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Abstract−− Genetic Algorithms (GA) were im-
plemented in a synthesis design procedure for cost 
optimal Heat Exchanger Networks (HEN). The pro-
cedure consisted of two coupled GAs: External GA 
to search the optimal HEN structure, and Internal 
GA to search the optimal split-fractions for each 
evaluated HEN structure. This design procedure was 
tested with five HEN synthesis cases; the configura-
tions obtained were compared with other design 
procedures such as Pinch Method, Mathematical 
Programming (LP, MILP, MINLP and NLP models) 
and Stochastic methods (Genetics Algorithms, Tabu 
Search and Particle Swarm Optimization). In the 
cases 1 to 4, the ΔTmin value was taken from previ-
ous papers. In case 5 the ΔTmin value was optimized 
using a supertargeting routine available in the design 
algorithm proposed in this work. User-defined for-
bidden/desired matches can be easily implemented as 
target in the HEN design.  

Keywords−− Heat-Exchanger Network (HEN); 
Design synthesis; Stochastic Optimization; Genetic 
Algorithms. 

I. INTRODUCTION 
Heat Exchanger Networks (HEN) are one of the most 
important components in chemical processes. In most 
cases, the HEN design determines energy efficiency of 
processes.  A HEN consists of a group of cold streams 
exchanging heat with a group of hot streams. A cold 
stream is defined as a stream that has to be heated from 
a supply temperature to a higher final target temperature 
at which this stream is required for further stages in the 
process. On the other hand, a hot stream is defined as a 
stream that has to be cooled from a supply temperature 
to lower final target temperature (Biegler et al., 1997). 

The synthesis design problem analyzed in this paper 
is determining the optimal cost HEN structure required 
to take all process streams from their supply tempera-
tures to their target temperatures. 

There are three different synthesis approaches to 
solve this problem: Mathematical programming (Soršak 
and Kravanja, 2004; Biegler et al., 1997; Zhu, 1997), 
thermodynamic (Linnhoff and Hindmarsh, 1983; Gun-
dersen and Naess, 1988) and stochastic methods (Lin 
and Miller, 2004; Lewin et al., 1998; Lewin, 1998).  In 
this work a stochastic approach, Genetic Algorithms, is 
applied to design Cost Optimal HENs. 

GAs are iterative and stochastic procedures, which 
attempt to emulate the evolution given in nature by ap-

plying genetic principles on a group of individuals. 
Each individual represents a potential solution to the 
problem. An encoding - decoding method has to be de-
fined for each type of problem; usually, the encoded 
individual is a string of characters. Each encoded indi-
vidual must represent one, and only one, potential solu-
tion. The initial population of individuals (possible solu-
tions) is created randomly; each individual is evaluated 
by a fitness function (related to the objective function in 
the classical optimization approach); the result of this 
evaluation is the quantitative performance used by the 
GA to guide the search through the application of ge-
netic operators. As a result, individuals evolve, improv-
ing the fitness value (Goldberg, 1989). 

GAs performance is not affected by the problem of 
existence of the objective function derivative or badly 
behaved objective function surface. GAs are very useful 
when the behavior of the objective function is very 
noisy because sub-optimal solutions are not difficult to 
overcome with this technique. Since GAs examine sev-
eral points (individuals) in each iteration (generation), 
good regions instead of good points are found in the 
search space (Goldberg, 1989). GAs have been previ-
ously applied to many fields including communication 
network design and decoding of LDPC codes (Scan-
durra et al., 2006). 

Nowadays, when faster machines are being available 
in the market at low cost, the computation resources 
required by GAs are easily fulfilled. 

II. SYNTHESIS DESIGN ALGORITHM  
The synthesis procedure used in this paper for designing 
cost optimal HENs consisted of two coupled GAs: Ex-
ternal GA to search the optimal HEN structure, and In-
ternal GA to search the optimal split-fraction vector for 
each evaluated HEN structure. 

Only one type of cold utility and one type of hot util-
ity are considered by the synthesis design procedure 
used here.  Each stream was allowed to split in a maxi-
mum of two branches. Pipe costs are not taken into ac-
count. 

The cost law for individual installed heat exchanger 
is shown in Eq. 1.  
 m

exchanger AC FC C S= + , (1) 
where Cexchanger is the present capital cost of each in-
stalled exchanger [US$], FC is the fixed charge [US$], 
S is the heat exchanger area [m2], CA is a cost coefficient 
per unit area [US$·m-2], and m is the power for the area. 
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For the calculation of the annualized capital costs, the 
cost law should be accompanied by other data such as 
expected lifetime [yr] and annual interest rate. In some 
cases the terms of the cost law are given for obtaining 
an already annualized cost (expected lifetime = 1 yr.). 

The design algorithm is shown in Fig. 1, and Fig. 2. 
This algorithm was implemented in MATLAB using 
Excelink for data exchange between Excel and Matlab.  

