
A Novel Sequential Approach for the
Design of Heat Exchanger Networks
Jose A. Caballero1*, Leandro V. Pavão2, Caliane B. B. Costa2 and Mauro A. S. S. Ravagnani2

1Institute of Chemical Process Engineering, University of Alicante, Alicante, Spain, 2Department of Chemical Engineering,
Universidade Estadual de Maringa, Maringá, Brazil

This paper presents a new algorithm for the design of heat exchanger networks (HEN)
that tries to take advantage of the strengths of the sequential and simultaneous
approaches. It is divided into two sequential parts. The first one is an adaptation of
the transportation model (TransHEN). It maintains the concept of temperature intervals
and considers the possibility of heat transfer between all the hot and cold streams
inside those intervals, and at the same time it allows the a priori calculation of the
logarithmic mean temperature difference between all possible heat exchanges, and
therefore it maintains the area estimation linear in the model. The second step
(HENDesign model), uses a superstructure that contains all the possible alternatives
in which the matches predicted by the first stage model can exchange heat to design
the final heat exchanger network. Unlike the sequential approach, in this model, all heat
flows, temperatures, areas, etc. are reoptimized maintaining the set of matches
predicted in the first stage. The model is highly nonlinear and nonconvex, however,
it is relatively easy to get good results, because the model starts with the values
predicted by the TransHEN model. The algorithm has been tested using fifteen
benchmark problems commonly used in literature to compare the performance of
heat exchanger network algorithms. In eleven out of the fifteen cases present better or
equal results than the best ones reported in the open literature. In three the results
presented only marginal differences in total annualized cost (lower than 0.5%) and only
a difference of 2.4% in the largest one.

Keywords: superstructure, temperature intervals, optimization, MILP-MINLP, sequential approach, heat exchanger
networks

INTRODUCTION

In a worldwide ever-growing energy consumption scenario, heat integration has, since the 1970’s,
risen as a topic of major interest in process engineering. Efficient energy management in processing
plants may lead to more profitability and more environmentally friendly industry. To achieve those
goals, facilities with fluid material streams must consider heat exchange among these streams. Such a
task is performed indirectly by heat exchangers. Proper allocation of these units includes selecting
what streams are passing through them for a hot one to provide heat to a cold one. This mitigates the
need for external utilities, which are also performed in heat exchangers identified as heaters or
coolers. In heaters, a hot utility (e.g.,: steam from a boiler) is used to provide heat to a cold process
stream, while in coolers, a cold utility (e.g.,: cold water from cooling towers) is employed as a cooling
mean. Note that utilities production yield operating costs associated, for instance, to fuel
consumption in boilers or electricity to run cooling towers or chiller cycles.
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The set of heat exchangers implemented in a plant is named
heat exchanger network (HEN). HEN synthesis is an intriguing
area under the scope of industrial energy management. That is
since in general the mathematics involved in describing mass/
energy balances, heat transfer, and thermodynamic phenomena
in HEN, even when simplified, yield models that are non-linear
and non-convex. Moreover, as the number of streams in a plant
grows, the number of possible heat exchanger matches becomes
inconveniently large and turns out that exhaustively evaluating
these combinations is computationally impossible with current
technology. For large-scale cases, a globally optimal solution is
currently impossible. As pointed out by Furman and Sahinidis
(2001), these aspects result in an NP-hard problem in the
strong sense.

The development of strategies to overcome these complicating
characteristics methodologically is thus of great value. A
pioneering method is the noteworthy pinch analysis (Linnhoff
and Flower, 1978; Flower and Linnhoff, 1980). Pinch analysis
proposed systematic procedures to find energy consumption
targets for a given set of process streams based on
thermodynamic insights. Moreover, simple recommendations
were also given for the allocation of units by dividing the
network into two according to temperature intervals. Later,
apart from energy-related targets, Linnhoff’s research group
was able to include goals concerning total heat transfer area.
This means predicting the minimum area that a network would
have in near-optimal solutions. According to the proposing
works, these energy and area predictions could lead to a priori
knowledge of the total annual costs (capital + operating costs) of a
network with a 5% accuracy (Linnhoff and Ahmad, 1990).
Concepts proposed by the time were expanded and are used
to the day in several works. A detailed review on pinch analysis
was performed by Klemeš et al. (2018) where more than 300
works that to some degree are based on pinch are cited.

Pinch analysis has been extended to other areas besides heat
integration. It is remarkable the parallelism in concepts and
methodology between heat integration and mass integration
(MEN -mass exchanger networks-) (El-Halwagi and
Manousiouthakis, 1989; Manousiouthakis and Martin, 2004).
An excellent recent review about MEN can be found in Short
and Isafiade (2021). Especial interest has the simultaneous heat
and water integration because it takes simultaneously into
account two of the major challenges that process engineering
must face: the efficient use of energy and water -See for example
Ibrić et al. (2021), Kamat and Bandyopadhyay (2021a), Kamat
and Bandyopadhyay (2021b). Even though in this paper we only
focus on heat integration, the similarity between the algorithms in
MEN and HEN, indicates that likely the proposed methodology
can be extended to the design of mass exchanger networks as well.
In any case, if we consider two interconnected networks: HEN
and water reuse and regeneration, the heat exchanger network
can be designed using the current approach.

With considerable evolution in computer processing
capacities in the 80’s and 90’s, more automated HEN synthesis
schemes were developed. In special, mathematical programming
models achieved considerable success in obtaining good solutions
to the problem. These models were presented first in a sequential

fashion. Optimization models were developed to mimic crucial
algorithmic concepts from the pinch method and some are worth
highlighting here. In an analogy to the transshipment model, the
optimization linear programming (LP) mathematical
formulation of Papoulias and Grossmann (1983) was able to
obtain energy targets as in the pinch methodology. In the same
work, the authors proposed a second step where another
optimization model enabled obtaining the minimum number
of heat exchange units. From that solution, a HEN structure could
be straightforwardly derived. The second step optimization
model has a mixed-integer linear programming (MILP)
formulation, solvable via branch and bound methods. Steps
comprising models for minimum utility use and a minimum
number of matches were also employed by Floudas et al. (1986)
with some additional steps. The first was the derivation of a
superstructure from the minimum units solution where each
stream could have its possible interconnections. In the second
step, non-linear programming (NLP) optimization model was
applied so that flow rates and heat duties were optimized with the
objective of area minimization, therefore minimizing total annual
costs. Other important sequential approaches include the vertical
heat exchange MILP model of Gundersen and Grossmann (1990)
where approach temperatures were treated independently for the
whole heat recovery project and each heat exchanger; the
improved version of those techniques where an NLP model
was included to optimize areas (Gundersen et al., 1997); the
modification of the minimum units number sub-problem by
Anantharaman et al. (2010) using physical insights/heuristics;
Chen et al. (2015) weighted objective function for utility/capital
costs and reformulations for MILP transshipment models; the
two-step MILP/MINLP method of Nemet et al. (2018) which was
able to obtain promising results, including a network for a 173-
streams problem.

