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A B S T R A C T

This study is the report of modelling the evacuated tube solar collector (ETSC) by Gene-Expression Programming
(GEP). The data were gathered by simulating the ETSC for different volumes of the thermal storage tanks (10-50
Lit) with various solar radiation intensities through Computational Fluid Dynamics (CFD). In order to obtain the
most accurate mathematical model (expression) and better predicting the efficiency of system, a trial and error
approach was employed. The GEP model was tested and trained based on the numerical data. On the other hand,
the numerical data were verified by comparing the results with the previous experimental investigations. The
numerical results indicated that as the solar radiation absorption increases, the water temperature difference and
the energy efficiency of the ETSC also increase. Moreover, for the ETSC possessing three evacuated tubes, the
optimum volume of the thermal storage tank was obtained 26 Lit, and the maximum energy efficiency of the
optimized ETSC for the numerical investigations was reported roughly 72%. In the previous published work, the
maximum amount of efficiency of the ETSC was 70% showing that the CFD-based approach could acceptably
model the performance of ETSCs, and it can be concluded that the GEP-based model for the ETSC performance is
reliable and trustworthy.

1. Introduction

“Solar” and “Energy” are two compelling keywords in the renewable
energy-driven world. Hereby, solar water heating systems have been
recently utilized by a number of researchers. Due to their use of clean
solar energy for operating systems, they are considered as en-
vironmentally-friendly systems all over the world and they are bene-
ficial to human beings in the long run [1]. Solar collectors are used in
these water heaters to operate the system and to heat the working fluid.
Among solar collectors, the evacuated tube ones have higher thermal
efficiencies compared to the flat ones [2] due to a reduction in the heat
losses by lowering the internal pressure to less than 0.5 Pa. [3]. Evac-
uated tube solar collectors have been commercially available for ap-
proximately 30 years; however, until recently they have not provided
any real competition to flat plate collectors.

Implementation of CFD-based investigations on the ETSCs perfor-
mances as well as optimizing their performance parameters have been a
reassuring approach for years [4,5]. J. ArturoAlfaro-Ayala et al. [6]
modelled the performance of the ETSC using CFD by two numerical

methods for simulating the buoyancy effects, namely Boussinesq Ap-
proximation (BA) and Variant Properties with Temperature (VPT). The
experimentally validated results indicated that the BA approach gives
more accurate prediction of the ETSC performance parameters than the
VPT method. Wang et al. [7] applied mathematical models to the
performance of evacuated tube receivers, and a parabolic trough col-
lector (PTC) was constructed to validate the mathematical results of the
proposed model. M.T. Nitsas et al. [8] analytically modelled the per-
formance of the ETSC and verified the results using the experimental
data. They showed that the inlet fluid temperature is the most influ-
ential factor in characterizing both energy and exergy efficiencies of the
ETSCs. J. ArturoAlfaro-Ayala et al. [9] optimized the performance of
the ETSCs integrating annealing simulation and CFD. The results in-
dicated that the optimum parameters in comparison with the geometry
of the commercial ETSC regarding similar outlet temperature are:
19.4% decrease in the absorber area, 30% increase in the diameter of
the tube, 40% reduction of the tube length, 38.9% decrease in the cost
of manufacturing, and about 26% increase in the thermal efficiency.
Bouhal et al. (2018) [10] optimized the performance parameters of
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evacuated tube collectors. Four parameters were taken into account for
optimization, and the results indicated that the area of 120 square
meters holds the thermal efficiency of the set of water heating collective
system more than 60% with solar collector area of 100 square meters.
O'Keeffe et al. (2018) [11] numerically simulated, and optimized the
performance of a nanofluid-based parabolic trough collector. Para-
meters, such as particle type, dimensions of the receiver, and the con-
centration ratio were considered for optimization and verification of a
heat mirror into the designing was also investigated.