The initial data required by the design algorithm are: 
Number of hot streams, number of cold streams; supply 
and target temperatures, heat capacity flow rate (CP) 
and average individual heat-transfer coefficients (h) for 
each stream; supply and target temperatures and 

 
Figure 1. General design algorithm 

 
Figure 2. Internal GA loops 

average individual heat-transfer coefficients (h) for hot 
and cold utilities; cost law, expected life [yr] and annual 
interest rate for heat exchangers, heaters and coolers and 
finally, the cost of hot and cold utilities [US$/kW]. 

The algorithm includes a supertargeting procedure 
(Ahmad and Linnhoff, 1989), which calculates an opti-
mal minimum difference of temperature in the heat ex-
changers (ΔTmin). However, for the sake of comparison, 
in the cases 1 to 4, the ΔTmin value was taken from pre-
vious papers. In the case 5 the ΔTmin value was opti-
mized using the supertargeting routine previously men-
tioned and results were compared with previous papers 
where the ΔTmin value was also optimized. The initial 
population of HEN structures is randomly created be-
fore the GA starts the search of the best cost-optimum 
networks.  

The routine called Preprocess verifies and corrects 
the structures for a maximum of two branches in each 
stream. This routine also rules out the heat exchanges 
thermodynamically forbidden (hot stream at a supply 
temperature lower than the supply temperature of cold 
stream) or the heat exchanges forbidden by the user 
(due to the distance between the hot and cold streams or 
to industrial safety reasons). In all the synthesis cases, 
thermodynamic forbidden exchanges were restricted; in 
case 3, both thermodynamic and user-defined forbidden 
matches were restricted.  

In each HEN evaluated, the stream-split optimiza-
tion problem turns out to be multimodal and non-
convex, and thus requires some attention to ensure ro-
bustness. Care is needed for small values of split frac-
tions, which can cause singularities and ill-conditioning 
in the LP formulation (Lewin, 1998). To avoid this 
problem in the internal GA, the routine called split-
fraction penalty transforms fractions lower than 0.05 in 
zero and fractions greater than 0.95 in 1. 

The linear optimization stage (MER: Maximum En-
ergy Recovery) maximizes the sum of exchanger duties. 
This is equivalent to minimize the sum of heater and 
cooler loads (total use of utilities). A typical HEN struc-
ture is shown in Fig. 3; the linear model of optimization 
solved by the MER routine applied to this case is shown 
in Eq. 2-5. 

 
Figure 3. Typical HEN structure 
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 Once the duties Xi [kW] of every heat exchanger in 
the HEN are obtained by the MER routine, it is possible 
to proceed to the cost evaluation stage. This stage con-
sists of the calculation of the total annualized cost 
[US$⋅yr-1] for each HEN structure as the sum of total 
annualized capital cost and total annualized operational 
cost. 
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The total annualized capital cost [US$⋅yr-1] is the 
sum of annualized capital costs for all heat exchangers 
in the HEN. This calculation requires the area of each 
exchanger [m2]; this area is directly obtained from the 
duty (Xi) [kW] of that exchanger (Eq. 6 and 7). The 
Paterson approximation is used to obtain the ΔTLM [K] 
value (Eq. 8); ΔT1 [K] and ΔT2 [K] are the temperature 
differences between hot and cold streams at each side of 
the exchanger. 
 ( ) 1

i i LMS X U T −= ⋅ ⋅ Δ  (6) 

 ( ) 11 1
C HU h h

−− −= + , (7) 

 ( ) ( )1 2
1 2 1 2

2 1
3 6LMT T T T TΔ = Δ ⋅Δ + Δ + Δ . (8) 

The annualized operational cost calculation consists of 
the sum of the costs of hot and cold utilities required by 
the HEN in one year [US$⋅yr-1]. 

Since the cost-optimal HEN is obtained from a 
population of HEN structures where every individual 
has the number of exchangers coded in the respective 
chromosome and the MER is calculated for all the indi-
viduals of the population, the design algorithm used in 
this work follows the three steps required to be classi-
fied as a sequential synthesis type (Biegler et al, 1997). 
This feature of the algorithm reduces the environmental 
impact of the designed HEN because a lower use of hot 
and cold utilities implies lower thermal discharges of 
the process, lower requirements of steam, lower re-
quirements of fuel combustion, lower gas emissions 
from combustion and lower use of water for cooling. 
A. Encoding Method Used for Genetic Algorithms 
For the external GA, the codification for HEN structures 
used here was based on the codification used by Lewin 
et al. (1998). To explain this codification, some previ-
ous definitions are required. The “key” streams group is 
selected as the greater between the hot streams group 

and the cold streams group; when the number of hot 
streams and cold streams are equal, the “key” streams 
are the cold streams. On the other hand, a HEN level is 
defined as the temperature or energy interval where heat 
exchangers in series are not allowed in any stream. In 
other words, the maximum number of HEN levels is the 
maximum number of exchangers in series allowed for 
any stream. Levels are numbered from the low-energy 
region to the high-energy region of the HEN. Then, 
level 1 is always the interval of lower energy at the cold 
side. The chromosome is regularly a string of characters 
representing one individual (in this case, one HEN 
structure). In this particular application, the chromo-
some length will be equal to the product of maximum 
number of levels, maximum number of branches and 
maximum number of key streams. For all the synthesis 
cases treated in this paper, the maximum number of 
branches was two and the maximum number of levels 
was three, except in the synthesis case 5 where 5 levels 
were used. Each character of the chromosome is a 
“gene” and its possible values are integers in the range 
between zero and the maximum number of “non-key” 
streams.  

