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Abstract

Due to the economic and environmental risks posed by fossil fuels, the use of
renewable energies has become necessary. Geothermal energy, which
extracts heat from the ground to heat or cool buildings, has not taken its place
in Algeria as our economic and management reality. According to the
importance of this study and to attract researchers to use this new technique
in arid areas. Optimization methods are the most favorable, economical and
less expensive to give a valid estimate of the results among these methods is
fuzzy logic. This paper present numerical optimization of air temperature for
diameter, flow and length by using fuzzy logic. For this propose, the
experimental findings used to predict the reason of air temperature in buried
pipe in arid zone. The accuracy it's about 99.3%. The extended model and the
experimental findings were determined to be in good agreement using the
fuzzy logic technique.

Keywords: Fuzzy logic, Prediction, Earth Air Heat Exchanger (EAHE),
Desert zones.

1. INTRODUCTION

Because of soil temperature in certain depth, some researchers create new technologies to
produce thermal comfort and electricity from the air velocity for a comfortable life for human
beings, one of those technologies is an earth air heat exchanger, a renewable method based on
geothermal energy which is used in arid and desert regions and is considered as an essential
component of conventional and vernacular architecture.

Earth air heat exchangers are recognized as a possible solution for building both cooling and
heating systems. This consists of plastic, metallic, or concrete pipes buried underground at a
specific depth. With the assistance of a blower, new atmospheric air is transported via pipes. Heat
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transmission between earth and air in pipes occurs based on the temperature differential. To
achieve optimal performance, the system must be designed efficiently.

Leyla Ozgener analyzed an experimental EAHE system and validate the results mathematically
for obtain a different categories of EAHE [1]. Michel et al. investigate a numerical model of
EAHE by applying the constructer design to achieve the greatest thermal potential(heat/cooling)
[2]. Joaquim Vaz et al. in Brazil, studied experimentally EAHE systems in different buried ducts
(1,60 m; 0,60 m and 0,50 m) during the year. The results of this study showed the typical months
for heating and cooling the air [3]. Trikor Singh et al. applied this method in the Indian zones
with a depth 1,5 to 2 m [3, 4]. Dong Yang et al. evaluated the importance length of the buried
pipe to reduce the air temperature, as a result they found a decrease of air temperature by 7 °C
[5, 6]. A numerical transient analysis of an earth pipe air heat exchanger was validated
experimentally by Bansal et al. the model was created using FLUENT. The author concluded
that for a 23 m long and 0.15 m diameter exchange, the temperature drops by about (10 to 12)
°C [6]. The importance of this method was more defining from N.Rosa et al [7]. G.N. Tiwari et
al. validate the numerical results from the experimental during the year, this validation was made
for finding the correlation coefficient and root mean square percentage deviation for each month.
As a results for January the values are 0,99% and 4,24% respectively, on the other hand, the
maximum value of heating potential is 11,55 Mj and cooling potential is 18,87 Mj , for a typical
day in the months of January and June, off sunlight hours of 8 p.m.-8 a.m. and peak sunshine
hours of 8 a.m.-8 p.m[8]. For energy conservation, M. Santamouris et al. treated the effect pipe
length, pipe diameter and air velocity [9]. N.M. Thanu et al. studied this method in a real
condition at a farmhouse for using a simple pass mode to condition threes bedroom (living room,
a dining room and a kitchen). The results show the different temperature and humidity in the
different season of the year (summer, winter and autumn). The cooling/heating potential was
found to be 7,9; 2,1 and 1,9 respectively [10].