A disadvantage of sequential approaches is that decisions
taken in a given step are carried throughout the following
ones. Especially, in HEN synthesis, we can assess that a match
selection step may be a source of uncertainty. Even though when
methodologically performed, globally optimal match choice is
not possible given the large number of possible combinations
(exhaustive evaluation is infeasible in large problems). To
overcome such uncertainties, simultaneous (one-step)
mathematical programming models were developed. A very
prominent one is Floudas and Ciric (1989) hyperstructure. It
contained a wide range of possibilities for HEN configurations
including stream splitting, by-passes, etc. The model has a mixed
integer non-linear programming (MINLP) problem formulation
and was solved with a decomposition approach. From a
theoretical point of view a mathematical programming-based
approach that simultaneously takes into account the trade-off
between area (investment cost) and energy (operating costs), and
at the same time, offers a rich space of alternatives for the
connectivity between heat exchangers (heat exchange in series,
parallel, or the combination of parallel and series, bypasses, etc.)
should provide the best possible solution. However, the
complexity of the resulting model, usually a non-convex
MINLP model, constraints the applicability of those models to
short to medium-scale problems. Likely the most successful
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simultaneous model was presented by Yee and Grossmann
(1990), the model known as SYNHEAT is a stage-based
approach in which some feasible alternatives are sacrificed to
maintain the model simple and robust. A good number of
modifications/improvements have been presented to the
original version to deal for example with non-isothermal
mixing (Björk and Westerlund, 2002; Huang et al., 2012)
multiple utilities (Ponce-Ortega et al., 2009), etc. Recently
Chang et al. (2020a), Chang et al. (2020b) proposed a smart
enumeration algorithm that authors conjecture is the global
optimal solution and can tackle even large-scale problems.

Moreover, within simultaneous approaches for HEN
synthesis, a noteworthy research trend focuses on
investigating alternative solution methods from those that
are deterministic. Namely, these approaches are based on
meta-heuristics. These methods are derivative-free methods
and, to some degree, involve randomized search techniques to
improve solutions. These methods were able to provide
promising solutions to simultaneous models, in special to
SYNHEAT (Yee and Grossmann, 1990) and variants. The
following are noteworthy contributions under this scope.
Lewin et al. (1998) employed genetic algorithm (GA)
techniques to solve the SYNHEAT model obtaining good
near-optimal results. That work proposed HEN structures
with GA while continuous variables were optimized with a
deterministic approach (sequential quadratic programming),
giving rise to a hybrid method. GA was also employed by
Ravagnani et al. (2005) in a hybrid approach that also included
pinch-based techniques. Peng and Cui (2015) applied a GA
approach for the HEN structure and a continuous SA (CSA)
adaptation to the continuous variables (heat duties) in a
superstructure based on SYNHEAT but with no stream
splits. Pavão et al. (2017a) employed SA to the structure
level and a hybrid CSA/particle swarm optimization (PSO)
approach to the continuous level, which was called rocket
fireworks optimization (RFO). The superstructure used was
the stage-wise superstructure from SYNHEAT but without the
isothermal mixing assumption. More recent efforts include the
improved GA by Rathjens and Fieg (2020) and Random Walk
algorithms with non-structural models (Xiao et al., 2021).

Simultaneous approaches are in general considered superior to
sequential ones because in the sequential approach the decisions
in a stage are maintained in the rest of the stages and a costly
iterative process is needed if it is desired to modify some of the
decisions of previous stages. However, some numerical tests
showed that in some cases, the sequential approach can get
equal or even better results than the simultaneous one
(i.e., SYNHEAT) even in small scale problems at least for two
reasons: In large scale problems simultaneous models get trapped
in poor local solutions and global optimization deterministic
solvers can, in the best case, provide some local solutions but most
of the times, they are not able to achieve proof of global
optimality. This problem is mitigated in the sequential
approach–although it is not avoided–because models are easier
to solve. Besides, in the sequential approach, the superstructures
for the final design of the network include alternatives that are not
being considered in the most common simultaneous approaches.

In this work, we present an alternative two-stage sequential
model that tries to combine some of the advantages of the
simultaneous approach and the richer space of alternatives of
the last stage of the sequential one. The first stage is an adaptation
of the TransHEN model (Nemet et al., 2018).

The TransHEN model relies on the concept of temperature
intervals and requires, a priori fixing a minimum heat recovery
approach temperature (HRAT). In the “classical” approach for
calculating the minimum utilities using a Tableau (Linnhoff et al.,
1982), the intervals of temperature are formed only by the inlet
temperatures of the process streams. The reason is that the pinch
point is always induced by the inlet temperature of a process
stream. However, Nemet et al. (2018) pointed out that other
alternatives like including both the inlet and outlet temperatures
or even using some intermediate equally spaced intervals could
help to improve the estimation of area. In this work, we consider
both the inlet and outlet temperatures, that although could
eventually create some extra temperature intervals facilitate the
implementation, maintains a good accuracy in area estimation,
and only marginally complicates the model.

METHODOLOGY

The TransHENmodel combines in a single model the calculation
of utilities and the cost (or area) estimation. The model takes the
form of a transportation problem in which a given hot stream
(either a process or a utility) can exchange (transport) heat
between the temperature intervals in which that stream is
present and the temperature intervals where a cold stream is
present. The temperature of the cold streams in the pair of
intervals that exchange heat must be lower than the
temperatures of the hot streams. The great advantage of this
transportation model is that it is possible to calculate a priori the
logarithmic mean temperature difference when heat is exchanged
between interval “k” and interval “kk”. In that way, the area
needed to exchange heat between a hot stream in interval k and a
cold stream in interval kk is maintained linear in the model.

A comprehensive description of this model is as follows:
Let us assume that the following data is known:
A set of hot process streams with their inlet and outlet

temperatures (THIn; THOut [°C]); their heat flow capacities
(FH [kW/°C]), and their film heat transfer coefficients
(hh [kW/(m2°C)]).

