water stream interconnections
mong the processes and the corresponding heat exchanger net-
ork by simultaneously optimizing annual operating costs (fresh
ater, regeneration, and utility costs), and capital costs (heat

xchanger costs). The following assumptions are used:

The level of contaminant is low enough that the total flow rate
can be considered constant,
processes operate isothermally or non-isothermally (fixed tem-
perature change),
water is present only in a liquid phase,
fresh water is free of contaminants,
streams have constant heat capacity (Cp = 4.186 kJ/(kg K)),
heat transfer coefficients are constant,
heat exchangers are countercurrent,
only one hot and one cold utility are available,
no heat losses are considered for process streams.

. Superstructure

In this section three superstructures relevant to this work are
resented. Firstly, a simple superstructure for the synthesis of water
etworks, similar to the one presented by Alva-Argáez, Kokossis,
nd Smith (1998), is depicted in Fig. 1a. A set of water using process
nits (P) is interconnected using a set of mixer units (M) and a set of
plitter units (S). A single regeneration unit (R), if embedded in the

N superstructure (Fig. 1b), accepts contaminated water from all
he water using process units, selectively removes contaminants,
nd distributes treated water back to the water using process units.
o self-recycling was considered in this work. Dashed lines are the
nly ones allowed to exchange heat in heat exchangers. We discuss
his choice in detail later.

For the heat exchange, the stage-wise superstructure (Yee &
rossmann, 1990) for HEN synthesis was modified to account for
irect heat exchange (mixing of streams) as well as the regular heat

xchangers for indirect heat transfer. Fig. 2 presents a 2-hot–2-cold
treams representation of the modified stage-wise superstructure.
n this superstructure, each hot/cold stream can potentially mix

ith other hot/cold streams in each stage of the superstructure.
e omit the detailed description of the basic features of the orig-

w
t

k

Fig. 2. Modified HEN
ig. 1. (a) Simple WN superstructure for process water network synthesis. (b) WN
uperstructure for process water network synthesis with embedded regeneration
nit.

nal model because they are well-known and concentrate on the
dditions: the mixing of streams at each stage.

In Fig. 2 index k refers to crossings of temperature locations in
he direction of flow, rather than stages. For this reason k values
oincide with stage numbers in the case of hot streams, but not in
he case of cold streams. Therefore, CFC

j,k
is the heat capacity flow

ate of cold stream j which crossed the temperature location k. On
he other hand CFH

i,k
is the heat capacity flow rate of hot stream i

hich crossed the temperature location k. This reasoning applies

o all the variables.

After hot stream i with heat capacity flow rate CFH
i,k

, enters stage

, it can split and send water to mix with stream i* (CFH′
i,i∗,k

), or

superstructure.
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Fig. 3. Four possible types of splitting/mixing.

eceive water from stream i* (CFH′
i∗,i,k

). The same is allowed for cold
treams. This mixing of streams can be forbidden when certain
ontaminants are not to be mixed. Fig. 3 shows all possible mix-
ng/splitting patterns that one can consider. Because we expect that
ither mixing or splitting will take place among streams, but not
oth, any of these structures is appropriate. In this work Type A was
hosen.

Finally, in Fig. 4 a combined superstructure, consisting of a water
etwork (WN) superstructure (Fig. 1) and a heat exchanger network
uperstructure (Fig. 2) is presented.

Only certain streams (dashed lines in Fig. 4 corresponding to
ashed lines in Fig. 1) are considered to take part in heat integration,
hat is, fresh water streams, waste water streams, and streams con-
ecting mixer units with water using process units and mixer unit
ith regeneration units. Arguments supporting selection of these

treams, and problems accompanying this decision are presented
n the next section. Also, as discussed above, some streams are not
llowed to mix within the HEN superstructure (see Fig. 4). These
treams are the streams interconnecting mixer units with process
nits, and stream interconnecting mixer units with regeneration
nits.

.1. Stream labeling
To determine whether a certain process stream is cold or hot
assuming no phase change takes place as it is in our case) one
eeds to know in advance its supply and target temperatures. If the
emperature of the fresh water is assumed to be equal or lower than

i
T
a
i
t

Fig. 5. Effect of alternative solutions on the
Fig. 4. Superstructure for simultaneous WN and HEN synthesis.

he lowest operating temperature of process units, each of the fresh
ater streams can be considered as a cold stream. In addition, if the

emperature of waste water streams discharged to the environment
s set to be equal or lower than the lowest operating temperature of
rocess units, each of the waste water streams can be considered
s a hot stream. Unfortunately, such unambiguous decisions are
mpossible to make for the rest of the streams in the water WN
uperstructure.