W.R. Sissoko Adol et al. Created an experimental design to validate the results with the analytical
one from the injection of the ambient air (with a temperature) through ducts buried in soil with a
depth of 2,5 m. The results show the influence of low velocity on heat transfer coefficient with
an increase 2,997 W.m2.k™! per unit velocity [11]. A.Trombe et al. [12] created a computational
model to assess the efficiency of this system when connected with a single home; the findings
were compared to an experimental model. This system could be used to save 10% of home energy
use by preheating fresh air in the winter in order to improve the comfort conditions in the summer.
An experimental investigation was undertaken by employing low-cost construction materials
such as bamboo (Bambuseae) and hydraform (cement and soil plaster) was conducted by
T.Choudhury et al [13]. In this type of EAHE, the difference between inlet and outlet air
temperature was recorded from 42 °C to 26 °C. J. Pfafferott [14] The thermal performance of
three EAHEs for mid-European office buildings in service was examinated, and the ratio of
thermal energy provided to mechanical dissipation energy was determined to establish and
optimize an EAHE's energy efficiency by minimizing pressure drop. Ghosal M.K et al [15]
mentioned the effect of pipe depth, length, and air flow rate on thermal performance of EAHE
system, they estimated an increasing pipe length, both decreasing pipe diameter and mass flow
rate of flowing air inside buried pipe, and increasing ground depth up to 4 m rises the ambient
temperatures of the house in the winter and reduces it in the summer. M. Bojic et al [16] provided
technological and financial assessments of an EAHE connected to a building's heating or cooling
system. Viorel Badescu and Stephane Thiers [17, 18] examined passive buildings and used
various sources of renewable energies, such as solar and wind energy, to reduce operational
energy usage. The new model was integrated into the current theoretical approach and applied in
the computer code used to simulate the functioning of the heating system in a passive apartment.
Mihalakakou et al. examinated the variation of velocity, soil depth and the radius for an
EAHE[19]. P. Hollmuller treated the exchange with a solid medium of diffusive nature, taking
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into account the often difficult to characterize temperature depreciation when using the EAHE
for heating/cooling buildings. The heat exchange was addressed with a diffusive solid medium,
taking temperature depreciation into account, which is often difficult to describe. As a result, it
was determined that a systematic study of the connection between an exchanging air/ground
building and a technical system was critical [20]. To investigate the effect of exchanger settings
on thermo-hydraulic performance, the thermal efficiency was calculated De Paepe et al. with the
pressure drop of the air inside the tube. Longer tubes resulted in a decrease in efficiency and a
high drop pressure, whereas smaller diameter tubes provide good efficacy but also raise drop
pressure[21]. D. Bartolomeu et al conducted research on the performance testing of an air/ground
type heat exchanger. They tested system consists of a network of 36 tubes 16 cm in diameter and
25 cm in length, positioned at depths ranging from 2 m to 2.5 m and 3 m. The study was
conducted with the goal of determining the appropriate system dimensions required to maximize
its performance [22]. The following investigations indicate that the EAHE system's performance
is impacted by its design. Experimental data were used to verify the computational fluid
dynamics model's (CFD) predictions, and they showed that the optimal EAHE tube diameter for
overall performance is 152.4 mm, while the best diameter for thermal performance is 50.[23]A
study on 3D modeling The effects of humid air on a multiple-tubular EAHE system were
investigated using CFD. It demonstrated the impact of condensation on the even distribution of
airflow inside the EAHE tube. Condensation decreased the EAHE's thermal output by 7.9%. The
EAHE multi-tube system was built around the shape of the U, Z, and L tubes. The L construction
allows the greatest heat transfer and lowest pressure drop, which makes it suitable [24].

In Bologna, Italy, the shallow soil temperature is 16 °C. Mahdavi et al. explain using 39 m for
their system, that the energy and exergy efficiency depend on the length of the EAHE pipes.
Temperature differences at 1m of depth range from 22 to 28 °C, where the pipes are situated. A
horizontal serpentine EAHE system is employed; it has a bigger footprint[25]. Barbaresi et al.
built 12 EAHE systems were in a vertical spiral configuration (total length: 60 m; depth of
installation: 2 m), serving as a backup for the principal GH heating system (24 8 12.7 m®)
throughout the winter. The vertical spiral design gives up less space. They estimate that the
EAHE contributes to a 10 to 30% reduction in energy use. Furthermore, they think their system
could decrease gas emissions by 8 to 28%. However, they point out that there is not a lot of study
on how much energy GHs use [26]. In order to prevent the loss of heat, a thick layer of insulated
foam was put around the EAHE soil. In Loughborough, England, they used this system to heat
and cool a 142.87 m3 greenhouse. According to measurements, COP cooling ranged within 1.20
and 3.45 and COP heating ranged between 1.48 and 2.97 [27]. Even over longer periods of time,
the EAHE system maintains an excellent outlet air temperature [28]. For identifying the impact
of operating factors on the performances of the EAHE, a transient one-dimensional heat transfer
model was developed [29]. In Portugal, Samia Hamdane et al. developed an experimental device
for assessing the environmental impact and thermal performance of agricultural greenhouses
using an earth air heat exchanger system. Their findings indicate that in addition to reducing CO
emissions, EAHE systems also reduced energy consumption [30]. The main objective of the
present study is to develop a new model using fuzzy logic which not applicated previously in
earth air heat exchanger systems, and to verify and validate experimental data that shows how
accurate the fuzzy logic system is in solving various problems. That is the reason why this new
technology is being used to maintain track of time, money, and a variety of components.
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2. METHOD AND EXPERIMENTAL