On the other hand, it might be time consuming and costly to si-
mulate a myriad of systems to find their optimum performance para-
meters. In this regard, with the emergence of soft computing techni-
ques, applying a variety of these numerical techniques, such as Genetic
Algorithm (GA), Artificial Neural Networks (ANNs), GEP, Model Tree
(MT) etc. have drawn considerable attentions in order to make the most
of the solar system design and to acquire the highest level of energy and
exergy efficiencies [12–14]. Kumar et al. (2016) [15] used ANN in-
tegrated with GA to predict the efficiency of a solar heat pump in India.
The results showed that using integrated ANN-GA optimization method
leads to obtaining better optimum values for the system, in comparison
with the prediction of ANN algorithm. Ziapour and Hashtroudi (2017)
[16] designed a solar greenhouse and optimized the parameters of the
solar greenhouse by genetic algorithm (GA). The results of the simu-
lation demonstrated considerable improvement in energy budget
saving. Sadeghi et al. [12,13] optimized the performance of an ETSC
with coil inside considering inlet outlet fluid flow using Cu2O/distilled
water nanofluid through GEP method based on experimental data. The
findings demonstrated that this AI-based approach can reasonably
predict the optimum performance parameters of an ETSC with the root
mean square error of 0.035. There exist many other researches showing
the reliability and accuracy of GEP approach in modelling the hydro-
mechanical systems [17–21].

The main aim of this research work is to show that GEP can predict
and model the performance of the ETSCs with a satisfying degree of
accuracy. Hence, in this research work, the experimental data relating

to a previously conducted work by G. Sadeghi et al. [22], was used to
verify the reliability of simulations by CFD-based Comsol software in
order to investigate the energy efficiency of the ETSCs with different
design parameters based on the finite element method. Ultimately, GEP
model is developed by means of numerical results and then the for-
mulation extracted from GEP technique is acquired. Fig. 1 shows the
ETSC used in the aforementioned experimental work containing three
evacuated tubes, a thermal storage tank, and a parabolic concentrator.

2. Numerical analysis

The numerical investigations in this work have been carried out
through COMSOL software, and the assumptions considered in this
numerical simulation are as follows:

• From a numerical viewpoint, the regime of the flow inside the
evacuated tube is considered as laminar and steady state (see Fig. 4).
• The amount of heat flux on the surface of the tube has been auto-
matically set by the program based on the environmental conditions
of Kermanshah at the time of the experiment.
• Even though the geometry of the simulated ETSC is for a single-layer
evacuated tube, the effect of vacuum between the glasses has been
considered within boundary conditions.
• Initial velocity is zero in all directions, and the pressure distribution
is a function of the altitude of the working fluid (see Fig. 5).

2.1. Governing equations and solution procedure

To solve the nonlinear equations of the laminar fluid flow inside the
solar system, the finite element method was adopted. The BDF
(Backwards Differentiation Formula) iteration-based solver was uti-
lized. This approach leads to gradually approach the solution than a
large computational step. The governing nonlinear equations are as
follows Eqs. (1), (2) and (3):

Nomenclature

Symbols

Ac Surface of the collector (m2)
Cp Specific heat at constant pressure (J kg−1 K−1)
F Volume force vector
G Intensity of solar radiation (W m−2)
g Gravity (m s−2)
I Pressure gradient vector
k Conductivity (W m−1 K−1)
mT Mass of the fluid inside the storage tank (kg)
N Number of data samples
q Conduction heat transfer (J)
Qu Useful heat transfer (J)
Qvd Destroyed heat transfer (J)
Ti Temperature at the start of the interval (K)
Tf Temperature at the start of the interval (K)
T0 Atmospheric temperature of the fluid (K)
Ta Ambient temperature (K)
t Time (sec)
ΔT Temperature difference in an hour (K)
∇T Gradient of temperature
u Velocity vector
V Volume of the tank (Lit)
Xi(Num) Numerical data
Xi(GEP) GEP-based data
X (Num)i Average of the numerical values

X (GEP)i Average of the predicted values

Acronyms

A Arc
ET Expression tree
Exp Exponential function
CC Coefficient of correlation
CG Coefficient of gene
GEP Gene-Expression Programming
Inv Inverse function
Lit Liter
MAE Mean absolute error
Num Numerical
PC Parabolic concentrator
PTC Parabolic trough collector
RMSE Root mean square error
RT Reduced temperature