In each level, each key stream has two positions 
available in the chromosome, one for each possible 
branch. A gene zero represents the absence of a heat 
exchanger. A gene having an integer value different to 
zero represents the presence of a heat exchanger. When 
a heat exchanger is present, the non-key stream in-
volved in that heat exchange is represented by the gene 
integer value; while the key stream and branch involved 
in the same heat exchange are represented by the posi-
tion of this gene in the chromosome. 

An example of a chromosome is shown in Fig. 4. It 
represents the HEN structure shown in Fig. 3.  To avoid 
more than two branches in any non-key stream, a 
maximum of two occurrences of a determined gene 
value (non-key stream) is allowed in each level; all the 
other exchanges exceeding this maximum in each level 
are ruled out (zero is assigned to the corresponding gene 
value). 

In the random creation of the initial population for 
the external GA, the gene values are randomly gener-
ated by considering a probability of 50% for the absence 
of heat exchangers in every gene. However, when a heat 
exchanger was present, all the non-key streams had the 
same probability of being selected for that exchange. 
 The population size was 14 individuals for all the 
generations of the external GA. The maximum number 
of generations was 100. 

 
Figure 4. Chromosome representing the HEN structure shown 
in Fig. 3 
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Binary codification was used for the internal GA. 
Since a maximum of two branches was allowed, only 
one of the two split fractions was codified for each split 
in the HEN structure; the second split fraction was cal-
culated as the subtraction from the unity. Then, only one 
split fraction is required to describe each split in the 
HEN.  A split - fraction was represented by a chromo-
some of binary genes with a length determined by the 
precision of the value; in all the cases, the precision 
used for split - fractions was two decimals. The split-
fraction vector was conformed by all the split fractions 
required for describing all the splits in the HEN struc-
ture. The length of this vector depended on the total 
number of splits in the whole HEN structure. 

The population size was 6 for all the generations of 
the internal GA. The maximum number of generations 
was 15. 
B. Genetic Operations and parameters for GAs 
The routine called “Genetic operations” used in the de-
sign algorithm (Fig 1 and 2) corresponds to four con-
secutive operations: Selection of parents, Crossover, 
Mutation and Population replacement (Goldberg, 1989).  

For applying the parent selection operation is neces-
sary to define a fitness function and a probability of 
selection for each individual. In this work, the fitness 
function is the reciprocal of the total annualized cost 
and the probability of selection for each individual is the 
ratio of its fitness value over the sum of fitness values of 
all the individuals in the population. 

For the external GA, two techniques of parent selec-
tion were applied: Roulette and Tournaments.  Roulette 
consists of randomly selecting each parent from indi-
viduals of the entire population by considering their pro-
bability of selection.  Tournaments consists of randomly 
picking a subgroup of individuals out by considering an 
equal probability; then, among the individuals of this 
subgroup, one parent is randomly selected by consider-
ing the real probability of selection for each individual 
in this subgroup; in this work, even the size of the tour-
nament subgroups was selected randomly in the range 
between two and the maximum number of individuals 
of the entire population. The selection of parents by 
roulette or tournaments is applied up to the number of 
selected parents is equal to the number of individuals in 
the current population. For the internal GA, only Rou-
lette was applied as the parent selection technique. 

In the crossover operation, a pair of individuals is 
randomly chosen among the previously selected parents. 
These two chosen parents will generate two descen-
dants. According to a crossover probability defined by 
the user (px), the two descendants will be generated by 
combining the genetic information of the parents or by 
cloning the chromosomes of the parents; a constant 
crossover probability of 0.6 was used for both the exter-
nal and the internal GAs; this crossover probability in-
dicates that 60% of the descendants will be generated by 
combining the genetic information of the parents and 
40% of the descendants will be generated by cloning the 
chromosomes of the parents. When a combination of 

genetic information is carried out, the two new chromo-
somes (two new descendants) are generated by ex-
changing genes between the parent chromosomes. In 
this work, two types of crossover were used: one-point 
crossover and uniform crossover.  For the external GA, 
one-point crossover was used; in this type of crossover, 
the chromosome of each parent is divided in two sub-
strings of genes; the position in the chromosome used as 
the limit between those two sub-strings is chosen ran-
domly; the chromosome of the first descendant is gener-
ated by combining the first sub-string of the first parent 
with the second sub-string of the second parent; the sec-
ond descendant is generated by combining the first sub-
string of the second parent with the second sub-string of 
the first parent.  For the internal GA, uniform crossover 
was used; in this type of crossover, the chromosome of 
a descendant is generated by alternatively concatenat-
ing, gene by gene, the chromosomes of the chosen par-
ents; the first descendant will be generated when the 
first parent is the source of the first gene and the second 
descendant will be generated when the second parent is 
the source of the first gene. 