Water networks can have several alternative solutions featuring
he same, minimum fresh water intake, but with different connec-
ions (Bagajewicz & Savelski, 2001). For illustration, consider the
xample presented in Fig. 5. Its uppermost part shows a generalized
N superstructure consisting of two process units, each operat-
ng at different temperatures. Assume that TP1 > TP2 and TFW < (TP1,
P2). Additionally, consider the two arbitrary selected solutions
mong all feasible solutions with equal fresh water intake shown
n lower part of the figure. As apparent in the figure, under cer-
ain circumstances, the complicating stream connecting the mixer

rmodynamic properties of streams.
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nit and the process unit (dashed line) can be considered, from
he perspective of the HEN, either cold or hot. Clearly, we are
onfronted with two issues. First, how many and which streams
n the WN superstructure should be considered to take part of
eat integration? In addition, on what basis should the designer
ecide whether the complicating streams are to be treated as hot
r cold?

To make sure that the model captures the true optimal solution
ll, the streams in the WN superstructure should be considered for
eat integration. This would most likely increase the computational
ffort needed. The reason for this is that the total number of streams
n WN superstructure (Fig. 1a) equals N2 + 3N, where N is the num-
er of process units. In addition, since all the complicated streams
in general, all but fresh water and discharge water streams) can
otentially be either cold or hot, the number of streams increases to
(N2 + 2N). What is more, additional logic would need to be imple-
ented to treat these complicated streams exclusively as hot or

old. All of this would in turn make the model combinatorially
ery demanding. Also, it would increase the undesirable effect of
on-convexities due to enlarged number of bilinear terms.

Therefore, the decision to select only the above discussed
treams (dashed lines in Fig. 1) can be justified by the reduced
ize of the model. In addition, these streams represent the minimal
umber of streams that give feasible heat integrated structures and
t the same time allow maximal exploitation of direct heat transfer
ossibilities.

. Mathematical model

.1. Water network model

.1.1. Water using process units (p ∈ P) and regeneration unit
r ∈ R)

To model the water using process unit p, according to represen-
ation in Fig. 6a, we need to formulate the overall mass balance
Eq. (1)), contaminant mass balance ((Eq. (2)), and temperature
nlet–outlet relation (Eq. (3)). Process unit is considered to have
single inlet stream and single outlet stream.

n = Fm n ∈ pIN, m ∈ pOUT (1)

ncl
n + Ll

p = Fmcl
m p ∈ P, n ∈ pIN, m ∈ pOUT (2)

n = Tm n ∈ pIN, m ∈ pOUT (3)

he temperature of stream n entering the process unit p should be
qual to the operating temperature of the process (Tp):
n = Tp p ∈ P, n ∈ pIN (4)

hen a water using process unit p is considered not to operate
sothermally, its inlet and outlet temperatures are not equal, and

ig. 6. (a) Schematic representation of process unit. (b) Schematic representation
f regeneration unit.

4

F

c

F
s
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herefore Eq. (3) becomes:

n + �Tp = Tm p ∈ P, n ∈ pIN, m ∈ pOUT (5)

here �Tp ∈R is a fixed temperature change.
The constraints on maximum process inlet and outlet concen-

rations are:

l
n ≤ cl

INmaxp p ∈ P, n ∈ pIN (6)

l
m ≤ cl

OUTmaxp p ∈ P, m ∈ pOUT (7)

s in the case of process units, a regeneration unit r is also regarded
s having a single inlet and a single outlet stream (Fig. 6b). The
utlet concentration of each contaminant is reduced (with respect
o the inlet concentration) according to its removal efficiency �l.
he following equations model the regeneration unit r:

n = Fm n ∈ rIN, m ∈ rOUT (8)

ncl
n(1 − �l) = Fmcl

m n ∈ rIN, m ∈ rOUT (9)

n = Tm n ∈ rIN, m ∈ rOUT (10)

In the case of a non-isothermal operation of regeneration unit r,
ssuming a fixed temperature change, Eq. (10) is replaced by:

n + �Tr = Tm r ∈ R, n ∈ rIN, m ∈ rOUT (11)

A mixer unit (mx ∈ M) is shown in Fig. 7a, having multiple inlet
treams ((n, fw) ∈ mxIN) and a single outlet stream (m ∈ mxOUT). The
ndex fw is associated with a single fresh water stream, and index
with all the other streams (coming from splitter units (s ∈ S)). The
verall mass balance is given by Eq. (12), the individual contaminant
alances by Eq. (13), and the energy balance by Eq. (14).

In turn, a splitter unit (s ∈ S) is depicted in Fig. 7b, consisting of
single inlet stream (n ∈ sIN) and multiple outlet streams, namely

treams m ∈ sOUT linked to mixer units (mx ∈ M), and a single waste
ater discharge stream ww ∈ sOUT. Splitter units are modeled using

qs. ((15)–(19)).

