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h i g h l i g h t s

� Theory of feasible domain for HENs with no stream splitting is developed.
� ACOR are used for HEN synthesis.
� Exchangers are allowed to have any DTmin greater than a specified value.
� Comparisons are done with other solutions from the literature.
� Application of ACOR algorithm in the feasible domain provides very good results.
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a b s t r a c t

Two of the main obstacles in the procedures for searching of the global optimum answer of an
optimization problem are the vast number of local optimums and the complexity of the constraints in
the search space of the problem. Most meta-heuristic methods by increasing the exploration of the
problem space try to encounter these obstacles. But, by increasing the diversification of the search, the
number of infeasible solutions resulting from violation of the constraints increases which leads to
enhancement of computational effort. Heat exchanger network optimization problem is known as a
problem with complex constraints. In the present work the real feasible domain of the heat exchanger
networks with no stream splitting is found while not decreasing the feasible region in order to decrease
the computational effort, improve the quality of the final result and to establish a way to compare various
results of different algorithms in a fair way. Here, for a specified configuration, after the calculation of
feasible domain by the proposed algorithm, the region is sampled by Ant colony optimization in the real
number domains to find new exchanger area for a network with specified matches of the streams. Note
that, the networks with stream splits will be optimized by removing splits. The examples presented in
this work show that the introduced search space is very effective and reduces the computational effort
of the optimization algorithm.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the last few decades, several methods for heat exchanger net-
work (HEN) synthesis and optimization have been developed
which can be categorized into three main groups, pinch design
methods or thermodynamic approaches [21,23] mathematical pro-
gramming methods [9,10,29,38,40] and stochastic methods such as

differential evolution [39], genetic algorithms (GAs) [17,18] and
Tabu Search (TS) [19].

HEN synthesis problem has been regarded as complex due to
the number of structural network alternatives usually available,
each being subject to continuous parametric optimization. HENs
are usually cast as mixed-integer nonlinear programming (MINLP)
models, formulated in terms of continuous variables (i.e. heat-
exchanger duties and streams split fractions) and discrete decision
variables (i.e. stream matches) [17]. It should be noticed that in
HEN synthesis problem the number of variables and equations
substantially increases with the number of process streams.

http://dx.doi.org/10.1016/j.applthermaleng.2016.05.115
1359-4311/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Sahand University of Technology, Sahand New Town,
PO Box 51335/1996, Tabriz, Iran.

E-mail address: shafiei@sut.ac.ir (S. Shafiei).

Applied Thermal Engineering 104 (2016) 791–803

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier .com/locate /apthermeng

http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2016.05.115&domain=pdf
http://dx.doi.org/10.1016/j.applthermaleng.2016.05.115
mailto:shafiei@sut.ac.ir
http://dx.doi.org/10.1016/j.applthermaleng.2016.05.115
http://www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng


Although HEN synthesis problem has been one of the most
studied problems in process synthesis, until now finding the feasi-
ble domains or at least reducing the number of infeasibilities even
for small scale HEN problems has not received much attention.

In the design of HENs the infeasibilities may occur in two major
steps, firstly in the population of random produced structures and
secondly in the random distribution of HEN continuous parameters
with positive real numbers.

For example in a random produced structure, matching of a cold
stream with higher inlet temperature than its coupled hot stream
outlet temperature results in the non-feasibilities at each cross sec-
tional cutting of the rigid structure (two streams are called coupled
when they belong to the same exchanger). On the other hand in a
feasible random produced structure sampling of random real num-
bers accounting for all HEN continuous parameters constraints is
the major second task in HEN design. This subject has not ever
been (apart from some methods with their own disabilities) dis-
cussed fundamentally from the start of the HEN synthesis problem.

Lewin et al. [18] suggested a strategy of excessive use of utilities
to eliminate the exit temperature constraints and claimed that
with this method the randomly generated HENs (individuals) are
always feasible because structures with lower heat recovery
(namely low fitness) will have a low probability of being selected
in the next generation, and vice versa. Also they stated that: (a suf-
ficiently large population size is required in order to guarantee
adequate diversity in the feasible set. It is difficult to quantify what
is a sufficiently large population size. Fortunately, GA methods are
not usually sensitive to the population size provided that the pop-
ulation size is not very small. However, relatively large population

sizes have been used [18]. The strategy of excessive use of utilities
is also used by Chen et al. [4], Luo et al. [25] and Fieg et al. [8] in
order to heat or cool the streams to their target temperatures.
But it is very important to note that the strategy of excessive use
of utilities do not really prevent producing infeasible random solu-
tions but instead it conducts the population of networks toward
the real feasible solution accounted for HEN constraints with a
high probability. Because in this method, the structures with lower
heat recovery will not be lucky to exist in the next generation, and
vice versa. So it seems that Lewin et al.’s method for obtaining fea-
sible solutions is a penalizing strategy which does not provide
complete assurance for producing feasible random solutions.

Recently Escobar and Trierweiler [7] developed a new strategy
for the initialization of the variables for the synthesis of HENs.
Their strategy was developed to converge the nonlinear problems,
which was based on the superstructure proposed by Floudas et al.
[9]. This approach was applied successfully in order to find an ini-
tial feasible solution. This feasible solution provides a good starting
point and allows the algorithm to evolve toward the optimum. It
should be noticed, as pointed out by the authors, it is possible that
sometimes this approach fails to produce complete feasible solu-
tion, but all the mass and heat balances will be satisfied by their
procedure. And at least this approach will reduce the number of
infeasibilities.

Thus, till now, a systematic reliable method has not been pro-
posed which can stand all situations in producing of feasible solu-
tions in HEN design procedure. Researchers in the present work
focus on the heart of the HEN design problem in order to find
the real feasible domain and thus real bounds for the variables

Nomenclature

A heat transfer area of heat exchanger (m2)
CCU cost of cold utility
CHU cost of hot utility
dtiijj temperature approach for match ii and jj
dtii,CU temperature approach for match ii and cold utility
dtjj,HU temperature approach for match jj and hot utility
FCp heat capacity flow rate
g Gaussian function
h heat transfer coefficient
J objective function
k dimension or size of the archive |T| = k
m number of (artificial ants) new solution constructed

from existing archive
n number of decision variables in a solution
NC number of cold streams
NE number of process heat exchangers
NEHii number of process heat exchangers on the hot stream ii
NEHjj number of process heat exchangers on the cold stream jj
NH number of hot streams
NITA number of iterations used in the algorithm by ACOR

P probability density function
Pj probability of choosing solution j
Q heat exchanged between two stream
q parameter of ACOR specifying of Locality of the search

process
Qii,CU heat exchanged between stream ii and cold utility
Qjj,HU heat exchanged between stream jj and hot utility
sij the value of the ith variable of the jth solution
T temperature
T solution archive
tfiniteoil amount of oil temperature that can be cooled to that

temperature finitely
U overall heat transfer coefficient

DTmin minimum temperature approach
l mean of the Gaussian function
n speed of convergence
r standard deviation of the Gaussian function
xj weight associated with solution j.

Superscripts
a power index in heat exchanger area formula
In inlet
out outlet

Subscripts
CU cold utility
ck index for heat exchangers on cold stream jj
hk index for heat exchangers on hot stream ii
HU hot utility
i index of problem or solution variables
ii index for hot process streams
j index for solution of a problem
jj index for cold process streams
kk index for heat exchangers
R real number domain

Abbreviations
ACO ant colony optimization
ACOR ACO in the real number domain
GA genetic algorithm
HEN heat exchanger network
MER maximum energy recovery
PDF probability density function
RND Random Number Distribution
TS Tabu Search
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