In the mutation operation, a pair of individuals is 
randomly chosen among all the descendants obtained by 
crossover. The gene values of the two chromosomes are 
randomly changed according to a mutation rate. A mu-
tation rate of 0.01 indicates that 1% of all the gene val-
ues in these two chromosomes will be changed. The 
mutation rate used in this paper was variable, generation 
after generation, at the beginning of both external and 
internal genetic algorithms (Fig. 5); initially, a very high 
mutation rate was used to guarantee a broad exploration 
of the search space. The highest initial value for the 
mutation rate was 0.8 for both external and internal 
GAs; the lowest value was 0.01 for external GA and 
0.15 for internal GA; the value of the point X (Fig. 5) is 
25 generations for external GA and 7 generations for 
internal GA. 

The population replacement operation is the genera-
tional renovation required for evolution. For the external 
GA, three types of population replacement were used: 
Total replacement, Elitism replacement and Hybrid re-
placement. Total replacement is simply the substitution 
of all individuals from the previous generation for the 
descendants obtained after crossover and mutation. Elit-
ism replacement allows the simultaneous competition 
between parent and descendants; the parent selection 
(before crossover and mutation) is done from a tempo-
rary population conformed by the population of the 

 
Figure 5. Variable mutation rate 
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current generation and the population from the previous 
generation. Hybrid replacement operates very similar to 
Total replacement, with the difference that the presence 
of the best individuals from the current generation is 
guaranteed in the next generation; when this type of 
population replacement was used, the number of best 
individuals cloned into the next generation was 4 in all 
the cases. For the internal GA only the Hybrid replace-
ment of population was applied. 

III. HEN SYNTHESIS CASES AND RESULTS 
In all the synthesis cases, tables are used to present the 
required initial data and the features of the reference 
HEN and the resulting HEN. The duties of all the proc-
ess heat exchangers in the HENs are also tabulated; the 
order for the process heat exchangers in each table is the 
same order in which they occur in the chromosome 
string. For the sake of comparison, the annualized cost 
of reference HEN is re-calculated using the same rou-
tines and cost law as for the obtained HEN.  
A. HEN Synthesis Case 1 
This case is the Aromatics Plant problem that has been 
solved by Lewin (1998) applying Genetic Algorithms, 
by Linnhoff and Ahmad (1990) applying Thermody-
namic Methods and by Zhu and O’Neill (1995) and Pet-
tersson (2005), applying Mathematical Programming. 
The HEN structure obtained by Lewin (1998) was taken 
as the reference HEN. The cost of the resulting HEN is 
US$ 31614 per year less than the best solution reported 
by Lewin (1998) and US$ 567 per year less than the 
solution given by Pettersson (2005). Besides, the design 
obtained in this work has only two splits (H1 and H4) 
while the configuration obtained by Pettersson (2005) 
has seven splits (H1, H2, H3, H4, C1, C3 and C5). Ta-
ble 4 presents the comparison of the results with these 
previous works. 
B. HEN Synthesis Case 2 
This example has been derived from the 10sp1 problem 
(Pho and Lapidus, 1973). This case has been solved by 
Flower and Linnhoff (1980), Papoulias and Grossman   
 

Table 1. Initial data for synthesis case 1. (Lewin, 1998). 
Stream TS [K] TT [K] CP [kW/K] h [kW/m2K] 

H1 600 313 100 0.50 
H2 493 433 160 0.40 
H3 493 333 60 0.14 
H4 433 318 400 0.30 
C1 373 573 100 0.35 
C2 308 437 70 0.70 
C3 358 411 350 0.50 
C4 333 443 60 0.14 
C5 414 573 200 0.60 

Hot Oil 603 523 ----------- 0.50 
Water 288 303 ----------- 0.50 

ΔTmin = 10 K 
Costs Data 

Cost law* : Cexchanger[U$]=10000+350⋅S[m2]
Expected life  5 years
Annual interest rate 10 %
Hot utility cost  (Hot Oil) 60 [U$⋅kW-1⋅ yr-1]
Cold utility cost (Water) 6 [U$⋅kW-1⋅ yr-1]
* Coolers and heaters included 

(1980), Lewin et al. (1998), Lewin (1998) and Lin and 
Miller (2004); applying Thermodynamic Meth-
ods,Mathematical Programming, Genetic Algorithms 
and Tabu Search respectively. The HEN structure ob-
tained by Lewin et al. (1998) was taken as the reference 
HEN. 