.1.2. Mixer units (mx ∈ M)

m =
∑

n

Fn + Ffw m ∈ mxOUT, (n, fw) ∈ mxIN (12)

mcl
m =

∑
n

Fncl
n m ∈ mxOUT, n ∈ mxIN (13)

mTm =
∑

n

FnTn + FfwTfw m ∈ mxOUT, (n, fw) ∈ mxIN (14)
.1.3. Splitter units (s ∈ S)

n =
∑

m

Fm + Fww (m, ww) ∈ sOUT, n ∈ sIN (15)

l
n = cl

m m ∈ sOUT, n ∈ sIN (16)

ig. 7. (a) Schematic representation of mixer unit. (b) Schematic representation of
plitter unit.
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l
n = cl

ww ww ∈ sOUT, n ∈ sIN (17)

n = Tm m ∈ sOUT, n ∈ sIN (18)

n = Tww ww ∈ sOUT, n ∈ sIN (19)

ote that a mixer unit and a splitter unit linked to a regeneration
nit (see Fig. 1b) differ from the rest of the mixer and splitter units.
he former does not have the fresh water feed while the latter does
ot have the waste water discharge stream. The formulation of this
ixer unit is straightforward: only the variables associated with

resh water stream need to be excluded from Eqs. (12) and (14). For
he splitter unit, the flow rate of the discharged waste water stream
Fww) is excluded from the formulation of the overall mass balance
Eq. (15)), and Eqs. (17) and (19) become redundant.

.2. HEN model

As described above, for this model, we extend the MINLP
ormulation of Yee and Grossmann (1990) by adding mixing
t each stage. The first main difference between the original
tage-wise formulation and the proposed one is additional con-
inuous variables needed to model the non-isothermal mixing in
ach stage. Note that even when inlet heat capacity flow rates
CFH,IN

i
, CFC,IN

j
) and inlet/outlet temperatures are fixed the new

nergy balance introduces several additional bilinear terms adding
o the model non-convexity. Also, the overall heat balance of
ach stream is not explicitly stated because there is splitting and
ixing taking place. The overall heat balance is, nonetheless, sat-

sfied.

.2.1. Assignment of superstructure inlet temperatures and inlet
eat capacity flow rates
H,IN
i

= TH
i,1 i ∈ HP (20)

C,IN
j

= TC
j,NOK+1 j ∈ CP (21)

FH,IN
i

= CFH
i,1 i ∈ HP (22)

FC,IN
j

= CFC
j,NOK+1 j ∈ CP (23)

.2.2. Stage heat balance for hot and cold streams

TH′
i,k − TH

i,k+1)CFH′′
i,k =

∑
j ∈ CP

qi,j,k k ∈ ST, i ∈ HP (24)

TC
j,k − TC′

j,k+1)CFC′′
j,k+1 =

∑
i ∈ HP

qi,j,k k ∈ ST, j ∈ CP (25)

.2.3. Cold and hot utility load

CU i = CFH′′
i,NOK+1(TH′

i,NOK+1 − TH,OUT
i

) i ∈ HP (26)

HU j = CFC′′
j,1(TC,OUT

j
− TC′

j,1) j ∈ CP (27)

.2.4. Stage heat capacity flow rate balances for hot and cold
treams

CFH
i,k +

∑
i∗

CFH′
i∗,i,k −

∑
i∗

CFH′
i,i∗,k = CFH′′

i,k
k ∈ ST ∪ NOK + 1, i ∈ HP ∧ i /= i∗ (28)

CFC
j,k +

∑
j∗

CFC′
j∗,j,k −

∑
j∗

CFC′
j,j∗,k = CFC′′

j,k

k ∈ ST ∪ NOK + 1, j ∈ CP ∧ j /= j∗ (29)

�

�

�

�
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.2.5. Stage enthalpy balances for hot and cold streams

CFH
i,kTH

i,k +
∑

i∗
CFH′

i∗,i,kTH
i∗,k −

∑
i∗

CFH′
i,i∗,kTH

i,k = CFH′′
i,k TH′

i,k

k ∈ ST ∪ NOK + 1, i ∈ HP ∧ i /= i∗ (30)

CFC
j,kTC

j,k +
∑

j∗
CFC′

j∗,j,kTC
j∗,k −

∑
j∗

CFC′
j,j∗,kTC

j,k = CFC′′
j,kTC′

j,k

k ∈ ST ∪ NOK + 1, i ∈ CP ∧ j /= j∗ (31)

ote that the Eqs. (28)–(31) are not restricted to k ∈ ST. Since, for
xample, mixing of hot streams is possible even after the crossing
f last temperature location (k = 3 in Fig. 2), the equations should
old also for k + 1 (NOK + 1). The same is true cold streams.

.2.6. Overall stage heat capacity flow rate balance

i

CFH
i,k =

∑
i

CFH′′
i,k i ∈ HP, k ∈ ST ∪ NOK + 1 (32)

j

CFC
j,k =

∑
j

CFC′′
j,k j ∈ CP, k ∈ ST ∪ NOK + 1 (33)

.2.7. Bounds on splits (non-isothermal mixing)

i∗
CFH′

i,i∗,k ≤ CFH
i,k i ∈ HP ∧ i /= i∗, k ∈ ST ∪ NOK + 1 (34)

j∗
CFC′

j,j∗,k ≤ CFC
j,k j ∈ CP ∧ j /= j∗, k ∈ ST ∪ NOK + 1 (35)

.2.8. Stage inlet and outlet heat capacity flow rate relation
FH

i,k+1 = CFH′′
i,k i ∈ HP, k ∈ ST (36)

FC
j,k = CFH′′

j,k+1 j ∈ CP, k ∈ ST (37)