A set of cold process streams with their inlet and outlet
temperatures (TCIn; TCOut[°C]); their heat flows capacities
(FC [kW/°C]), and their film heat transfer
(hhu; hcu [kW/(m2°C)]) coefficients (hcu [kW/(m2°C)]).

A set of hot and cold utilities with their inlet and
outlet temperatures (THUIn, THUOut ,TCUIN ,TCUOut [°C]),
their film heat transfer coefficients, and the utility unitary
cost (CostHU ; CostCU [$/(kW year)]).

Cost coefficients for the investment cost estimation of any
possible heat exchanger. It is assumed that the cost of a heat
exchanger can be correlated with an equation of the type:

Cost HE � Cf + CvArea
β, Cf , Cv , β are known parameters
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Given a minimum approach temperature (ΔTminor HRAT) it
must be generated a shifting scale of temperatures in such a way
that a hot stream and a cold stream with the same temperature T*
in the shifted scale are separated in the actual scale by a difference
ofΔTmin. To that end, we subtract ΔTmin/2 to the inlet and outlet
temperatures of the hot process or utility streams and add the
same quantity to the cold process or utility streams. All the
temperatures (inlet and outlet, hot and cold, and process and
utility streams) in the shifted scale are sorted. Two consecutive
temperatures define a temperature interval. Figure 1 shows a
sketch of the main elements of the model.

Formally, the following index sets must be defined:
HOT { i | i is a hot process stream}
COLD {j | j is a cold process stream}
HU {m | m is a hot utility}
CU {n | n is a cold utility}
INT {k | k is a temperature interval}
Note that the set INT is an ordered set. The lower the position

of k the higher the temperature.
It is also necessary to define some sets that explicitly take into

account to/from which temperature intervals a given stream
provide/demand heat:

HKi,k {The hot process stream i gives heat to interval k }
CKj,k {The cold process stream j demands heat from
interval k }
HUKm,k {The hot utility m can release heat to interval k}
CUKn,k {The cold utility n can remove heat from interval k}

Once the temperature intervals have been established the heat
provided/demanded by the process streams in each temperature
interval can be calculated:

QPHi,k � FHi(Tk − Tk ) ∀i, k ∈ HKi,k (1)

QPCj,k � FCj(Tk − Tk ) ∀j, k ∈ CKj,k (2)

Tk, Tk refer to the higher and lower temperature in the interval k
respectively.

The logarithmic mean temperature difference for all the
feasible heat exchanges between a hot stream in interval k
with a cold stream in interval kk is as follows;

LMTDk,kk �
[(Tk + ΔTmin

2
) − (Tkk − ΔTmin

2
)] − [(Tk +ΔTmin

2
) − (Tkk −ΔTmin

2
)]

Ln
(Tk + ΔTmin

2
) − (Tkk − ΔTmin

2
)

(Tk +ΔTmin

2
) − (Tkk −ΔTmin

2
)

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

�

�
(Tk − Tkk) − (Tk − Tkk )
Ln(Tk − Tkk + ΔTmin

Tk −Tkk +ΔTmin

⎞⎟⎟⎟⎠
∀(k, kk)\kk≥ k (3)

Finally, it is possible a priori calculate the global heat transfer
coefficients for each possible match between any hot or cold
stream.

Ui,j � hhi · hcj
hhi + hcj

(4)

UCU
i,n � hhi · hcun

hhi + hcun
(5)

UHU
m,j � hhum · hcj

hhum + hcj
(6)

We have now all the data required by the model. It is also
necessary to define the following positive variables:

QHU
m Total heat flow provided by hot utility m.

QCU
n Total heat flow removed by cold utility n.

Qi,j,k,kk Heat exchanged between hot stream i in interval k and
cold stream j in interval kk.

FIGURE 1 | Scheme of the TransHEN model. Points (1), (2), (3), and (4) indicate the locations of the energy balances in the transportation model when heat is
transported from interval k to interval kk.
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QI−CU
i,n,k,kk Heat exchanged between hot stream i in interval k and

cold utility n in interval kk.
QHU−J

m,j,k,kk Heat exchanged between hot utility m in interval k and
cold stream j in interval kk.

Areai,j Area of the heat exchanger between process streams i
and j.

AreaCUi,n Area of the heat exchanger between process hot stream
i and cold utility n.

AreaHUm,j Area of the heat exchanger between hot utility m and
process cold stream j.

CostHEi,j Cost of the heat exchanger between process stream i
and j.

CostHECU
i,n Cost of the heat exchanger between hot process

stream i and cold utility n.
CostHEHU

m,j Cost of the heat exchanger between hot utility m
and process cold stream j.

And the following binary variables:
yi,j It takes the value of 1 if streams i and j exchange heat, and 0

otherwise.
yCUi,n It takes the value of 1 if stream i exchanges heat with utility

n, and 0 otherwise.
yHUm,j It takes the value of 1 if utility m exchanges heat with

stream j, and 0 otherwise.
The objective is to minimize the total cost.

min : ∑
m∈HU

CostHUm QHU
m + ∑

n∈CU
CostCUn QCU

n +
∑

i∈HOT
∑

j∈COLD
CostHEi,j + ∑

i∈HOT
∑
n∈CU

CostHECU
i,n + ∑

m∈HU
∑

j∈COLD
CostHEHU

m,j

(7)

In the previous equation, it is worth remarking that
investment costs must be in the same units as operational
costs (i.e., we consider annualized costs).

The rest of the model requires energy balances in points 1, 2, 3,
4 of Figure 1.

The heat released by the hot stream i into interval k can be
exchanged with the cold process or utility streams in intervals kk
at lower or equal temperatures than interval k -remember that in
the shifted scale of temperatures the actual difference for the same
value for a hot and a cold stream is actually ΔTmin- (point 1 in
Figure 1):

QPHi,k � ∑
kk∈INT
kk≥ k

∑
j∈CKj,kk

Qi,j,k,kk + ∑
kk∈INT
kk≥ k

∑
n∈CUKn,kk

QI−CU
i,n,k,kk ∀(i, k) ∈ HKi,k

(8)

The heat demanded by cold stream j from interval kk can be
exchanged with the hot process or utility streams in intervals k at
higher or equal temperatures than the interval kk (point 2 in
Figure 1)

QPCj,kk � ∑
k∈INT
kk≥ k

∑
i∈HKi,kk

Qi,j,k,kk + ∑
k∈INT
kk≥ k

∑
m∈HUKm,k

QHU−J
m,j,k,kk ∀(j, kk) ∈ CKj,kk

(9)

Energy balance in points (3) and (4) in Figure 1. Heat
exchanged by the hot and cold utilities:

QHU
m � ∑

k∈HUKm,k

∑
(j,kk)∈CKj,kk
kk≥ k

QHU−J
m,j,k,kk ∀m ∈ HU (10)

QCU
n � ∑

kk∈CUKn,kk

∑
(i,k)∈HKi,k
kk≥ k

QI−CU
i,n,k,kk ∀n ∈ CU (11)

If a heat exchanger does not exist then the heat flow must be
forced to be zero.