Greek letters

β Thermal expansion coefficient
ηExpt Experimental energy efficiency
ηNum Numerical energy efficiency
ηGEP GEP-based energy efficiency
μ Viscosity of fluid (Pa sec)
ρ Density of the fluid (kg m−3)
ρ0 Density of fluid at T0 (kg m−3)
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where F is for total volume forces. Buoyancy force is a type of volume
force, defined as Eq. (4) [23]:

=F g (1 T)o (4)

Boussinesq approximation confirmed for laminar fluid flow was
adopted and defined Eq. (5) [23]:

= =(1 (T T )) (1 T)o o o (5)

where ρo is the density of fluid at atmospheric temperature To and β is
the volume expansion coefficient ranging from 10−4 to 10−5.

Moreover, The daily efficiency of the solar collector on the basis of
mass of the fluid inside the tank (mT), specific heat of the fluid (Cp),
temperature difference of the fluid during the one-hour interval (ΔT),
the collector area (Ac), the solar radiation intensity (G), and time of the
experiment was calculated through Eq. (6) [22]:

=
×

m C T
A G t
Tank p

c (6)

In this work, the energy efficiencies are plotted against the reduced
temperature (RT) according to ASHRAE (American Society of Heating,
Refrigerating, and Air-Conditioning Engineers) standard of solar in-
vestigations. This parameter is obtained from dividing instantaneous
temperature difference by the solar insolation Eq. (7),

=RT (T T )/Ga f (7)

In Eq. (7), Ta is the ambient temperature, and Tf is the average fluid
temperature within one-hour interval.

3. Model description and development

3.1. GEP: A brief description

GEP, as relatively new improvement of the GEP-based technique,
consists of mathematical and logical expressions. Basically, the GEP
approach is provided in forms of linear chromosomes then converted
into Expression Trees (ETs) [17,24]. The vast variety of newly-devel-
oped GEP, considered for practical applications in various fields of
engineering, proved that ETs have the potential of extracting knowl-
edge in order to yield an efficient solution [25,26]. Moreover, selection
of existing ETs in GEP model is based on their fitness values yielded by
solution of practical problem. Each ET consists of subtrees whose
mathematical expressions form general solution of a particular pro-
blem. Furthermore, ETs includes a population which is capable of dis-
covering genetically-defined-characteristics, leading to adaptation with
the particular problems. This means that obtaining the best solution by
GEP is highly inextricably bound up with appropriate selection of set-
ting parameters used in GEP modeling [18].

3.2. Data

The GEP-based modeling, done in this study has used the data ac-
quired from the numerical simulations. In every volume of the tank, the
ETSC water heater has been simulated. The datasets used in this re-
search work can be seen in appendices A&B. Moreover, 75% datasets
were utilized in training the GEP model and 25% datasets were used in
testing the generalization capability. On the basis of the training data,
the solar water heater was modelled to achieve the best expression for
the output data, which was the optimum energy efficiency.

3.3. GEP procedure and development

Development of the GEP approach includes five steps. The first step
is to select the fitness function of an individual program. In this case,
the mean square error (MSE), introduced as a typical fitness function,
has been frequently employed for evaluation of training stage in each
running generation of GEP technique [16,20,21]. In the second stage,
the set of terminals and the set of function were selected in order to
create the chromosomes. In the current research work, the terminals
consist of three independent variables: G, V, and ΔT. The third step is
devoted to configuring the chromosomal architecture. Moreover, the
fourth step is to select basic mathematical operation to link ETs-related-
formulations together. In the end stage of GEP development, optimal
values for a variety of genetic operators (i.e., mutation, permutation,
inversion, gene recombination) can be assigned due to the selection of
optimal strategies (i.e., optimal evolution, constant-fine tuning, sub-set
selection, model-fine tuning). In the following, genetic operators have
specific rates whose optimum values have been described in the lit-
erature [17,24,27]. In this study, GeneXproTools.5 software was used
to find a function for evaluation of energy efficiency in ETSC. Tree-like
structure of the proposed GEP model through three genes (Subtrees) has
been illustrated in Fig. 2. Furthermore, performance-controlling-para-
meters for obtaining GEP configuration were listed in Table 1. More-
over, the flowchart of the methodology for the present study is illu-
strated in Fig. 2.