.2.9. Logical constraints needed to determine the existence of a
eat exchange match (i,j) in stage k

i,j,k − �zi,j,k ≤ 0 i ∈ HP, j ∈ CP, k ∈ ST (38)

CU i − �CUzCU i ≤ 0 i ∈ HP (39)

HU j − �HUzHU j ≤ 0 j ∈ CP (40)

.2.10. Logical constraints activating temperature differences in
tage k
TH

i,j,k ≤ TH′
i,k − TC

j,k + � (1 − zi,j,k) i ∈ HP, j ∈ CP, k ∈ ST (41)

TC
i,j,k ≤ TH

i,k+1 − TC′
j,k+1 + � (1 − zi,j,k) i ∈ HP, j ∈ CP, k ∈ ST (42)

TCU i ≤ TH′
i,NOK+1 − TOUT

CU + � (1 − zCU i) i ∈ HP (43)

THU j ≤ TOUT
HU − TC′

j,1 + � (1 − zHU j) j ∈ CP (44)

he above four constraints can be expressed as inequalities because
he costs of heat exchangers decrease with the increase in the
emperature differences. And since the objective function is to be

inimized, the temperatures will be driven to take the highest pos-
ible value. The role of binaries in these constraints is to ensure
ositive driving forces.

.2.11. Lower bounds on temperature differences
TH i,j,k ≥ EMAT i ∈ HP, j ∈ CP, k ∈ ST (45)
TC i,j,k ≥ EMAT i ∈ HP, j ∈ CP, k ∈ ST (46)

TCU i ≥ EMAT i ∈ HP (47)

THU j ≥ EMAT j ∈ CP (48)
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.2.12. Feasibility of temperatures
H′
i,NOK+1 ≥ TH,OUT

i
i ∈ HP (49)

H′
i,k ≥ TH

i,k+1 i ∈ HP, k ∈ ST (50)

C′
j,1 ≤ TC,OUT

j
j ∈ CP (51)

C′
j,k+1 ≤ TC

j,k j ∈ CP, k ∈ ST (52)

H′
i,k ≤ max{0, TH,IN

i
} i ∈ HP (53)

C′
j,k ≥ min{c, TC,IN

j
} j ∈ CP, (c ∈R+ ∧ c 	 TC,IN

j
) (54)

onotonic decrease of temperature at each successive stage for
ach stream is not requested and expected to take place in this
ormulation. However, monotonic decrease within each stage is
nforced through Eqs. (49)–(52). Also, note that the valid upper
ound on temperatures for hot streams, which are allowed to mix,

s the inlet temperature of the hottest hot stream (Eq. (53)). Like-
ise, the valid lower bound on temperatures for the cold streams,
hich are also allowed to mix, is the inlet temperature of the cold-

st stream (Eq. (54)).In turn, forbidden stream splitting and mixing
an be achieved by the following set of constraints:

FH′
i,i∗,k = 0 i ∈ HP ∧ i /= i∗, k ∈ ST ∪ NOK + 1 (55)

FH′
i∗,i,k = 0 i ∈ HP ∧ i /= i∗, k ∈ ST ∪ NOK + 1 (56)

FC′
j,j∗,k = 0 j ∈ HP ∧ j /= j∗, k ∈ ST ∪ NOK + 1 (57)

FC′
j∗,j,k = 0 j ∈ HP ∧ j /= j∗, k ∈ ST ∪ NOK + 1 (58)

he constraints represented by Eqs. (55)–(58) (i.e. fixing the values
f the variables to zero) are the simplest way to enforce forbidden
ixing/splitting of streams in the HEN superstructure. However,

his formulation gives the designer no control over the number of
plits and their heat capacity flow rates. For example, from strictly
ractical reasons, one may want to impose some lower and upper
ounds on the heat capacity flow rates of splits, essentially setting
ounds on water flow rates of splits. Furthermore, to obtain a less
omplex HEN topology it is beneficial to limit the number of splits
n each stage. This can be done through the following constraints:

FH′
i,i∗,k ≥ CFH,LOyH

i,i∗,k (59)

FH′
i,i∗,k ≤ CFH,UPyH

i,i∗,k (60)

H
i,i∗,k + yH

i∗,i,k ≤ 1 (61)

(CFH,LO, CFH,UP) ∈R+

yH
i,i,k

∈ {0, 1}
i ∈ HP ∧ i /= i∗, k ∈ ST ∪ NOK + 1

FC′
j,j∗,k ≥ CFC,LOyC

j,j∗,k (62)

FC′
j,j∗,k ≤ CFC,UPyC

j,j∗,k (63)

C
j,j∗,k + yC

j∗,j,k ≤ 1 (64)

(CFC,LO, CFC,UP) ∈R+
yC
j,j,k

∈ {0, 1}
j ∈ HP ∧ j /= j∗, k ∈ ST ∪ NOK + 1

Using the above formulation the following effects on the HEN
opology is achieved.

n

F

c
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Bounds on splitting flow rates: Eqs. (59) and (60) state that if the
binary variable yH

i,i∗,k
equals one in stage k, then splits CFH′

i,i∗,k
of hot

stream i can take some value between lower and upper bounds
(CFH,LO, CFH,UP). Otherwise, splits are forced to zero.
Limitation on the number of split streams: If a single split CFH′

i,i∗,k

exists in stage k, then the all the splits CFH′
i∗,i,k

in this stage are
forced to zero – inequality constraint on binary variable (Eq. (61)).
The same is true for splits of cold streams (CFC′

j,j∗,k
, CFC′

j∗,j,k
), Eqs.