∑
k∈HKi,k

∑
kk∈CKj,kk
kk≥ k

Qi,j,k,kk ≤QUP
i,j yi,j ∀i ∈ HOT , j ∈ COLD (12)

∑
k∈HKi,k

∑
kk∈CUKn,kk
kk≥ k

QI−CU
i,n,k,kk ≤QCU

UP
i,n yCUi,n ∀i ∈ HOT , n ∈ CU (13)

∑
k∈HUKm,k

∑
kk∈CKj,kk
kk≥ k

QHU−J
m,j,k,kk ≤QHUUP

m,j y
HU
m,j ∀m ∈ HU , j ∈ COLD

(14)

QUP
i,j , QCU

UP
i,n , QHU

UP
m,j are the maximum heat flow that hot and

cold streams can exchange:

QUP
i,j � min {FHi(THIn

i − THOut
i ), FCj(TCOut

j − TCIn
j )} (15)

QHUUP
m,j � FCj(TCOut

j − TCIn
j ) (16)

QCUUP
i,n � FHi(THIn

i − THOut
i ) (17)

The area of a heat exchanger can be calculated by adding the
areas of the intervals in which two streams exchange heat:

Areai,j � 1
Ui,j

∑
k∈HKi,k

∑
kk∈CKj,kk
kk≥ k

Qi,j,k,kk

LMTDk,kk
∀i ∈ HOT , ∀j ∈ COLD

(18)

AreaCUi,n � 1
UCU

i,n

∑
k∈HKi,k

∑
kk∈CUKn,kk
kk≥ k

QI−CU
i,n,k,kk

LMTDk,kk
∀i ∈ HOT , ∀n ∈ CU

(19)

AreaHUm,j �
1

UHU
m,j

∑
k∈HUKm,k

∑
kk∈CKj,kk
kk≥ k

QHU−J
m,j,k,kk

LMTDk,kk
∀m ∈ HU , ∀j ∈ COLD

(20)

Finally, the cost of a heat exchanger is usually a non-linear
function in terms of the area. To maintain the linearity of the model
the actual cost is substituted by a piecewise linear approximation. To
decrease the error in the piecewise optimization we calculate the
optimal distribution of intervals to minimize the error between the
actual cost and the linear approximation. Figure 2 shows an example
of the optimal distribution for the case in which the cost function is
approximated by 5 linear intervals.

Assuming that the cost function is approximated by «t» area
intervals, to model the piecewise approximation it is necessary to
introduce a new index set:

IT { t | t area interval}
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And the following new Boolean variables:
YDi,j,t Takes the value true if there is a heat exchanger between

streams i and j in the area interval t.
YDHU

m,j,t Takes the value true if there is a heat exchanger between
utility stream m and process stream j in the area interval t.

YDCU
i,n,t Takes the value true if there is a heat exchanger between

process streams i and utility stream n in the area interval t.
The cost functions can be approximated by the following

disjunctions:

∨
t∈IT

⎡⎢⎢⎢⎢⎢⎣YDi,j,t

CostHEi,j � ai.j,t + bi,j,tArea
AreaLOt ≤Area≤AreaUPt

⎤⎥⎥⎥⎥⎥⎦ ∀i ∈ HOT , j ∈ COLD (D1)

∨
t∈IT

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣YD
HU
m,j,t

CostHEHU
m,j � am,j,t + bm,j,tArea

AreaLOt ≤Area≤AreaUPt

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦ ∀m ∈ HU , j ∈ COLD

(D2)

∨
t∈IT

⎡⎢⎢⎢⎢⎢⎢⎣YD
CU
i,n,t

CostHECU
i,n � ai,n,t + bi,n,tArea

AreaLOt ≤Area≤AreaUPt

⎤⎥⎥⎥⎥⎥⎥⎦ ∀i ∈ HOT , n ∈ CU (D3)

The following disjunctions can be reformulated in terms of
binary variables using the big M or Hull reformulations
(Trespalacios and Grossmann, 2014). The hull reformulation,
used in this work, is as follows:

yi,j � ∑
t∈IT

ydi,j,t ∀i ∈ HOT , j ∈ COLD (21)

yHUm,j � ∑
t∈IT

ydHUm,j,t ∀m ∈ HU , j ∈ COLD (22)

yCUi,n � ∑
t∈IT

ydCUi,n,t ∀i ∈ HOT, n ∈ CU (23)

where ydi,j,t , ydHUm,j,t , yd
CU
i,n,t are binary variables that take the

value 1 if the corresponding Boolean variable takes the value
of True.

Areai,j � ∑
t∈IT

Areadi,j,t ∀i ∈ HOT , j ∈ COLD (24)

AreaHUm,j � ∑
t∈IT

AreadHU
m,j,t ∀m ∈ HU , j ∈ COLD (25)

AreaCUi,n � ∑
t∈IT

AreadCU
i,n,t ∀i ∈ HOT , n ∈ CU (26)

CostHEi,j � ∑
t∈IT

CostHEdi,j,t ∀i ∈ HOT , j ∈ COLD (27)

CostHEHU
m,j � ∑

t∈IT
CostHEdHUm,j,t ∀m ∈ HU , j ∈ COLD (28)

CostHECU
i,n � ∑

t∈IT
CostHEdCU

i,n,t ∀i ∈ HOT , n ∈ CU (29)

The new variables Areadi,j,t , AreadHUm,j,t ,Aread
CU
i,n,t ,

CostHEdi,j,t ,CostHEdHUm,j,t ,CostHEd
CU
i,n,tare disaggregated variables

AreaLOi,j,tydi,j,t ≤Areadi,j,t ≤Area
UP
i,j,t ydi,j,t ∀i ∈ HOT , j ∈ COLD, t ∈ IT (30)

AreaLOm,j,tyd
HU
m,j,t ≤Aread

HU
m,j,t ≤Area

UP
m,j,t yd

HU
m,j,t ∀m ∈ HU , j ∈ COLD, t ∈ IT

(31)

AreaLOi,n,tyd
CU
i,n,t ≤Aread

CU
i,n,t ≤Area

UP
i,n,t yd

CU
i,n,t ∀i ∈ HOT , n ∈ CU , t ∈ IT (32)