After applying the design algorithm proposed in this 
work, the resulting HEN has a cost US$ 117 per year 
less than the best solution reported by Lewin et al. 
(1998b), US$ 599 less than the best solution reported by 
Linnhoff and Ahmad (1990) and US$ 8 greater than the 
configuration obtained by Lin and Miller (2004). How-
ever, the HEN obtained by Lin and Miller (2004) has 
two splits with two branches and one split with three 
branches (See Table 8); then, Lin and Miller’s HEN is a 
more complex design with respect to the resulting HEN 
in this paper and the cost difference is negligible. 
C. HEN Synthesis Case 3 
This problem was proposed by Nielsen et al. (1997) as a 
retrofit and modified by Lewin (1998) to solve a simpli-
fied grass-roots HEN design problem. In this case, be-
sides the thermodynamic forbidden matches (H1-C5, 
H2-C5, H2-C6, H2-C7, H2-C8, H4-C5, H5-C5, H7-C5, 
H7-C6, H7-C7, H10-C5, H10-C6, H10-C7 and H10- 
 

Table 2. Reference HEN for case 1. (Lewin, 1998). 
Chromosome: [0 0 4 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 1 0 0 0 4 0 3 0 2 0] 

Heat   
Exchange 

Hot stream 
(split-fraction) 

Cold stream 
(split-fraction) Duty [MW] 

X1 4  (0.98) 2  (1) 4.80  
X2 1  (0.54) 1  (1) 5.09 
X3 1  (0.46) 2  (1) 4.23 
X4 1  (1) 1  (1) 12.22 
X5 4  (1) 3  (1) 18.55 
X6 3  (1) 4  (1) 6.6 
X7 2  (1) 5  (1) 9.6 

Annualized cost [US$ ⋅ yr-1]: 2 936 000.00
Table 3. Resulting HEN for synthesis case 1. 

Chromosome: [4 0 1 0 4 0 0 0 0 0 1 0 1 0 0 0 3 0 0 0 1 0 0 0 0 0 0 0 2 0] 
Heat   

Exchange 
Hot stream 

(split-fraction) 
Cold stream 

(split-fraction) Duty [MW] 

X1 4  (0.10) 1  (1) 2.00 
X2 1  (1) 2  (1) 5.95 
X3 4  (0.90) 3  (1) 18.55 
X4 1  (0.53) 1  (1) 34.77 
X5 1  (0.47) 2  (1) 3.08 
X6 3  (1) 4  (1) 6.6 
X7 1 (1) 1 (1) 13.15 
X8 2  (1) 5  (1) 9.6 

Annualized cost [US$ ⋅ yr-1]: 2 904 385.93
Table 4. Comparison with previous papers for case 1. 

Author 

Stream 
branches 

(Number of 
splits) 

Exchanger Area (m2) 
[Number of Units] – Hot 

Utilities (MW) – Cold Utili-
ties (MW) 

Cost 
[M$/yr]

Flower and 
Linnhoff (1980) 0 17400, [13], 25.31, 33.03 2.960000

Zhu and O’Neill 
(1995) 2  (2) 16630, [14], 26.22, 33.94 2.970000

Zhu and O’Neill 
(1995) 0 16380, [10], 26.83, 34.55 2.980000

Lewin (1998) 2 (2) 17050, [12], 25.09, 32.81 2.936000
Pettersson (2005) 2 (7) 17473, [17], 24.27, 31.99 2.904953

This work 2(2) 18037, [13], 23.78, 31.50 2.904386
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Table 5. Initial data for synthesis case 2. (Lewin et al., 1998). 
Stream TS [K] TT [K] CP [kW/K] h [kW/m2K] 

H1 433 366 8.79 1.704 
H2 522 411 10.55 1.704 
H3 544 422 12.56 1.704 
H4 500 339 14.77 1.704 
H5 472 339 17.73 1.704 
C1 355 450 17.28 1.704 
C2 366 478 13.90 1.704 
C3 311 494 8.44 1.704 
C4 333 433 7.62 1.704 
C5 389 495 6.08 1.704 

Steam 509 509 ----------- 3.408 
Water 311 355 ----------- 1.704 

ΔTmin = 10 K 
Costs Data 

Cost law* Cexchanger[U$]=145.63⋅(S[m2])0.6

Expected life  1 year
Annual interest rate 0 %
Hot utility cost  (Steam) 37.64 [U$⋅kW-1⋅ yr-1]
Cold utility cost (Water) 18.12 [U$⋅kW-1⋅ yr-1]
* Coolers and heaters included 

Table 6. Reference HEN for case 2. (Lewin et al., 1998). 
Chromosome: [5 0 4 0 0 0 0 0 0 0 0 0 0 0 1 0 3 0 0 0 0 0 0 0 2 0 0 0 3 0] 

Heat    
Exchange 

Hot stream 
(split-fraction) 

Cold stream 
(split-fraction) Duty [kW] 