((62)–(64)).

Also note that all of the types of mixing depicted in Fig. 3 are
epresented by Eqs. (59)–(64) because cross-mixing is excluded.

.3. Constraints connecting the WN and the HEN

.3.1. Fresh water streams
The temperature of fresh water source (TFWS) is assumed to be

xed, therefore, the inlet temperatures of fresh water streams can
e treated as parameters.

C,IN
j

= TFWS j ∈ CP (65)

On the other hand, their heat capacity flow rates (CFC,IN
j

) are vari-
bles whose values are to be determined by solving the combined
N–HEN model.

FC,IN
j

= CFC
j,NOK+1 j ∈ CP (66)

C,OUT
j

= Tfw fw ∈ mxIN, mx ∈ M, j ∈ CP (67)

FC′′
j,1 = FfwCp n ∈ mxIN, mx ∈ M, j ∈ CP (68)

.3.2. Streams connecting mixer units (mx ∈ M) to process units
p ∈ P), and mixer unit (mx ∈ M) to regeneration unit (r ∈ R)

For the streams considered as cold streams the variables in HEN
uperstructure and WN superstructure are related through equa-
ions:

C,IN
j

= Tm m ∈ mxOUT, mx ∈ M, j ∈ CP (69)

FC,IN
j

= FmCp m ∈ mxOUT, mx ∈ M, j ∈ CP (70)

C,OUT
j

= Tn n ∈ pIN, n ∈ rIN, p ∈ P, r ∈ R, j ∈ CP (71)

FC′′
j,1 = FnCp n ∈ pIN, n ∈ rIN, p ∈ P, r ∈ R, j ∈ CP (72)

In contrast, for the streams considered as hot streams the fol-
owing equations are used:

H,IN
i

= Tm m ∈ mxOUT, mx ∈ M, i ∈ HP (73)

FH,IN
i

= FmCp m ∈ mxOUT, mx ∈ M, i ∈ HP (74)

H,OUT
i

= Tn n ∈ pIN, n ∈ rIN, p ∈ P, r ∈ R, i ∈ HP (75)

FH′′
i,NOK+1 = FnCp n ∈ pIN, n ∈ rIN, p ∈ P, r ∈ R, j ∈ CP (76)

egardless of whether these streams are hot or cold, equations to
ake the concentrations of contaminants and flow rates of streams

eaving the mixer units (streams entering the HEN superstructure)
qual to the ones in the streams feeding the process units or the
egeneration unit (streams leaving the HEN superstructure) are

eeded. They are the following:

m = Fn m ∈ mxOUT, n ∈ pIN, n ∈ rINmx ∈ M, p ∈ P, r ∈ R (77)

l
m = cl

n m ∈ mxOUT, n ∈ pIN, n ∈ rIN mx ∈ M, p ∈ P, r ∈ R (78)
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.3.3. Waste water discharge streams
H,IN
i

= Tww ww ∈ sOUT, s ∈ S, i ∈ HP (79)

FH,IN
i

= FwwCp ww ∈ sOUT, s ∈ S, i ∈ HP (80)

he outlet temperature of all the discharge waste water streams is
ssumed to be equal to the temperature of waste water sink (TWWS):
H,OUT
j

= TWWS i ∈ HP (81)

.4. Objective function

The annualized cost of the HEN, comprising annual utility costs
nd investment costs is:

CHEN
a =

∑
i ∈ HP

∑
j ∈ CP

∑
k ∈ ST

CHE i,jzi,j,k +
∑
i ∈ HP

CHE izCU i

+
∑
j ∈ CP

CHE jzHU j + fa

⎛
⎝∑

i ∈ HP

CCUqCU i +
∑
j ∈ CP

CHUqHU j

⎞
⎠

+
∑
i ∈ HP

∑
j ∈ CP

∑
k ∈ ST

CA i,jA
ˇ
i,j,k

+
∑
i ∈ HP

CA i Aˇ
CU i

+
∑
j ∈ CP

CA j Aˇ
HU j

+ CCON

⎛
⎜⎜⎜⎜⎝
∑
i ∈ HP

∑
i∗ ∈ HP
i∗ /= i

∑
k ∈ ST

yH
i,i∗,k +

∑
j ∈ CP

∑
j∗ ∈ CP
j∗ /= j

∑
k ∈ ST

yC
j,j∗,k

⎞
⎟⎟⎟⎟⎠

(82)

here fa is the time fraction of operation in a year. The areas and
eat transfer coefficients, in turn, are given by the following stan-
ard relations:

i,j,k = qi,j,k

Ui,j × �lnTi,j,k
i ∈ HP, j ∈ CP, k ∈ ST (83)