CostHEdi,j,t � ai,j,t + bi,j,tAreadi,j,t ∀i ∈ HOT , j ∈ COLD, t ∈ IT

(33)

CostHEdHUm,j,t � aHUm,j,t

+ bHUm,j,tAread
HU
m,j,t ∀m ∈ HU , j ∈ COLD, t ∈ IT

(34)

CostHEdCU
i,n,t � aCUi,n,t + bCUi,n,tAread

CU
i,n,t ∀i ∈ HOT , n ∈ CU , t ∈ IT

(35)

Finally, those variables in the temperature intervals in which is
not possible a heat exchange, either because the stream does not
exist in that interval or there is a violation in the driving force
must be fixed to zero:

Qi,j,k,kk � 0 ∀(i, k) ∉ HKi,k ∪ (j, kk) ∉ CKj,kk ∪kk< k (36)

QHU
m,j,k,kk � 0 ∀(m, k) ∉ HUKm,k ∪ (j, kk) ∉ CKj,kk ∪kk< k (37)

QCU
i,n,k,kk � 0 ∀(i, k) ∉ HKi,k ∪ (n, kk) ∉ CUKn,kk ∪kk< k (38)

The final model is a MILP model formed by Eqs 7–38.
In the case that in the model isothermal streams (either

process or utility streams) appear, there are two alternatives: 1)
introduce a small fictitious temperature variation (i.e., 1°C). In
this case, further modifications are needed, or 2) assume a
discontinuity in the set of intervals (or an interval with 0°C
difference). In this case, it is necessary to substitute the
calculation of heat in this interval by the product of latent
heat by mass flowrate, the rest of the model is not further
modified.

Even though it is explicitly included in the model, it is worth
pointing out that considering multiple utilities at different
temperature levels with different costs is straightforward. The

FIGURE 2 | Example of piecewise approximation of the cost function
using 5 linear intervals. Note that the intervals are not equally distributed, but
are calculated to minimize the approximation error. Dots are actual values
used to approximate the cost and lines are the linear approximations.
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model is also very flexible; it allows to forbid matches between
streams or to avoid matches with very low (or too large) areas.

The HENDesign Model
The TransHEN model gives us information on the matches
between different streams, the heat exchanged, and a good
estimation of the area and costs of all heat exchangers. With
all those information it is possible to generate a valid heat
exchanger network. However, those results were obtained
assuming a fixed heat recovery approach temperature. Besides,
There are information about which streams should exchange heat
but if a given stream exchanges heat with more than one stream,
we do not have information on the particular arrangement
(series, parallel, or a combination of both) with better
performance in a performance index, for example, total cost.

Unlike the classical sequential approach, in which in the final
stage the heat exchanged by the process and utility streams are
fixed, in the HENDesign model, the only parameter that must be
fixed is the set of matches predicted by the TransHENmodel. But
all the heats exchanged between process and utility streams are
reoptimized.

The superstructure is inspired by that proposed by Floudas
et al. (1986). The superstructure and the basic notation are
sketched in Figure 3.

For the HENDesign model, when possible, we use the same
notation as in the TransHENmodel, However, there are differences
in some parameters, and variables. Therefore, to avoid confusion, in
the following paragraphs, the complete description of index sets,
parameters, and variables of the model are included.

Let us define the following index sets:
HS { i | i is a hot stream. It includes both process and utility

streams}

CS { j | j is a cold stream. It includes both process and utility
streams}

HUi { i | i is a hot utility}
CUj { j| j is a cold utility}
Hi,j {There is a match between hot stream i and cold stream j}
IHi,j,jj {There exist the possibility that the exit stream of heat

exchanger i−j be the inlet of heat exchanger i−jj}
ICi,j,ii { There exist the possibility that the exit stream of heat

exchanger i−j be the inlet of heat exchanger ii−j}
The parameters:
EMAT Exchanger minimum approach temperature.
THIn

i Intet temperature of the hot stream i (including utilities).
THOut

i Outlet temperature of the hot stream i (including
utilities).

TCIn
j Intet temperature of the cold stream j (including

utilities).
TCOut

j Outlet temperature of the cold stream j (including
utilities).

FHi Heat flow of hot process streams (i ∈ HS).
FCj Heat flow of cold process streams (j ∈ CS).
Ui,j Overall heat transfer coefficient between hot stream i and

cold stream j.
Cfi,j Coefficient in cost estimation for exchanger i−j.
Cvi,j Coefficient in cost estimation for exchanger i−j.
βi,j Exponent in cost estimation for exchanger i−j.
CostHUi Unitary cost of the hot utility i (i ∈ HU).
CostCUj Unitary cost of the cold utility j (j ∈ CU).
The continuous variables:
FHi Heat capacity flowrate. If i is a utility FHi is a variable,

otherwise, its value is fixed (it is a parameter).
FCj Heat capacity flowrate. If i is a utility FCj is a variable,

otherwise, its value is fixed (it is a parameter).

FIGURE 3 | Scheme of the superstructure for the HENDesign model. The figure represents the case in which a hot stream i can exchange heat with two cold
streams j and jj. And a cold stream j can exchange heat with two hot streams i and ii.
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FHSplit
i,j Heat capacity flowrate of the hot stream i from the

initial splitter to the inlet of exchanger i−j. (Stream HSplit
i,j ).

FHIn
i,j Heat capacity flowrate of hot stream i that enters to

exchanger i−j. (Stream HIn
i,j ).

FHOut
i,j Heat capacity flowrate of hot stream i that exits from

exchanger i−j. (Stream HOut
i,j ).

FHInt
i,j,jj Heat capacity flowrate of the hot stream i from the

splitter at the exit of exchanger i−j to the mixer at the inlet of
exchanger i−jj. (Stream HInt

i,j,jj).
FHMix

i,j Heat capacity flowrate of the hot stream i from the
splitter at the exit of exchanger i−j to the final mixer.
(Stream HMix

i,j ).
FCSplit

i,j Heat capacity flowrate of the cold stream j from the
initial splitter to the inlet of exchanger i−j. (Stream CSplit

i,j ).
FCIn

i,j Heat capacity flowrate of cold stream j that enters to
exchanger i−j. (Stream CInC

i,j ).
FCOut

i,j Heat capacity flowrate of cold stream j that exits from
exchanger i−j. (Stream COutC

i,j ).
FCInt

i,j,ii Heat capacity flowrate of cold stream j from the splitter
at the exit of exchanger i−j to the mixer at the inlet of exchanger
ii−j. (Stream CInt

i,j,ii).
FCMix

i,j Heat capacity flowrate of cold stream j from the splitter
at the exit of exchanger i−j to the final mixer. (Stream CMix

i,j ).
THInH

i,j The temperature of the hot stream HIn
i,j .