X1 5  (1) 1  (1) 1641.60 
X2 4  (1) 2  (1) 1556.80 
X3 1  (1) 3  (1) 588.93 
X4 3  (1) 4  (1) 762.00 
X5 2  (1) 3  (1) 955.59 
X6 3  (1) 5  (1) 644.48 

Annualized cost [U$ ⋅ yr-1]: 43 452.00

Table 7. Resulting HEN for synthesis case 2. 
Chromosome: [0 0 5 0 2 0 1 0 0 0 0 0 0 0 3 0 2 0 0 0 4 0 3 0 0 0 0 0 2 0] 

Heat   
Exchange 

Hot stream 
(split-fraction) 

Cold stream 
(split-fraction) Duty [kW] 

X1 5  (1) 2  (1) 1215.00 
X2 2  (1) 3  (1) 353.50 
X3 1  (1) 4  (1) 588.93 
X4 3  (1) 3  (1) 1191.02 
X5 2  (1) 4  (1) 173.07 
X6 4  (1) 1  (1) 1641.60 
X7 3 (1) 2 (1) 341.30 
X8 2  (1) 5  (1) 644.48 

Annualized cost [U$ ⋅ yr-1]: 43335.00

Table 8. Comparison with previous papers for case 2. 

Author Stream branches 
(Number of splits) 

Number of 
Units 

Cost 
[M$/yr] 

Linnhoff and Ahmad 
(1990) 0 10 43934.00 

Lewin (1998) 0 11 43799.00 
Lewin et al. (1998) 0 10 43452.00 

Lin and Miller (2004) 2(2) 
3(1) 10 43327.00 

This work 0 10 43335.00 

C8), user-defined forbidden matches (H9-C3, H9-C4, 
H9-C5, H9-C6, H9-C7, H9-C8, H9-C9, H9-C10 and 
H9-C10, ) are implemented. 

The forbidden matches (“bad genes”) are eliminated 
at the preprocess stage by changing them to a zero 
value. In this way, only “good genes” are sent to the 
evolution process. 

Table 9. Initial data for synthesis case 3. (Lewin, 1998). 
Stream TS [K] TT [K] CP [kW/K] h [kW/m2K] 

H1 514 405 25.84 0.3258 
H2 409 297 213.7 0.344 
H3 583 480 30.17 0.103 
H4 474 438 239 0.354 
H5 506 290 42.38 1.35 
H6 554 308 128.9 0.7424 
H7 454 433 91.22 0.623 
H8 561 518 185.3 0.442 
H9 613 465 19.3 0.06 
H10 424 308 15.19 0.3 
H11 738 302 100.2 0.55 
C1 288 608 171 0.3506 
C2 300 555 124.3 0.7455 
C3 380 759 98.04 0.412 
C4 302 445 41.8 1.35 
C5 501 519 185.7 1.034 
C6 443 457 485.9 1.044 
C7 447 451 1984 0.442 
C8 423 426 3004 0.937 
C9 365 393 172.8 0.623 

C10 377 378 601.8 1.376 
Steam 775 773 ----------- 0.5 
Water 274 278 ----------- 0.5 

ΔTmin = 15 K 
Costs Data 

Cost law* : Cexchanger[DDK] = 713943.86 +  
514.71⋅(S[m2])0.71

Expected life  1 year
Annual interest rate 0 %
Hot utility cost  (Steam) 3060.00 [DDK⋅kW-1⋅ yr-1]
Cold utility cost (Water) 0.00  [DDK⋅kW-1⋅ yr-1]
* Coolers and heaters not included.  
Coolers and heaters costs are assumed to be null 
 

Table 10. Reference HEN for case 3. (Lewin, 1998). 
Chromosome:[0  0  1  0  0  0  0  0  0  0  2  0  0  0  0  0  0  0   4  0  9  0..

4  0  0  0  6  0  8  0  3  0  0  0  0  0  7  0  1  0   0  0  0  0..
0  0  0  0  0  0  3  0  0  0  2  0  4  0  0  0  0  0 10  0  1  5]

Heat   
Exchange 

Hot stream 
(split-fraction) 

Cold stream 
(split-fraction) Duty [MW] 

X1 2  (1) 1  (1) 18.12 
X2 6  (1) 2  (1) 9.58 
X3 10  (1) 4  (1) 1.14 
X4 11  (1) 9  (1) 4.84 
X5 1(1) 4  (1) 2.81 
X6 3  (1) 6  (1) 3.11 
X7 4  (1) 8  (1) 5.53 
X8 5  (1) 3  (1) 4.73 
X9 8  (1) 7  (1) 7.93 
X10 9  (1) 1  (1) 2.86 
X11 4  (1) 3  (1) 3.068 
X12 6  (1) 2  (1) 20.13 
X13 7  (1) 4  (1) 1.46 
X14 10  (1) 10  (1) 0.49 
X15 11  (0.72) 1  (1) 30.25 
X16 11  (0.28) 5  (1) 0.73 

Annualized cost [DDK ⋅ yr-1]: 160 983 694.52

The HEN structure obtained by Lewin (1998) apply-
ing GA was taken as the reference HEN. This configu-
ration has 31 units, including heaters and coolers and 
total cost of 1.61*108 DDK per year.  