CU i = qCU i

Ui,CU × �lnTi,CU
i ∈ HP (84)

HU j = qHU i

Uj,HU × �lnTj,HU
j ∈ CP (85)

1
Ui,j

= 1
hi

+ 1
hj

i ∈ HP, j ∈ CP (86)

1
Ui,CU

= 1
hi

+ 1
hCU

i ∈ HP (87)

1
Uj,HU

= 1
hj

+ 1
hHU

j ∈ CP (88)

inally, the logarithmic mean temperature difference (�lnT) is
pproximated according to Chen (1987):

�lnTi,j,k =
(

�TH i,j,k × �TC i,j,k × (�TH i,j,k + �TC i,j,k)
2

)1/3

i ∈ HP, j ∈ CP, k ∈ ST (89)

�lnTi,CU =
(

�TCU i(T
OUT
i − T IN

CU)
(�TCU i + (TOUT

i
− T IN

CU))

2

)1/3

i ∈ HP (90)
�lnTj,HU=
(

�THU j × (T IN
HU−TOUT

j )
(�THU j + (T IN

HU − TOUT
j

))

2

)1/3

j ∈ CP (91)
S
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he last term of the objective function represents the fixed costs
ssociated to splits of hot and cold streams. One can justify this by
he capital costs of additional equipment (valves, regulation, etc.)
eeded to operate the HEN.

The annualized WN costs are given by:

WN
a = Nhfa

⎛
⎝CFW

∑
fw

Ffw + CRFn

⎞
⎠+ CR,vF˛

n fw ∈ mxIN, n ∈ rIN

(92)

here Nh is the number of hours in a year. While the first term
f the WN objective function (Eq. (92)) corresponds to operating
osts of WN, namely to fresh water and regeneration costs, the last
erm corresponds to variable costs associated with regeneration
nit capacity.

. Solution procedure

To overcome the ambiguity caused by the need of labeling
treams as hot or cold we propose the following strategy:

tep 1: The WN model was solved using a local NLP solver. How-
ever, prior to solving the WN model a minor reformulation
is needed. Indeed, to meet the target process operating
temperatures, positive slack variables ςCU

mx and ςHU
mx repre-

senting external heating and cooling are added into the
formulation of the mixer unit energy balance. Then, Eq. (14)
becomes:

FmTm + ςHU
mx − ςCU

mx =
∑

n ∈ mxin

FnTn ∀mx ∈ M, m ∈ mxOUT

(93)

The WN objective function (Eq. (92)) is reformulated
including the slack variables and adding a small price (�)
to them.

CWN
a = Nhfa

(
CFW

∑
fw

Ffw + CRFn

)
+ CR,vF˛

n

+ �
∑
mx

(ςHU
mx + ςCU

mx) (94)

The above objective function minimizes the water related
cost, but equally important, it tends to maximize the direct
heat transfer in mixer units by minimizing the values of
the slack variables. Also important is that due to small
prices assigned to the slack variables the possibility of
both having positive value in a particular mixer unit is
excluded. In addition, both variables can take the value
of zero.

Labeling of the complicated streams is then performed
according to the values of the slack variables in the solu-
tion of the reformulated WN model. First, if variable ςHU

mx
takes a positive value then the stream connecting a mixer
unit with a process unit is considered to be cold, because
additional heating is needed to achieve its target tempera-
ture. On the other hand, if the value of ςCU

mx is greater than
zero the stream is considered a hot stream. When both the

slack variables are zero, the stream is not considered to take
part in heat integration, since its target temperature is met
by direct heat transfer in the corresponding mixer unit.

tep 2: Solve the combined WN–HEN model. According to our
experiences the values of continuous variables (flow rates,
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Table 1
Cost and operating parameters for WN and HEN

Parameter Parameter Parameter

CCON ($) 3 × 103 CHU ($/(kW a)) 260 T IN
HU(◦C) 126

CHE ($) 10 × 103 CCU ($/(kW a)) 150 TOUT
HU (◦C) 126

CA ($/m2) 860 CFW ($/t) 2.5 T IN (◦C) 15

ˇ
˛

h

6

a
u
a
a
t
i

K
(
S
m

t
p
f
e

Table 2
Data for example 1

Process Ll (kg/h) cIN
max(mg/kg) cOUT

max(mg/kg)/ Tp (◦C)

P1 7.2 0 100 40
P2 18.0 50 100 100
P3 108.0 50 800 75
P4 14.4 400 800 50

Table 3
Data for example 2

Process Ll (kg/h) cIN
max(mg/kg) cOUT

max(mg/kg) Tp (◦C)

P1 2 0 100 40
P
P
P

6

a
u

S
e
a
c
a
c

CU

/1 0.75 CR ($/t) 0.95 TOUT
CU (◦C) 20

/1 0.78 CR,v ($ h/t) 20 × 103

CP,HP,CU (kW/(m2 K)) = 1, hHU (kW/(m2 K)) = 5, CF(C,H),LO (kW/K) = 1.163.

temperatures, etc.) obtained in the solution of the refor-
mulated WN model serve as a good initial guess for the
assignment of the HEN superstructure inlet conditions.