THOutH
i,j The temperature of the hot stream HOut

i,j .
THMix

i,j The temperature of the hot stream HMix
i,j .

THInt
i,j,jj The temperature of the hot stream HInt

i,j,jj.
TCInC

i,j The temperature of the cold stream CInC
i,j .

TCOutC
i,j The temperature of the cold stream COutC

i,j .
TCMix

i,j The temperature of the cold stream CMix
i,j .

TCInt
i,j,ii The temperature of the cold stream CInt

i,j,ii.
Qi,j Heat exchanged in heat exchanger i−j.
d1i,j Difference of temperatures in an extreme of the heat

exchanger i−j.
d2i,j Difference of temperatures in the other extreme of the heat

exchanger i−j.
CostHEi,j Cost of the heat exchanger i−j.
And the binary variable.
yi,j It takes the value 1 if the heat exchanger i−j exists and zero

otherwise.
The objective of the models is to minimize the total cost:

min : ∑
i∈HU

∑
j∈CS

CostHUi Qi,j + ∑
i∈HS

∑
j∈CU

CostCUj Qi,j

+ ∑
(i,j)∈Hi,j

CostHEi,j (39)

Note that the cost of heat exchangers must be in the same
units as the cost of utilities (i.e., annualized cost). When a
“classical” sequential approach is solved in which first the
energy costs are calculated (cost of utilities) and then those
values are fixed to determine the net with minimum capital
cost, the same network is obtained independently of whether
the capital costs are annualized or not. However, in
simultaneous approaches, this is something to take into
account. In most of the benchmark problems used to test
algorithms to synthesize heat exchanger networks, especially

those that do not represent an actual process, it is not clear
whether the costs are annualized or not. However, usually, the
capital and operational costs are simply added without any
comment. In this work, we assume that all capital costs are
coherent with the operational cost.

The constraints of the model are mass and energy balances in
the mixers and splitters of the superstructure, heat exchanger
design equations, and cost estimation:

Material balance in the initial mixer for hot and cold streams
(see Figure 3).

FHi � ∑
j∈Hi,j

FHSplit
i,j ∀i ∈ HS (40)

FCj � ∑
i∈Hi,j

FCSplit
i,j ∀j ∈ CS (41)

Note that FHi, FCj are fixed for the process streams (they are
known data) but are variables for utility streams.

Mass and energy balance in the final mixer for hot and cold
streams (see Figure 3)

FHi � ∑
j∈Hi,j

FHMix
i,j ∀i ∈ HS (42)

FCj � ∑
i∈Hi,j

FCMix
i,j ∀j ∈ CS (43)

FHi · THOut
i � ∑

j∈Hi,j

FHMix
i,j THMix

i,j ∀i ∈ HS (44)

FCj · TCOut
j � ∑

i∈Hi,j

FCMix
i,j TCMix

i,j ∀j ∈ CS (45)

Material and energy balance in the mixer previous to each heat
exchanger (see Figure 3)

FHSplit
i,j + ∑

jj∈IHi,jj,j

FHInt
i,jj,j � FHIn

i,j ∀(i, j) ∈ Hi,j (46)

FCSplit
i,j + ∑

ii∈ICii,j,i

FCInt
ii,j,i � FCIn

i,j ∀(i, j) ∈ Hi,j (47)

FHSplit
i,j · THIn

i + ∑
jj∈IHi,jj,j

FHInt
i,jj,j · THInt

i,jj,j

� FHIn
i,j · THInH

i,j ∀(i, j) ∈ Hi,j (48)

FCSplit
i,j · TCIn

j + ∑
ii∈ICii,j,i

FCInt
ii,j,i · TCInt

ii,j,i � FCIn
i,j · TCInC

i,j ∀(i, j) ∈ Hi,j

(49)

Material and energy balance in the splitter at the exit of each
heat exchanger (see Figure 3)

FHOut
i,j � FHMix

i,j + ∑
jj∈IHi,j,jj

FHInt
i,j,jj ∀(i, j) ∈ Hi,.j (50)

FCOut
i,j � FCMix

i,j + ∑
ii∈ICi,j,ii

FCInt
i,j,ii ∀(i, j) ∈ Hi,.j (51)

THOutH
i,j � THMix

i,j ∀(i, j) ∈ Hi,j (52)

THOutH
i,j � THInt

i,j,jj ∀(i, j, jj) ∈ IHi,j,jj (53)

TCOutC
i,j � TCMix

i,j ∀(i, j) ∈ Hi,j (54)
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TCOutC
i,j � TCInt

i,j,ii ∀(i, j, ii) ∈ ICi,j,ii (55)

Mass and energy balances in a heat exchanger

FHIn
i,j � FHOut

i,j ∀(i, j) ∈ Hi,j (56)

FCIn
i,j � FCOut

i,j ∀(i, j) ∈ Hi,j (57)

Qi,j � FHIn
i,j (THInH

i,j − THOutH
i,j ) ∀(i, j) ∈ Hi,j (58)

Qi,j � FCIn
i,j (TCOutC

i,j − TCInC
i,j ) ∀(i, j) ∈ Hi,j (59)

Heat exchangers design equations

d1
i,j � THInH

i,j − TCOutC
i,j ∀(i, j) ∈ Hi,j (60)

d2
i,j � THOutH

i,j − TCInC
i,j ∀(i, j) ∈ Hi,j (61)

The logarithmic mean temperature difference (LMTD) is
approximated by the Chen equation (Chen, 1987) to avoid
numerical problems if the temperatures of both ends in a heat
exchanger are equal.

LMTDi,j � ⎡⎢⎢⎣d1i,j d2
i,j
⎛⎝d1

i,j + d2
i,j

2
⎞⎠⎤⎥⎥⎦

1
3

∀(i, j) ∈ Hi,j (62)

Qi,j � Ui,jAreai,jLMTDi,j ∀(i, j) ∈ Hi,j (63)

Cost estimation:

CostHEi,j � Cfi,jYi,j + Cvi,jArea
βi,j
i,j ∀(i, j) ∈ Hi,j (64)

If a heat exchanger does not exist, its heat flow, and
consequently the area, must be zero.