After applying the design algorithm presented in this 
work, the resulting HEN design has 27 units, QH = 
42.50 MW, QC = 17.81 MW and total cost of 1.37*108 
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DDK per year. This HEN configuration is 17.17% per 
year less than the design reported by Lewin (1998). 

The percentage of cost reduction with respect to the 
reference HEN in this case is the highest obtained when 
it is compared to the other cases presented in this paper, 
it is remarkable that this is the synthesis case with the 
highest number of streams. 
D. HEN Synthesis Case 4 
This synthesis case was solved by Zhu (1997), using 
block decomposition and heuristic rules. Despite the 
structure of the reference HEN (Zhu, 1997) and the re-
sulting HEN is the same, the resulting HEN has a cost 
US$ 5443 per year less than the design reported by Zhu 
(1997). The cost gap is because of a better optimization 
of the split fraction values for the stream C1 in the re-
sulting HEN. This synthesis case demonstrates the im-
portance of the internal GA implemented in the design 
algorithm proposed in this paper. 
E. HEN Synthesis Case 5 
This case is a problem presented by Ahmad and Linn-
hoff (1989). The ΔTmin value proposed by Ahmad and 
Linnhoff (1989) was 10 °C. This problem was also 
solved by Silva et al. (2005), applying PSO and by 
Ravagnani et al. (2005), using GAs. Silva et al. (2005)  
 

Table 11. Resulting HEN for synthesis case 3. 
Chromosome:[ 0  0  1  0  6  0  0  0  0  0  0  0  0  0  0  0  0  0  3  0  0  0..

3  0  0  0  0  0  0  0  4  0  2  0  1  0  0  0  0  0  0  0  9  0..
0  0  0  0  0  0  8  0  7  0  3  0  0  0  2  0  1  0  0  0  1  0]

Heat   
Exchange 

Hot stream 
(split-fraction) 

Cold stream 
(split-fraction) Duty [kW] 

X1 2  (1) 1  (1) 18126.00 
X2 3  (1) 6  (1) 3107.51 
X3 10  (1) 3  (1) 448.11 
X4 1 (1) 3 (1) 2808.81 
X5 5  (1) 4  (1) 5977.40 
X6 6  (1) 2  (1) 17781.48 
X7 7  (1) 1  (1) 1915.62 
X8 11  (1) 9  (1) 4838.40 
X9 4  (1) 8  (1) 8604.00 
X10 5  (1) 7  (1) 1864.72 
X11 6  (1) 3  (1) 12380.47 
X12 8  (1) 2  (1) 7930.84 
X13 9  (1) 1  (0.86) 2856.40 
X14 11  (1) 1  (0.14) 31033.20 

Annualized cost [DDK ⋅ yr-1]: 137 390 374.46

Table 12. Initial data for synthesis case 4. (Zhu, 1997). 
Stream TS [K] TT [K] CP [kW/K] h [kW/m2K] 

H1 423 323 200 0.20 
H2 443 313 100 0.20 
C1 323 393 300 0.20 
C2 353 383 500 0.20 

Steam 453 453 ----------- 0.20 
Water 293 313 ----------- 0.20 

ΔTmin = 10 K 
Costs Data 

Cost law* : Cexchanger[U$] = 30800 + 
750⋅(S[m2])0.81

Expected life  6 years
Annual interest rate 10 %
Hot utility cost  (Steam) 110 [U$⋅kW-1⋅ yr-1]
Cold utility cost (Water) 10 [U$⋅kW-1⋅ yr-1]
* Coolers and heaters included 

Table 13. Reference HEN for case 4. (Zhu, 1997). 
Chromosome: [2 1 0 0 0 0 1 0 2 0 0 0] 

Heat   
Exchange 

Hot stream 
(split-fraction) 

Cold stream 
(split-fraction) Duty [kW] 

X1 2  (1) 1  (0.5) 3000.00 
X2 1  (1) 1  (0.5) 6000.00 
X3 1  (1) 2  (1) 12000.00 
X4 2  (1) 1  (1) 8000.00 

Annualized cost [U$ ⋅ yr-1]: 1 600 000.00

Table 14. Resulting HEN for synthesis case 4. 
Chromosome: [2 1 0 0 2 0 0 0 0 0 1 0] 

Heat   
Exchange 

Hot stream 
(split-fraction) 

Cold stream 
(split-fraction) Duty [kW] 