2.1. Site and description of the experimental device

The experimental test bench is installed at the University of Biskra. It is composed of a network
of four 50 m long high pressure PVC pipe sections. The tube has an internal diameter of 110 mm.
The entire is positioned 3 meters below a 2% slope. This depth (3 m) for the Biskra site was
predetermined through a study done in accordance with the site's local data. A concrete reception
pit is constructed at the interchange's exit and the tubes are arranged and spaced apart with a 2 m
center distance. An air extractor with variable flow is positioned at the exchanger's input in
addition to a series of probe heaters were installed, running the length of the heat exchanger from
the input to the output. Thermal probes were added along the heat exchanger figures 1 and 2 [31].
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Fig. 2. Arrangement of probes along the exchanger [23]
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2.2.Mathematical modeling
2.2.1. Soil temperature modeling

The concept of heat conduction applied to a semi-infinite homogenous solid serves as a basis
for the mathematical model of soil temperature. Derbal et al. presents details about soil heat
conduction [32].

2
T —lxa—T =0 (H
0z> a ot
T(O, t) = Tmean + AS X COS((()(f —to)) (2)
T(OO, t) = Tnean (3)
A
where the soil thermal diffusivity is given by: o = ——
pCp
2t z 365
T(z.t)=TmeanTAs(exp-(z) X xcoS| —(t —to)— (=) x ,[—
=1 (XD 5% e {365( -G ar}

(4)

2.2.2. EAHE Modeling
A straight pipe of 50 meters in length serves as the model for the earth air heat exchanger. It is
assumed that the air flow has a greater impact on soil temperature and that this variation only
follows Equation (4). Ref [33]. gives an equation for the convective heat transfer coefficient in a
tube.

NuxA
hconvection = 5
D ()
The following correlation was used to obtain the Nusselt number:
Nu = 0.0214.(Re"8 -100). Pr%* (6)

Inside the pipe, the Reynolds number and Prandtl number are determined by:

air Di
Re = /4 (7)
v
pr=/xpPxCp ()
A
We can express the heat that was transmitted along the underground pipe as next [32]:
= mx Cpx dT(x) = dx x(T(z,1) - T(x)) )

Rconvection + Rpipe + Rsoil

The pipe's thermal resistance can be expressed as:

Rpipe =

In(re|ri) (10)

1
Apipe2.m’

Between the inside surface of the pipe and the air inside the pipe, the convective thermal
resistance is:
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RCOHV:; (11)

ri.hconv.2.w

The thermal resistance of the soil can be expressed as:

(=t
Rsoil = A ln(R (Z, t) Ire) (12)

The total thermal conductance of the EAHE is then given by:

Crot = : (13)

(Rconv+Rpipe+Rsoil)

Combining Equations (9) and (13), the energy balance can expressed as follows :

dT(x) _ Ctot

T(z,t)-T(x) m.Cp’ (14)
The integral of Equation (14) :
_ Crot
- In(T(z,t) — T(x)) = mop X + cte (15)
The ground's surface's boundary equation [5]:
T(0) = Tamb (16)

Equation (15)'s (Cte) can be replaced with its expression taken from Equation (16)'s boundary
condition to obtain.:

— Ctot

In(T(x) — T(z,t)/(Tamb — T(z,t))) = e (17)
At x =L, the air outlet temperature is as follows:
—Ctot x
Ts = Tamb + (T(z,t) — Tamb) . (1 - e ™-CP ™) (18)
The following expression gives the air mass flow rate:
m= pa.Va. n.Di?/4 (19)