. Examples

Four examples are given in this section to illustrate the proposed
pproach. In all of the examples the same cost factors, inlet/outlet
tility temperatures were used (Table 1). The lower bound on splits
re 1 t/h and the time fraction of operation in a year, fa = 0.95, was
ssumed in all cases. Also, in all of the examples the fresh water
emperature is 20 ◦C, and the discharge temperature of waste water
s 30 ◦C.

Finally, the examples were implemented in GAMS (Brooke,
endrick, Meeraus, & Raman, 1998) and solved using DICOPT
Viswanathan & Grossmann, 1990) with CPLEX as a MIP solver and
NOPT (Gill, Murray, & Saunders, 2002) as a NLP solver on a PC
achine (3.2 GHz, 1 GB RAM).

To reduce the problems caused by infeasible NLP sub-problems,

he combined model was reformulated using the integer-infeasible
ath strategy (Soršak & Kravanja, 2002). The reformulation was per-
ormed only on the binary variables assigned to determine the heat
xchange matches (zi,j,k, zCU i, zHU j).

s
a

i
e

Fig. 8. Heat integrated water
2 5 50 100 100
3 30 50 800 75
4 4 400 800 50

.1. Example 1

The first example is the one originally proposed by Savulescu
nd Smith (1998); a single-contaminant case comprising four water
sing process units. The data is presented in Table 2.

To be able to compare results with solutions obtained by
avulescu et al. (2005b) and Bagajewicz et al. (2002) the heat
xchanger network was designed exclusively using fresh water
nd discharge waste water streams without considering the pro-
ess to process streams. The network obtained using the proposed
pproach with annual operating costs of 7.671 M$/a and HEN capital
ost of 0.622 M$ is depicted in Fig. 8. The corresponding HEN con-

2
ists of three heat exchangers featuring a total area of 3498.4 m ,
nd a single heater (132.2 m2). Fresh water intake equals 324 t/h.

The network presented in Fig. 8 is identical to the one reported
n Bagajewicz et al. (2002). The solution obtained by Savulescu
t al. (2005b) is depicted in Fig. 9; the authors used a systematic

network for example 1.
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e 1 by

c
c

t
d
a

t

Fig. 9. Solution of exampl

onceptual approach aiming to simplify the network topology by

onsidering non-isothermal mixing.

Because not enough information was given in the original paper,
he areas of the heat exchanger of Fig. 9 were calculated using the
ata of Table 1. Clearly, the fresh water intake is identical as in the
bove presented solution (see Fig. 8), but, the HEN is different. Note

7
t
n

a

Fig. 10. Heat integrated water
Savulescu et al. (2005b).

hat the total area of the three heat exchangers is approximately

% larger than the one obtained using our approach. Also, besides
he 13% larger hot utility consumption, 485 kW of cold utility is
eeded.

Summarizing, the solution obtained using our proposed
pproach is found to be superior to the one reported by Savulescu

network for example 2.
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Table 4
Data for example 3

Process Ll (kg/h) cIN
max(mg/kg) cOUT

max(mg/kg) Tp (◦C)

C1 C2 C3 C1 C2 C3 C1 C2 C3

P1 2 1 3 0 15 0 100 100 100 40
P
P
P

e
c

6

t
t
h
p

e
e
c
e
r
0
i

(
i
e
(

c
F
d

Table 5
Data for example 4 (water using process units)

Process Ll (kg/h) cIN
max(mg/kg) cOUT

max(mg/kg) Tp (◦C)

C1 C2 C3 C1 C2 C3 C1 C2 C3 IN OUT

P1 6 3 4 5 150 100 50 200 200 25 35
P2 5 8 1 150 120 60 300 150 30 100 85

Table 6
Data for example 4 (regeneration unit)

Regeneration unit � (%) Tr (◦C)

R

t
s

i
a
w
i
t

6

e
o
a
i
2

The solution of example 3 is depicted in Fig. 11. As in example
2 5 0 15 50 100 30 100 200 250 100
3 30 4 0 100 100 100 800 750 600 75
4 4 22 17 400 380 250 800 800 800 50

t al. (2005b) when capital as well as annual operating costs are
onsidered.

.2. Example 2

The second example (Table 3) is the same as the first one, except
hat, the contaminant loads are scaled down by a factor of 3.6. As in
he previous example, the heat exchanger network was designed to
andle fresh water and discharge waste water streams, excluding
rocess to process streams.

The network presented in Fig. 8 is also a feasible solution of
xample 2, if water flow rates, heat duties, and areas of heat
xchange units are scaled down by the same factor used to reduce
ontaminant loads. The corresponding total area of all the heat
xchange units (including the heater) is 1008.5 m2 and the cor-
esponding capital costs, and annual operating costs would be
.284 M$ and 2.131 M$/a, respectively. Nevertheless, such a solution

s suboptimal.
The optimal network has the same annual operating costs

2.131 M$/a), but lower HEN capital cost (0.281 M$) and is depicted
n Fig. 10. The corresponding HEN consists of only two heat
xchangers with a total area of 1226.8 m2, and a single heater
36.7 m2). The fresh water intake is 90 t/h.
Note that the interconnections between water using pro-
ess units (water reuse), comparing the solutions presented in
igs. 8 and 10, have not changed due to the contaminant load scale-
own. However, the topology of HEN has changed. The reason is

2
t
f
c

Fig. 11. Solution of multi-co
C1 C2 C3 IN OUT

75 90 90 40 37

hat due to the economy of scale, it is more cost effective to have
maller number of heat exchangers with 25% larger area.