Qi,j ≤QUP
i,j yi,j ∀(i, j) ∈ Hi,j (65)

Qi,j ≥QLO
i,j yi,j ∀(i, j) ∈ Hi,j (66)

Bounds on variables:

d1
i,j ≥ EMAT, d2i,j ≥ EMAT , LMTDi,j ≥ EMAT ∀(i, j) ∈ Hi,j

(67)

Qi,j ≤QUP
i,j � min{FHi(THIn

i − THOut
i ), FCj(TCOut

j − TCIn
j )}

∀i ∈ HS/i ∉ HU , j ∈ CS/j ∉ CU

(68)

Qi,j ≤QUP
i,j � FCj(TCOut

j − TCIn
j ) ∀i ∈ HU , j ∈ CS/j ∉ CU (69)

Qi,j ≤QUP
i,j � FHi(TCHIn

i − THOut
i ) ∀i ∈ HS/i ∉ HU , j ∈ CU

(70)

The previous model takes the form of a Mixed Integer
NonLinear Programming (MINLP) problem. However,
considering that the set of matches is fixed the model could be
just a Nonlinear programming problem (NLP). Two reasons
justify using an MINLP model instead of simply an NLP:

1) The optimization of the heat exchanged between the
different process and utility streams could eventually
remove some of the heat exchangers initially assumed. If
this were the case, the constant term in the cost must be
forced to be zero. If we want to solve an NLP model either we

check that in the final solution all the heat exchangers
initially assumed have areas different from zero or a
priori fix a minimum area in all heat exchangers.

2) If the optimal solution–set of matches–is very dependent on
the assumed HRAT, it is also possible to extend the
superstructure with the union of matches obtained at
different HRATs. In this case, the MINLP is mandatory
because the optimal solution will only contain a subset of
those matches. Nevertheless, extending the superstructure
produces more complex models, that are considerably
more difficult to converge to good solutions.

An alternative to extending the MINLP consists of
solving the TransHEN-HENDesign problem for different
values of HRAT. Taking into account that the HENDesign
problem indirectly “reoptimize” the minimum approach
temperature, it is not necessary to check too many
HRAT values. There is a tradeoff between solving more
simpler problems versus just a single large problem. In this
work, we followed the first approach (test different HRAT
values) with very good performance even in large-scale
problems.

Examples: Comparison With Benchmark
Problems
To test the new model we have selected a set of fifteen well-
known problems from open literature that has been widely
used to test heat exchanger network algorithms and range from
small problems with three process streams to a large scale one
with 22 hot streams and 17 cold streams. The models were
implemented in GAMS (Bussieck and Meeraus, 2004) (version
34.3) using CPLEX (CPLEX IBM ILOG, 2009) as MILP solver
and the global solver BARON (Sahinidis, 1996) as MINLP
solver on a PC machine working under windows (i7 2.90 GHz,
32.0 GB). The MILP problems were solved to global optimality
(optimality GAP fixed to zero) except for the two largest ones
that were stopped with relative optimality gaps of 1.2 and 3.5%
after 2 h of CPU time. In the case of MINLP problems BARON
is not able to close the optimality gap, however, it is able to find
very good solutions in the first minutes of execution and then
typically is stacked for hours. We stopped the BARON
execution after 1,000 or 3,600 s of CPU time depending on
the problem size.

The TransHEN model provides a good estimation of the
structure of the matches between hot and cold streams (either
process or utilities), the heat exchanged by each couple of
streams, the area, and the cost of the network. The major
limitation of the TransHEN model is the discrete nature of the
temperature intervals: the logarithmic mean temperature
difference is calculated between the extreme temperatures of
the intervals, and even though a given stream can exchange
only a fraction of its heat in an interval the TransHEN model
assumes that the inlet and outlet temperatures are those of the
interval. This problem can be mitigated by adding new
temperatures to create new intervals. Notwithstanding, if the
TransHEN model can capture the structure of heat exchanges,
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the HENDesign model corrects the inaccuracy due to the
incorrect estimation of logarithmic mean temperature
differences.

In the TransHENmodel, it is possible to get solutions in which
two streams exchange heat in nonconsecutive temperature
intervals. That means that there should be two heat
exchangers with the same hot and cold streams. In those
cases, the area estimation is correct, but the model assumes a
single heat exchanger, and therefore the cost is underestimated
(except in those cases in which the cost varies linearly with the
area). It is possible to modify the TransHEN model to either,
forbid that situation, or take into account this fact, but it requires
a more complex model with new binary variables. The good
results obtained suggest that those modifications are not
necessary.

The determination of the correct number and distribution of
temperature intervals is case-dependent. We use the following
heuristic: we solve twice the TransHEN model. First with the
original set of temperature intervals and then adding new
intervals. By default, we simply double the number of
intervals, but other strategies like dividing the larger ones or
those with larger heat flows are also valid alternatives. If the
results are similar we go to the HENDesign step, if not we
increment again the number of intervals. Note that the larger
the number of intervals, the lower the objective function. Of
course, increasing the number of intervals increases the size of the
problem and the time to solve it, but numerical tests have shown
that usually, it is not necessary to create new intervals.

Interestingly, in large problems, there is, in general, an important
overlapping of streams which results in a large number of

TABLE 1 | Summary of the main results of the examples and comparison with the best-known solution.

# Example namea Solution obtained in
this work (k$/y)

Best known solution
from the literature

(k$/y)

Reference for the
best-known solution

1 H2 C2 [1] 154.406 154.911 Chang et al. (2020a)
2 H2 C2 [2] 352.479 360.037 Chang et al. (2020a), Chang et al. (2020b)
3 H3 C2 [1] 80.003 80.960 Chang et al. (2020a), Chang et al. (2020b)
4 H3 C2 [2] 1730.068 1758.381 Chang et al. (2020a)
5 H5 C1 570.974 570.362 Huang and Karimi (2014)
6 H4 C5 2891.064 2892.924 Rathjens and Fieg (2020)
7 H5 C5 64.015 64.015 Chang et al. (2020a), Chang et al. (2020b)
8 H6 C4 5606.046 5587.883 Bao et al. (2018)
9 H11 C2 3326.042 3441.663 Chang et al. (2020a)
10 H6 C5 140.059 139.387 Rathjens and Fieg (2020)
11 H8 C7 1492.869 1497.325 Pavão et al. (2017b)
12 H6 C10 6360.807 6657.080 Rathjens and Fieg (2020)
13 H13 C7 1414.831 1414.857 Chang et al. (2020a)
14 H10 C10 1680.824 1715.088 Rathjens and Fieg (2020)
15 H22 C17 1898.275 1852.913 Rathjens and Fieg (2020)

aThe digits after the “H” and “C” indicate the number of hot and cold process streams respectively.
In bold appears the best known solution after this work.