X1 2  (1) 1  (0.33) 2955.22 
X2 1  (1) 1  (0.67) 6000.00 
X3 2  (1) 1  (1) 8014.92 
X4 1  (1) 2  (1) 12000.00 

Annualized cost [U$ ⋅ yr-1]: 1 594 557

Table 15. Comparison with previous work for case 4. 
 Zhu (1997) This work 

Units 8 8 
Hot Utility (kW) 7000 7030 
Cold Utility (kW) 4000 4030 
Total Area (m2) 19690 19542 

Energy Cost (US$/year) 810000 813600 
Capital Cost (US$/year) 790000 780957 
Global Cost (US$/year) 1600000 1594557 

Table 16. Initial data for synthesis case 5. 
Stream TS [°C] TT [°C] CP [kW/°C] h [kW/m2°C] 

H1 85 45 156.3 0.05 
H2 120 40 50 0.05 
H3 125 35 23.9 0.05 
H4 56 46 1250 0.05 
H5 90 85 1200 0.05 
H6 225 75 50 0.05 
C1 40 55 466.7 0.05 
C2 55 65 600 0.05 
C3 65 165 180 0.05 
C4 10 170 81.3 0.05 

Steam 200 199 ----------- 0.05 
Water 15 25 ----------- 0.05 

Costs Data 
Cost law* : Cexchanger[U$]=60⋅(S[m2])
Expected life  5 years
Annual interest rate 0.0 %
Hot utility cost  (Steam) 100 [U$⋅kW-1⋅ yr-1]
Cold utility cost (Water) 15 [U$⋅kW-1⋅ yr-1]
* Coolers and heaters included 

calculated an optimum ΔTmin value of 22°C, meanwhile 
Ravagnani et al. (2005) found 24 °C as the optimum 
∆Tmin value. 

Applying the supertargeting procedure included in 
the design algorithm presented in this work, the opti-
mum ΔTmin found was 22 °C. See Fig. 6. It is the same 
value reported by Silva et al. (2005). The obtained HEN 
cost is US$ 27768 per year less than the design reported 
by Ravagnani et al. (2005). 

III. CONCLUSIONS 
The resulting HENs obtained, after applying the design 
algorithm proposed in this paper, have a cost signifi-
cantly lower than previously published works. It is re-
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markable that for the synthesis case with a greater num-
ber of streams (case 3), a greater gap between the cost 
obtained in this work and the cost of the reference HEN 
is observed in terms of cost percent. The importance of 
the internal GA for the optimization of the split-fraction 
values was demonstrated in synthesis case 4, where de-
spite the structure of the reference HEN and the result-
ing HEN is the same, the resulting HEN has a cost US$ 
5443 per year less than the reference HEN, this cost gap 
is because of a better optimization of the split fraction 
values in the resulting HEN. The performance of the 
external genetic algorithm was tested and best results 
were obtained when the parent selection technique was 
Tournaments and the generational renovation technique 
was Hybrid replacement. The supertargeting procedure 
included in the design algorithm presented in this paper 
produces optimum ΔTmin values similar to the opti-
mum ΔTmin values obtained by previous authors. 

Table 17. Resulting HEN for synthesis case 5. 
(*)Chromosome: [0 0 1 0 1 0 0 0 2 0 0 0 4 0 0 0 3 0 0 0 2 0 0 0

1 0 0 0 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 4 0 0 0 2 0 0 0 0 0 1 0 3 0]
Heat   

Exchange 
Hot stream 

(split-fraction) 
Cold stream 

(split-fraction) Duty [kW] 

X1 2 (1) 1 (0.51) 460.53 
X2 3 (1) 1  (0.49) 597.50 
X3 5 (1) 2  (1) 2147.95 
X4 1 (1) 4 (1) 2623.31 
X5 3 (1) 3  (1) 645.76 
X6 5 (1) 2  (1) 2147.95 
X7 1 (1) 1  (1) 3240.56 
X8 3 (1) 2  (1) 262.44 
X9 2 (1) 1  (1) 997.81 
X10 6 (1) 4  (1) 3750.00 
X11 2 (1) 2  (1) 1441.66 
X12 5 (1) 1  (1) 1704.10 
X13 6 (1) 3  (1) 3750.00 

Annualized cost [U$ ⋅ yr-1]: 5712945.33 
 (*) For this case, 5 HEN levels were required. 

Table 18. Comparison with previous papers for case 5. 

 Ahmad and 
Linnhoff (1989) 

Ravagnani et 
al. (2005) 

Silva et al. 
(2005) This work

∆Tmin (°C) 10 24 22 22 
Hot Utility 

(kW) 15400 20529.30 19945.50 20238.93 

Cold Utility 
(kW) 9796 14923.80 14340.00 14633.43 

Total Area 
(m2) 89784.33 57732.12 59528.46 57825.85 

Energy Cost 
(US$/year) 1686940 2276787.00 2209650.00 2243394.27

Capital Cost 
(US$/year) 5387060 3463926.90 3571707.75 3469551.06

Global Cost 
(US$/year) 7074000 5740713.90 5781357.75 5712945.33
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