3.4. The accuracy verification procedure

The accuracy of the prediction of performances of the proposed GEP
model was investigated through coefficient of correlation (CC), root
mean squared error (RMSE), and mean absolute error (MAE) defined as
Eqs. (8), (9) and (10) [28,29]:

Fig. 1. The constructed ETSC with three evacuated tubes investigated by G.
Sadeghi et al. [22].
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where N, Xi(Num), Xi(GEP), and X (Num)i are the number of data
samples, the numerical observation, the predicted values by the pro-
posed GEP technique, and the average of the numerical values, re-
spectively.

4. Results and discussions

In this section, first the numerical solution of the thermal perfor-
mance of the ETSCs is discussed. Then, the GEP modelling for evalua-
tion of efficiency the ETSCs is developed.

4.1. Numerical investigations

4.1.1. Velocity and temperature profile for the best model
In accordance with the data presented in appendix A, at every stage,

Fig. 2. Tree-chart structure of the proposed GEP model through three genes
(Subtrees).

Fig. 3. Flowchart of the interaction between COMSOL and GEP in the present
work.

Table 1
Characterization of the GEP modelling.

General settings

Mathematical operations ± , ×,/,Exp,Ln, Avg,x2,1/x,x1/3,Min(x,y), Max
(x,y),Atan(x),1-x

Number of chromosomes 30
Number of genes 3
Number of generation 1239
Linking function Addition

Genetic operators

Mutation 0.00138
Gene recombination 0.00277
Gene transposition 0.00277
Permutation 0.00546
Inversion 0.00546
Function insertion 0.00206
Random chromosomes 0.00206
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the volume of the storage tank varied from 10-50 Lit, and the simula-
tion was carried out to acquire the temperature distribution inside the
solar water heater and consequently calculate the energy efficiency of
the ETSC water heater. Among all the simulated ETSC water heaters,
the solar collector with 26 Lit capacity of the tank showed the highest
energy efficiency; it therefore was considered the best model deduced
from the numerical investigations. Fig. 4 illustrates that the velocity of
the fluid inside the ETSC is on the order of cm/s witnessing the laminar
flow regime inside the ETSC. Moreover, Fig. 5 shows that the pressure
contour inside the ETSC is a function of the perpendicular altitude of
the water inside the ETSC varying from 200 Pa inside the tank to about
12000 Pa inside the evacuated tubes. Finally, to summarize the nu-
merical profiles, only the velocity and temperature distributions of the
best model are portrayed in Figs. 6 & 7.

It has to be mentioned that due to water circulation inside the
evacuated tube, there exists a point at the bottom of the tube at which
the velocity is zero (stagnant region) and the direction of the fluid will
change and turn into the hot back flow, which moves towards the
thermal storage tank (see Fig. 8).

Fig. 4. Laminar flow inside the evacuated tube.

Fig. 5. Pressure distribution of the working fluid (Pa) inside the ETSC.

Fig. 6. Velocity profile of the ETSC water heater with 25 Lit tank capacity.

Fig. 7. Temperature profile of the ETSC water heater with 26 Lit tank capacity.

Fig. 8. Simulation of stagnant region at the bottom of the evacuated tube.
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4.1.2. Node independence proof
Every numerical simulation is highly validated if the number of

nodes existing in the geometry of the system has no effect on the results;
hence, in this work, several numbers of nodes have been assigned in the
simulation process to ensure that the obtained results have a high level
of accuracy. Figs. 9 & 10 illustrate independence of nodes for tem-
perature distribution of the storage tank and the evacuated tubes. As
shown in Figs. 9 & 10, above 105 nodes increase in number of nodes
does not affect the results tangibly. In this study, the number of nodes
was regarded 122578 for assurance.