TABLE 2 | Some statistics for the models TransHEN and HENDesign in the test problems.

# Example name TransHEN HENDesign

Variables Equations CPU time
(s)

Variables Equations CPU time
(s)

1 H2 C2 [1] 210 (16) 95 0.156 125 (5) 137 1.000a

2 H2 C2 [2] 288 (48) 187 0.188 158 (6) 165 1.000a

3 H3 C2 [1] 751 (22) 147 0.219 118 (5) 136 1,000a

4 H3 C2 [2] 655 (22) 143 0.110 217 (8) 221 1,000a

5 H5 C1 629 (66) 269 0.140 213 (7) 209 1,000a

6 H4 C5 2,682 (58) 369 0.219 473 (16) 453 1,000a

7 H5 C5 7,927 (210) 909 33.375 223 (9) 248 1,000a

8 H6 C4 1,722 (68) 381 0.282 347 (13) 357 1,000a

9 H11 C2 4,848 (70) 495 0.328 614 (17) 542 1,000a

10 H6 C5 2,688 (246) 921 1.203 306 (11) 316 1,000a

11 H8 C7 9,517 (426) 1,689 964.64 411 (16) 437 3,600a

12 H6 C10 1,81,86 (456) 1,887 983.45 562 (18) 539 3,600a

13 H13 C7 1,09,42 (666) 2,457 135.97 625 (21) 610 3,600a

14 H10 C10 1,84,26 (720) 2,757 7,200a 730 (26) 728 3,600a

15 H22 C17 6,66,64 (2,478) 8,973 7,200a 2,010 (63) 1,844 3,600a

aThe problem finished after the maximum CPU time.
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temperature intervals. The consequence is that adding new
temperature intervals has a small effect on the final result.

The HENDesign model assumes that two streams can only
exchange heat between them once. Therefore, although it is
possible to modify the TransHEN model to consider the
possibility of more than a single exchange between two
streams, that change will be not reflected in the HENDesign
model. It is possible to modify the superstructure in the
HENDesign model to allow that situation, however, the good
results obtained in the test problems suggest that the modification
is likely to have a small impact on the final solution.

Unlike the usual approach in the sequential algorithm, in
HENDesign we re-optimize the network maintaining the
structure of heat exchanges predicted in TransHEN. While the
model is highly non-linear and nonconvex, the good initial values
provided by the transportation model and the reduced set of heat
exchangers allow global deterministic solvers to obtain good
solutions in some minutes of CPU time. Even though global
optimality cannot be guaranteed, we can guarantee a very good
solution as prove the excellent results obtained in the test
problems.

In the Supplementary Material, there is a comprehensive
description of the fifteen examples, a comparison with
available solutions, and the best solution obtained following
the TransHEN-HENDesign approach. Table 1 shows a
summary of the main results, and Table 2 some statistics of
each problem.

We found the same or better solutions for 11 out of the 15 test
problems. For the rest, we got solutions close to the best ones
reported in the open literature with only marginal differences
(lower than 0.5%) in examples 5, 8, and 10, and a difference of
2.4% in problem 15.

CONCLUSION

In this work, we have presented a new algorithm that tries to get
the advantages of the sequential and simultaneous approaches for
the design of heat exchanger networks. The first part is an
adaptation of the TransHEN model presented by Nemet et al.
(2018). Themodel maintains the concept of temperature intervals
and postulates all the possible heat transfers between the hot and
cold stream in each of the temperature intervals. The explicit
consideration of the heat transportation of individual streams
between temperature intervals allows the a priori determination
of the logarithmic mean temperature difference between all
possible heat exchanges, which permits maintaining the area
estimation linear in the model. To maintain the linearity the
cost of a heat exchanger is approximated by a piecewise linear
approximation.

In the second step, a superstructure inspired by the works by
Floudas et al. (1986) that contains all the possible alternatives in
which two streams can exchange heat allow the final design of the
heat exchanger network. Unlike the sequential approach, in this
model, all heat flows, temperatures, areas, etc. are reoptimized
maintaining the set of matches predicted in the first stage.

Although the model is nonlinear and nonconvex it is relatively
easy to get good results, because the model starts with the values
predicted by the TransHEN model.

The TransHEN model maintains the concept of
temperature intervals and therefore requires de a priori
definition of a minimum approach temperature (HRAT).
While this is generally an important drawback-especially if
the assumed value is far away from the best one-the re-
optimization in the HENDesign model minimizes that
problem. Of course, it is still needed to approximately know
an estimation of the HRAT, but in general, a precise value is
not required and any of the iterative pinch-based approaches
to estimate the area (or cost) of the network changing the
HRAT provide good initial estimations.

Fifteen examples commonly used in the literature to
evaluate algorithms for heat exchangers network design
were tested. In most cases, we got better or equal solutions
than the best-known solutions published in the open literature.
For the rest, the optimal solution obtained is only marginally
worse than the best-reported solution (difference lower than
0.5%) except for the larger case in which the difference is
around 2.4%.

A comparison between the best obtained solution and the
best-known solution until that moment does not show any
kind of correlation with problem size or number of hot or
cold process streams. The differences besides are really small,
the largest one is around 4%. This is at indication that, at least
inside the problem size of the tested benchmark problems
there are no an apparent degradation in performance of the
proposed model. However, although there is a correlation
between the number of process streams and the difficulty in
solving the problem (measured in CPU time) this is not the
only factor. For example, the degree of overlapping between
streams is directly related with the number of intervals
generated and consequently the problem size (i.e., discrete
variables) in the TransHEN model. For example, the CPU
time for solving problem 7 (H5C5) was around 33 s while in
problems 1 to 10 (they are sorted by the total number of
process stream) is below 1 s. Even more, the solution of the
TransHEN model has a large influence on the HENDesign
model. For example, if a given hot/cold stream exchange heat
with a large number of other cold/hot streams the number of
non-convex terms (and the size of the model) could be larger
than another problem with more process streams in which
the solution of the TransHEN model predicts that all the
streams exchange heat with a reduced number of other
streams.

Of course, we cannot know if the result is close or not the
global optimal solution (except for comparison with other
published models). We would say that, with the actual
software and our available computer capacity, we are not
too far away of the maximum problem size we can
solve without any kind of reformulation, but it is difficult
to know. But again we have not information about how our
solution deteriorates with the problem size and or problem
features.
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The algorithm has proved to be robust, and efficient and the
test has shown good performance in medium to large heat
exchanger network design problems.
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