The Fourier series is able to be utilized to illustrate the hourly change in the ambient
temperature [34]:

Tamb = Tmax-szmin " Tmaxz—Tmin cos (171—2(1: B 14)) (20)

2.3. Method
2.3.1. Fuzzy logic

Lotfi Zadeh developed fuzzy logic as an evolution of Boolean logic [35]. As an extension of
conventional theory of sets, the concept of fuzzy sets was developed in mathematics in 1965.
Fuzzy logic provides a lot of variety in the argument for application by introducing the idea of
an amount of condition verification, which results in a condition of being in a state other than
true or false, allowing errors and uncertainties to be taken into consideration. As a result, the
fuzzy logic principle has been applied to a variety of production processes in which tests and
human understanding are critical [35, 36].
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2.3.2. Fuzzy system

The figure below illustrates the main steps of fuzzy model
First step: fuzzification, Second step: inference, Third step: Defuzzification.
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Fig. 2. Flowchart of Fuzzy logic steps

We choose the following for this fuzzy system inference:
= The input consists of three variables (Diameter, Flow and length).
= One variable output (we have air temperature).

AL/
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Table 1. Input parameters for membership function

. Levels 1

Factor Symbol  Unit - -

Low (L) Medium (M) High (H)
Diameter D mm 110 200 250
Flow Qv m’/s 100 150 200

Levels 2

A B C D E F
Length L m 0 10 17 23 34 45

Table 2. Output parameters for membership function

Factor Symbol  Unit Levels
A B C D E F G
Temperature T (O 30,5 31,5 32,5 33 34,5 35 36,5
[110 110 150 180] L
[150 180 200 220] M

1200 220 250 250] H

Fig. 4. Linguistic variables for Diameter (D)

[100 100 125 150] L
[125 150 175 200] M

[175 200 200 200] -

Fig. 5. Linguistic variables for Flow (Qv)

[0 0 5 10] A
[5 101517 B

[15 17 20 23] B

[20 23 29 34] D

[29 34 40 45]
[40 45 45 45]

Fig. 6. Linguistic variables for Length (L)

[30 30 30,5 31] A *
[30,5 31 31,5 32] B

[31,5 32 32,5 33] C

[32,5 33 33,5 34] D

[33,5 34 34,5 35] E

(34,5 35 35,5 36] -
35.5 36 36,5 37]

Fig. 7. Linguistic variables for Temperature (T)
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Some membership functions are shown (figures 4, 5, 6, and 7). Tables 1 and 2 in this study
discuss trapezoidal membership functions for the input variables (figures 8, 9, 10, and 11).

Membership function plots e 181
I I I I I I I
L ] H
1
I I = I [ 1 T I
120 140 160 180 20 220
input variable "D"
Fig. 8. Fuzzy system for Diameter (D)
Membership function plots. s 181
I I I I I
L M
1
I I I I I I I = I I
100 110 120 130 140 150 160 170 180 190
input variable “Flow™
Fig. 9. Fuzzy system for Flow (Qv)
Membership function plots. e 181
T T T T
A B c o E
1
1 1 20 25
input variable "L™
Fig. 10. Fuzzy system for Length (L)
Membership function plots = 181
T T T T
A B [ D E F G
| X >< X >< >< |
T 1 [ 1 1
3 a2 33 34 25 % =

output variable "T"

Fig. 11. Fuzzy system for Temperature (T)
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2.3.2 Fuzzy rules

If a Diameter is.. and Flow is.. and Length is.. so Temperature is...

The calculation rules are displayed in Table 3.

Tair (°c)

)
g
|~
ML
=
Y
>
N
Nl=&
|2
| E
()
=| 2
CS |
1=

D(mm)

Test

10
11
12
13
14
15
16
17
18
19
20
21

22
23
24
25
26
27
28
29
30
31

32

33
34

35

36
37
38

39
40
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41 L H E A
42 L H F A
43 M H A G
44 M H B E
45 M H C D
46 M H D D
47 M H E B
48 M H F A
49 H H A G
50 H H B F
51 H H C E
52 H H D D
53 H H E C
54 H H F B

3. RESULTS AND DISCUSSION
3.1. Deffazifuction
The table below show the temperature values of the experimental study comparing with

the simulation.