4.1.3. Validation
To prove the numerical investigation is reasonable for designing

procedures, the results ought to be compared to those of the experi-
mental work in the same field of study. In this study, the temperature of
water inside the tanks and the energy efficiency of the ETSCs in both
numerical investigation and the experimental study by Sadeghi et al.
[22] have chosen for comparison. As shown in Fig. 11, the average
errors between the two water temperature (experimental and numer-
ical) and the two energy efficiencies are about 2% and 3%, respectively.
Moreover, the numerical-based water temperature and the energy ef-
ficiency of the ETSC are a little higher due to considering less con-
vective heat loss coefficient of the tank for the simulation process than
the real heat loss coefficient.

4.2. GEP-based modelling

The model is based on the input variables which are: G, V, and ΔT
and all the arithmetic operations, such as subtraction, addition, divi-
sion, multiplication, and exponentiation; furthermore, basic trigono-
metric functions were used in the proposed model. For acquiring the
most proper GEP-based model to predict the optimum efficiency of the
solar system, the GEP was performed repeatedly to attain the best
model [30,31], and each time the GEP was run by a different mathe-
matical expression. In the GEP modelling, CC value was considered for
the stop condition of GEP performance. After running 1239 generations,
the best fitness value in the training stage was obtained 987.199.

In this case, the mathematical model offered by GEP which can
predict the best energy efficiency of the ETSC water heater is presented
as Eq. (11),

= + + +

+
+ +

T Atan(G1C9)
(G1C2 G1C5)V

1
(G2C0) TLn(V)

Ln(Ln( T))

1
0.5(V G3C4)(G3C5 V) 1 (11)

Fig. 9. Node independence for the average temperature of the tank.

Fig. 10. Node independence for the average temperature inside the evacuated
tubes.

Fig. 11. Verification of the numerical investigations of the ETSC water heater, (a) The water temperature difference comparison of the numerical and the previous
experimental studies, (b) The comparison of the energy efficiencies of the ETSCs in the numerical and the experimental studies.
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Eq. (11) consists of three genes whose the coefficients of gene (GC)
are the G1C2=6.685, G1C5=9.789, G1C9=−3.057, G2C0=−2.348,
G3C4=−3.283, and G3C5=−6.356. Hence, Eq. (11) can be written as
Eq. (12):

= + +

+

T Atan( 3.057)
3.104V

1
2.348 TLn(V)

Ln(Ln( T))

1
0.5(V 3.283)(V 6.356) 1 (12)

Furthermore, Table 2 indicates statistical performance of GEP model
for both the training and testing stages. The CC values obtained by
training phase (0.9891) demonstrate highly satisfying performance of

GEP and additionally, this trend is obtained in testing phase. MAE
(0.0099) and RMSE (0.0380) values given through training stage
proved that values of energy efficiency predicted by GEP are in well
agreement with the numerical data. In a similar manner, this trend can
be clearly found for the testing phase.

As it can be vividly seen in Fig. 12, a comparison between numerical
energy efficiencies of the ETSCs with different volumes of the thermal
storage tank and the GEP-based predicted energy efficiencies of the
proposed ETSCs has been carried out, and the two showed a great deal
of compatibility in terms of both testing and training data set. There-
fore, an excellent generalization performance and prediction have been
demonstrated by the proposed GEP model.

5. Conclusion

In this paper, the ETSC performance was optimized, and it was
shown that the ETSCs can be modelled by GEP. For this purpose, the
numerical, and GEP models have been conducted to determine the
ETSC with the highest energy efficiency. A GEP-based model for the
energy efficiency of the ETSC in terms of the solar radiation intensity,
the volume of the storage tank, and the water temperature difference
was presented. The amounts of RMSEs of the proposed GEP model as to
the training and testing stages were reported as 0.01 and 0.03, re-
spectively. It is worth mentioning that even though the intensity of the
solar radiation is not under control, this parameter can be regarded as
an input variable of the solar system for more accurate predictive re-
sults. As a whole, the storage tank with the capacity of 26 Lit presented
the highest efficiency, regardless of how much the solar insolation is.
The two methods (numerical and GEP techniques) were in agreement
with each other. Moreover, the highest daily energy efficiency related
to numerical investigations was reported as 72% for the ETSC with 26
Lit capacity of tank, and parabolic concentrator. In fact, the GEP model
is reliable because the numerical approach had already been validated.
Thereby, this technique can lead to designing the most efficient ETSCs
for solar applications. Even though the present technique has given
reliable results, but other soft computing methods, such as Particle
Swarm Optimization (PSO), Evolutionary Polynomial Regression (EPR),
Granular Computing (GC), etc. might present more accurate results, and
future studies can accordingly be focused on these issues.