We conclude that simultaneous cost-driven synthesis of heat
ntegrated networks is important for obtaining economically
ttractive solutions and that solutions solely based on minimizing a
eighted sum of fresh water consumption and utility usage ignor-

ng capital investment, or sequential procedures are not necessarily
he best.

.3. Example 3

The third example (Table 4) is an extension of the second
xample to consider multiple contaminants (three). The number
f process units and their operating temperatures are the same
s in example 2. Also, the mass load of contaminant C1, and its
nlet–outlet concentration constraints are the same as in example
.

, no cooling is needed—the problem is pinched at the fresh water
emperature (20 ◦C). However, the topology of the network differs
rom the one presented in Fig. 10. First, the presence of additional
ontaminants altered the interconnections among the water using

ntaminant example.
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Fig. 12. Solution of multi-contaminant example with regeneration.

Table 7
Summary of results for the four examples

Example FFW (t/h) CFW (k$/a) CR (k$/a) CR,v (k$) CHEN (k$)a CHU (k$/a) CCU (k$/a) No. of splits (HEN)

1 324.00 6740.8 – – 621.7 930.4 – 6
2 90.00 1872.5 – – 281.4 258.4 – 6
3 356.4 274.4 – 3
4 359.0 395.7 200.8 2

a

p
i
a

i
i

6

c
t
a
r
d
T
i

fi
i
e
w

2
w
f
c

T
w

Table 8
Problem sizes and computational time

Example No. of continuous
variables

No. of binary variables Total CPU time (s)

1
2
3
4

w
a
w

c
c
w
s

7

n
i
n
m

95.53 1987.4 – –
80.00 1664.4 421.6 444.7

Incl. costs of splits (CCON).

rocess units. Second, the heat exchangers are placed on streams
nterconnecting mixer units with process units, as well as on fresh
nd discharge water streams.

The capital cost of the HEN (which has a total area of 1570.9 m2)
s 0.356 M$ and the fresh water consumption is 95.53 t/h resulting
s an annual operating costs of 2.262 M$/a.

.4. Example 4

Finally, the fourth example is a small scale multi-contaminant
ase including the possibility of waste water regeneration. Note
hat in this example the water using process units and regener-
tion unit operate non-isothermally. A fixed temperature change,
egardless of the water flow rate through the units is assumed. The
ata for operating conditions of water using process units is given in
able 5. The operating conditions of regeneration unit are presented
n Table 6.

The solution of example 4 is presented in Fig. 12. Unlike in the
rst three examples, heating of 1602 kW and cooling of 1409 kW

n total is needed. Heat exchanger network consists of five heat
xchange units (one heater, two coolers, and two heat exchangers)
ith total area of 1560.2 m2, and capital costs of 0.359 M$.

The total annual operating cost of the resulting network is
.683 M$/a, of which approximately 16% corresponds to costs of
ater regeneration, 22% to annual utility costs, and 62% to annual
resh water costs. Variable cost associated with regeneration unit
apacity is approximately 0.445 M$.

The results for the four examples presented are summarized in
ables 7 and 8. All four water networks operate at minimal fresh
ater intake. One explanation for this is that an increase in fresh

f

m
s
n

749 115 2.64
749 115 2.98

1431 249 7.55
473 55 3.04

ater intake causes the increase in utility consumption. Also, in
ll the examples, the contribution of annual fresh water costs out-
eighs the contributions of other annual and capital costs.

Since the objective in all cases was minimization of annualized
osts this outcome is in fact not surprising. This may, however,
hange when some revenue is associated with the operation of
ater using process units. In such case, minimal fresh water con-

umption may not be the optimal one.

. Conclusions

We presented a mathematical programming model to simulta-
eously synthesize process water networks and their correspond-

ng HENs. A modified HEN superstructure is proposed to allow
on-isothermal stream mixing of process streams. The combined
odel consists of NLP formulation of WN superstructure and MINLP
ormulation of embedded HEN superstructure.
Since the majority of equations/constraints in the combined

odel are non-linear and non-convex more than one optimal
olution may exist. For this reason, an efficient initialization is
eeded to obtain globally or at least very good locally opti-
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al solutions. The solution strategy presented in the paper is
fficient enough to overcome the problems associated with initial-
zation. In addition it helps to considerably reduce the sizes of the
roblems.

Four examples have been presented, clearly showing that the
roposed method can be used in synthesis of singe- and multi-
ontaminant heat integrated water networks. The designs obtained
how fairly low topological complexity, which is from industrial
pplication point of view highly desirable.
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