Table 4. Comparison between experimental temperature values and simulation

Test T(experimental) T(simulation)
1 36,5 36,2
2 34,5 343
3 33,5 33,2
4 33 33,2
5 31,5 31,3
6 30,5 30,4
7 36,5 36,2
8 35 35,3
9 34,5 343
10 33,5 33,2
11 32,5 32,2
12 32 32,2
13 36,5 36,2
14 35,5 35,3
15 34,5 343
16 34 34,3
17 33 33,2
18 32,5 32,2
19 36,5 36,2
20 34,5 34,3
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21 33,5 33,2

22 32,5 322
23 31,5 31,3
24 30,5 30,4
25 36,5 36,2
26 35 35,3
27 34,5 34,3
28 33,5 33,2
29 32,5 32,2
30 31,5 31,3
31 36,5 36,2
32 35 35,3
33 34,5 343
34 34 343
35 32,5 32,2
36 32 32,2
37 36,5 36,2
38 34 34,3
39 33 33,2
40 32 32,2
41 30,5 30,4
42 30 30,4
43 36,5 36,2
44 34,5 343
45 33,5 33,2
46 33 33,2
47 31,5 31,3
48 30,5 30,4
49 36,5 36,2
50 35 353
51 34 34,3
52 33,5 33,2
53 32 33,2
54 31 31,3

In the present study, we found that the values in 54 test of those temperature are too close and
the figure 12 illustre it more.
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Temperature

g0 70
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Fig. 12. Experimental and simulation temperature curves

To examine that this model is valid for all arid zones, we chose the fuzzy loigic for a validation
of the experimental results with the others of simulation. To obtain a good result from this study,
it is necessary to add different values of parameters diameter, flow and length which did not exist
before in the experimental values. the method consists of changing one of these parameters and
fixing the others the table 5 explain this method of validation.

Table 5. Validation method

Test Diameter Flow Length T(experimental) T(simulation)
1 110 150 7 35,1 35,4
2 110 150 12,5 32,2 32,2
3 110 150 29 34,1 343
4 200 100 2,5 36,15 36,2
5 200 100 15 32,48 32,2
6 200 100 35 32,8 32,2
7 250 200 2,5 36,1 36,2
8 250 200 25 33,25 33,2
9 250 200 41 31,7 32,2

3.2.Validation of results

The error was applied to calculate the difference between the observed and predicted values; the
steps are shown in equation (21) below. The percentage of individual error was divided in order
to reduce the overall difference in measurement value.

|Texp—Tpr]|

ei = (1 - ) 100% 1)
The precision is calculated by applying the predicted value technique to the observed value. In
the second equation (22), P represents the model's consistency, N represents the total number of

examined data sets. The model's accuracy is close to the average individual precision.

p= 12 (1 - ex-Terl) 59095 22)

Texp
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Table 6. Fuzzy logic results to calculate the error (€i%) and the precision (P%)

TEST  T(EXPERIMENTAL)  T(SIMULATION) ERROR ERROR %
1 35,1 354 0,00855 99,14529915
2 32,2 32,2 0 100

3 34,1 34,3 0,00587 99,41348974
4 36,15 36,2 0,00138 99,86168741
5 32,48 32,2 0,00862 99,13793103
6 32,8 32,2 0,01829 98,17073171
7 36,1 36,2 0,00277 99,72299169
8 33,25 332 0,0015 99,84962406
9 31,7 32,2 0,01577 98,42271293

Precision =99,3027 %

The graph below compares the values predicted by our fuzzy logic model to the values measured
experimentally.

B5 , : . .
] . —#— Tiexperimental)
*® : . ¥ | —%— Tisimulation)

34

Ternperature

w
20
in

33

325

32

348

Test

Fig. 13. Comparison between experimental and simulation results (validation curves)

After obtaining validation curves figure 13, it is observed that the two temperature curves are
very proximity in the test 1, 3, 5 and .7 and they are identical in the trials 2.4 and 8. On the other
hand in the tests 6 and 9 the curves are far from each other because one of the obstacles for
example: the air velocity, climate change of the day, error in the measuring device. As a
consequence, our fuzzy logic-based prediction model operates well and accurately, and it may
be utilized to solve problems.
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4. CONCLUSIONS

In this work based on an experimental data which carry out in university Biskra with a specific
parameters to evaluate and generalize the finding to all similar systems using a new technology
called fuzzy logic which not be used previuosly in this field of research. It can be conclude,
according to this experimental study found that:

(1]

(2]

(3]

(4]

(3]

(9]

[10]

[11]

[12]

The existence of some parameters influence on the performance and efficiency of this
system by length, depth, type, diameter of pipe and inlet velocity of air.