Declaration of competing interest

No potential conflict of interest was reported by authors.

Appendix A: The gathered training data-set of the GEP modelling

No. G (W/m2) V(Lit) T Tf i (°C) Num GEP
1. 179 10 5 0.42 0.407208
2. 201 10 5.2 0.43 0.426263
3. 219 10 5.3 0.44 0.435199
4. 227 12 5.4 0.44 0.421929
5. 261 12 5.7 0.45 0.447101
6. 288 12 5.9 0.46 0.46237
7. 295 14 6 0.47 0.472113
8. 315 14 6.1 0.48 0.479435
9. 337 14 6.3 0.49 0.493355
10. 341 16 6.4 0.49 0.507543
11. 351 16 6.6 0.50 0.520684
12. 362 16 6.8 0.51 0.533036
13. 364 18 6.9 0.52 0.547707
14. 378 18 7 0.53 0.553643
15. 392 18 7.4 0.55 0.575777
16. 399 20 7.5 0.56 0.589845
17. 412 20 7.8 0.59 0.605019
18. 423 20 7.9 0.60 0.609821
19. 428 22 8 0.61 0.622961

Table 2
The achieved defined errors of the GEP model.

Defined Error Training data Testing data

CC 0.9891 0.996
MAE 0.0099 0.03
RMSE 0.0.0129 0.0.038

Fig. 12. Parity plot of GEP predicted energy efficiencies with experimental
energy efficiencies.
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20. 439 22 8.2 0.63 0.632256
21. 448 22 8.4 0.65 0.641114
22. 454 24 8.5 0.65 0.653299
23. 471 24 8.7 0.67 0.661785
24. 488 24 8.9 0.69 0.669897
25. 494 26 9 0.70 0.681185
26. 511 26 9.2 0.71 0.688975
27. 524 26 9.4 0.72 0.696443
28. 532 28 8.6 0.68 0.67065
29. 547 28 8.8 0.68 0.679313
30. 561 28 8.9 0.69 0.683508
31. 567 30 8.1 0.66 0.652251
32. 579 30 8.3 0.67 0.662068
33. 593 30 8.5 0.68 0.671463
34. 602 32 7.6 0.63 0.629785
35. 607 32 7.8 0.64 0.640912
36. 610 32 8 0.65 0.651542
37. 613 34 7.1 0.61 0.602949
38. 621 34 7.2 0.62 0.609348
39. 631 34 7.5 0.63 0.627643
40. 634 36 6.6 0.58 0.571243
41. 653 36 6.8 0.59 0.585679
42. 672 36 7 0.6 0.599396
43. 679 38 6.1 0.53 0.533928
44. 691 38 6.3 0.55 0.550525
45. 702 38 6.5 0.57 0.566238
46. 704 40 5.7 0.49 0.499714
47. 710 40 5.9 0.51 0.51841

Appendix B: The gathered testing data-set of the GEP modelling

No. G (W/m2) V(Lit) T Tf i (°C) Num GEP
1. 717 40 6 0.52 0.527355
2. 721 42 5.2 0.46 0.449236
3. 736 42 5.4 0.47 0.471147
4. 751 42 5.6 0.48 0.491702
5. 756 44 4.8 0.42 0.402094
6. 769 44 4.9 0.43 0.4149
7. 784 44 5.1 0.45 0.439197
8. 790 46 4.5 0.39 0.361914
9. 836 46 4.6 0.40 0.376258
10. 872 46 4.7 0.41 0.390066
11. 878 48 4.1 0.35 0.299436
12. 904 48 4.2 0.36 0.316338
13. 933 48 4.4 0.38 0.348088
14. 939 50 3.7 0.31 0.224559
15. 957 50 3.9 0.33 0.264227
16. 972 50 4 0.34 0.282712
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