To several reasons, including confirmation of the experimental results, it requires the use
of another method of optimization, which validates this work. In this case, the fuzzy logic
system is the most reliable method among the other optimization methods.

The maximum air temperature values are found for maximum values of Diameter, Flow,
and Length.

This program can provide a good results , maintain the time of the different studies, and
the most important is its precision, the accuracy of this system in our work is 99.3%. So,
it can be validated that fuzzy logic is valid for all the systems in this way with instalrations
and different equipment.

Fuzzy logic provides good agreement between experimental results in a certain optimized
and economical time.

REFERENCES

Ozgener, L., A review on the experimental and analytical analysis of earth to air heat exchanger
(EAHE) systems in Turkey. Renewable and Sustainable Energy Reviews, 2011. 15(9): p. 4483-
4490.

Kepes Rodrigues, M., et al., Numerical investigation about the improvement of the thermal
potential of an Earth-Air Heat Exchanger (EAHE) employing the Constructal Design method.
Renewable Energy, 2015. 80: p. 538-551.

Vaz, J., et al., An experimental study on the use of Earth-Air Heat Exchangers (EAHE). Energy
and Buildings, 2014. 72: p. 122-131.

Bisoniya, T.S., A. Kumar, and P. Baredar, Experimental and analytical studies of earth—air heat
exchanger (EAHE) systems in India: A review. Renewable and Sustainable Energy Reviews,
2013. 19: p. 238-246.

Yang, D., Y. Guo, and J. Zhang, Evaluation of the thermal performance of an earth-to-air heat
exchanger (EAHE) in a harmonic thermal environment. Energy Conversion and Management,
2016. 109: p. 184-194.

Bansal, V., et al., Performance analysis of earth—pipe—air heat exchanger for summer cooling.
Energy and Buildings, 2010. 42(5): p. 645-648.

Peretti, C., et al., The design and environmental evaluation of earth-to-air heat exchangers
(EAHE). A literature review. Renewable and Sustainable Energy Reviews, 2013. 28: p. 107-116.

Tiwari, G.N., et al., Annual thermal performance of greenhouse with an earth—air heat exchanger:
An experimental validation. Renewable Energy, 2006. 31(15): p. 2432-2446.

Santamouris, M., et al., Use of buried pipes for energy conservation in cooling of agricultural
greenhouses. Solar Energy, 1995. 55(2): p. 111-124.

Thanu, N.M., et al., An experimental study of the thermal performance of an earth-air-pipe system
in single pass mode. Solar Energy, 2001. 71(6): p. 353-364.

Adol, W.S., et al., Experimental and Analytical studies on Heat Transmission inside EAHE in
Tropical zone. 2021.

Trombe, A. and L. Serres, Air-earth exchanger study in real site experimentation and simulation.
Energy and Buildings, 1994. 21(2): p. 155-162.

117



[13]
[14]

[15]

[16]

[17]

[18]

[19]

[21]

[22]
(23]

[26]

[27]

(28]

[29]

[30]

Misra, K., Thainswemong Choudhury & Anil.

Pfafferott, J., Evaluation of earth-to-air heat exchangers with a standardised method to calculate
energy efficiency. Energy and buildings, 2003. 35(10): p. 971-983.

Ghosal, M. and G. Tiwari, Modeling and parametric studies for thermal performance of an earth
to air heat exchanger integrated with a greenhouse. Energy conversion and management, 2006.
47(13-14): p. 1779-1798.

Bojic, M., et al., Numerical simulation, technical and economic evaluation of air-to-earth heat
exchanger coupled to a building. Energy, 1997. 22(12): p. 1151-1158.

Badescu, V., Simple and accurate model for the ground heat exchanger of a passive house.
Renewable energy, 2007. 32(5): p. 845-855.

Thiers, S. and B. Peuportier, Thermal and environmental assessment of a passive building
equipped with an earth-to-air heat exchanger in France. Solar Energy, 2008. 82(9): p. 820-831.

Mihalakakou, G., et al., Parametric prediction of the buried pipes cooling potential for passive
cooling applications. Solar Energy, 1995. 55(3): p. 163-173.

Hollmuller, P., Utilisation des échangeurs air/sol pour le chauffage et le rafraichissement des
batiments: mesures in situ, modélisation analytique, simulation numérique et analyse systémique.
2002, University of Geneva.

De Paepe, M. and A. Janssens, Thermo-hydraulic design of earth-air heat exchangers. Energy and
buildings, 2003. 35(4): p. 389-397.

Bartolomeu, D., Performances d’un Echangeur Thermique de Type Air-Sol’. ITP Romillé, 2005.

Hasan, M.I., S.W. Noori, and A.J. Shkarah, Parametric study on the performance of the earth-to-
air heat exchanger for cooling and heating applications. Heat Transfer—Asian Research, 2019.
48(5): p. 1805-1829.

Qi, D., et al., Numerical assessment of earth to air heat exchanger with variable humidity
conditions in greenhouses. Energies, 2021. 14(5): p. 1368.

Mahdavi, S., F. Sarhaddi, and M. Hedayatizadeh, Energy/exergy based-evaluation of
heating/cooling potential of PV/T and earth-air heat exchanger integration into a solar
greenhouse. Applied Thermal Engineering, 2019. 149: p. 996-1007.

Barbaresi, A., et al., Application of basket geothermal heat exchangers for sustainable greenhouse
cultivation. Renewable and Sustainable Energy Reviews, 2020. 129: p. 109928.

Harjunowibowo, D., S.A. Omer, and S.B. Riffat, Experimental investigation of a ground-source
heat pump system for greenhouse heating—cooling. International Journal of Low-Carbon
Technologies, 2021. 16(4): p. 1529-1541.

Hamdane, S., C. Mahboub, and A. Moummi, Numerical approach to predict the outlet
temperature of earth-to-air-heat-exchanger. Thermal Science and Engineering Progress, 2021. 21:
p. 100806.

Atia, A., et al., A Review of Studies on Geothermal Energy System Applied on Sub-Saharan
Climate Regions. Water and Energy International, 2017. 60(5): p. 63-68.

Hamdane, S., et al., Evaluating the Thermal Performance and Environmental Impact of
Agricultural Greenhouses Using Earth-to-Air Heat Exchanger: An Experimental Study. Applied
Sciences, 2023. 13(2): p. 1119.

Hatraf, N., Etude systématique et optimisation des performances d'une chaine énergétique
utilisant un capteur solaire a air et un échangeur enterré pour le chauffage solaire et le
rafraichissement par la géothermie. 2014, Universit¢ Mohamed Khider—Biskra.

Derbel, H.B.J. and O. Kanoun, Investigation of the ground thermal potential in tunisia focused
towards heating and cooling applications. Applied thermal engineering, 2010. 30(10): p. 1091-
1100.

118



[33]

[34]

[35]

[36]

Ozgener, L. and O. Ozgener, An experimental study of the exergetic performance of an
underground air tunnel system for greenhouse cooling. Renewable Energy, 2010. 35(12): p. 2804-
2811.

Wu, H., S. Wang, and D. Zhu, Modelling and evaluation of cooling capacity of earth—air—pipe
systems. Energy Conversion and management, 2007. 48(5): p. 1462-1471.

Belloufi, A., et al., Experimental and predictive study by multi-output fuzzy model of electrical
discharge machining performances. The International Journal of Advanced Manufacturing
Technology, 2020. 109(7): p. 2065-2093.

Rezgui, 1., A. Belloufi, and A. Mihi, EXPERIMENTAL INVESTIGATION OF THE
CORROSION RESISTANCE OF Ni-AI203 COMPOSITE COATINGS OBTAINED BY
ELECTRODEPOSITION, U.P.B. Sci. Bull., Series B, 2020;82 (1).

119



