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1. INTRODUCTION, OBJECTIVES

Solar energy is fundamentally an inexhaustible source and potentially capable of
meeting a significant portion of the world’s future energy desires. It is the most
promising unconventional energy source, particularly for contributing to low-
temperature applications like Photovoltaic (PV) modules, solar thermal, and solar
chimneys. The cost of solar energy has decreased fast in recent years. Solar
energy can be generated in solar thermal power plants and PV modules.
Moreover, there is another method, namely, the solar chimney (SC). This research
investigates the integration of Earth-Air Heat Exchanger (EAHE) systems with
SC to further enhance PV performance. EAHE provide cool air, mitigating the
negative impact of high ambient temperatures on PV modules. The combined
system aims to leverage the SC's ability to increase air velocity without external
energy input, while the EAHE cools the modules, leading to an overall gain in
energy output. While both PV modules and SC have their limitations, combining
them with EAHE offers a promising hybrid approach. This concept, similar to
hybrid solar-geothermal systems, seeks to exploit the complementary strengths of
each technology to overcome individual drawbacks. Previous research exploring
similar hybrid systems focused on utilizing geothermal energy to enhance SC
efficiency. This study delves deeper, specifically investigating the impact of
integrating EAHE within a PV-SC system. This novel approach has yet to be
extensively explored, presenting exciting possibilities for boosting solar energy
capture and utilization. The main objectives of the present work are to investigate
the following:

= To examine the effect of thermo-physical properties of the multilayer soil on
the earth-air heat exchanger efficiency.

= To develop a novel MATLAB simulation model to examine and construct the
hybrid system using EAHE, SC, and PV modules. The model estimates global
temperature gradients and thermo-physical features to aid future studies and
save time, money, and effort.

* To study the effect of the geometric configuration on natural airflow
generation in the integrated system consisting of PV module, SC, and EAHE.
This airflow is used for cooling the PV modules.

= To determine how the forced airflow and earth-air heat exchanger affect the
efficiency of the PV modules.

= Toexplore the effect of the solar air collector integrated with the hybrid system
(PV, SC, EAHE) on the efficiency of the PV modules.

= To investigate how the efficiency of an earth-air heat exchanger system is
affected by the geometric configuration of the system.



2. MATERIALS AND METHODS

Al-Najaf, renowned for its hot summers and mild winters, is chosen for its
extreme climate, offering insights into the hybrid system's (PV modules, SC, and
EAHE) performance under intense heat. Conversely, G6do6116 in Hungary has
colder winters and milder summers, adding climatic diversity for a
comprehensive system evaluation.

2.1. Experimentation

2.1.1. Soil Temperature Gradient Measurement

Soil temperature gradients were crucial for understanding heat transfer within the
Earth. Sensors were placed at depths ranging from 1-5 m in Al-Najaf and 1-2 m
in Godoll6. Data collection occurred year-round, recording soil temperatures and
ambient temperatures. In Al-Najaf, six thermocouples measured soil temperatures
every ten minutes in 2019, while in G6dolld, three thermocouples did the same
every ten minutes from 2022-2023. A PVC pipe was used to prevent debris from
entering the test pits. The schematic diagram illustrates the experimental setup at
both sites.

2.1.2. Soil Thermo-physical Properties Measurement

The study aimed to develop an experimental method for measuring soil thermo-
physical properties and their impact on EAHE performance. Properties like
moisture content, thermal conductivity, specific heat capacity, and thermal
diffusivity were measured. In G6do116, the area was excavated to 2 m, revealing
five soil layers in terms of type and thickness. Soil samples from each layer were
collected and preserved for analysis. Laboratory analysis using the Mettler-
Toledo HE53 dryer determined the thermo-physical properties of the soil.

2.1.2.1.Single-layer Soil Thermo-physical Properties Measurement

Samples were prepared as appeared in Fig. 1, with initial volume and mass
recorded before property measurement. Using a Moisture Analyzer, each sample
was treated per instructions, and the final mass and volume were measured. This
process provided data on moisture content, and wet and dry density, essential for
calculating thermal conductivity, specific capacity, and thermal diffusivity.

: ~ Third Layer

Fourth Layer Fifth Layer

5



2.1.2.2. Multi-layered Soil Thermo-Physical Properties Measurement
This study proposes two new approaches to calculate and estimate thermo-
thermal properties for multi-layer soil.

1- The new laboratory approaches

For measuring the equivalent thermo-physical properties of multilayer soil, all
samples were combined based on the thickness ratio of each sample to the total
trench depth as illustrated in Fig. 2. After careful laboratory analysis, the samples'
thermal and physical properties were determined using the Moisture Analyzer
device. Before measuring properties, the initial volume and mass of the sample
were recorded. The sample was then processed individually inside the
experimental device, and its final mass and volume were measured afterward.
This process provided data on moisture content, wet density, and dry density,
which were used to calculate sample density, thermal conductivity, specific heat
capacity, and thermal diffusivity.

Third Layer Fourth Layer Fifth Layer Mixture Soil
V3= 17.5% V= 13.5% 2 Vo= 100%

, V5= 5% Vixy
Vinix Vaix B Vaise

First Layer Second Layer
V1= 20% Ve V= 44% Vi

Fig. 2. The types of mixed soil layers according to the indicated percentages.

2- The new estimation approaches

the practical laboratory approach calls for all types of soil to be mixed, the
amount of each type being proportional to its presence on the work site, and
then subjected to standard procedures to examine their properties and use the
following equations:

_ (MT)be - (MT)af >
eq = < M), x 100 (1)
_ (MT)be
peq,wet - <(VT)be> (2)

_ (MT)af
Peq,dary = (m) (3)

The theoretical simulation methodology can also be used by using the
following equations to determine the equivalent moisture content if the sample
size and mass for each type of soil removed and its moisture content are
known:

(4)
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_ (My + M, + M;+ M, + M), (5)
Peqwet = W +Vo+ Vo +V, +Vs)pe

_ (My + My + M3 + My + Ms) 6
Peqdry = W +V,+ Vs +V, + Vs)af ©)

2.1.3. Earth-Air Heat Exchanger Performance Evaluation

EAHE was installed at a depth of 2 m in G6do116, Hungary, within a trench
measuring 1 m wide, 2 m deep, and 14 m long. Two systems, EAHE-a and EAHE-
b, were installed, each consisting of PVC pipes with a diameter of 0.1 m and a
horizontal length of 10 m. These systems were connected to inclined pipes at an
angle of 45° and a length of 3 m, with part of it inside the soil and part outside.
Each system was divided into halves, with a vertical branch inside the soil,
providing flexibility for comparison and study purposes. Seven temperature
sensors were deployed, with one measuring ambient temperature and six placed
at the inlet and outlet of each EAHE to monitor air temperature, enabling
assessment of EAHE performance. Two anemometers were used to measure
airflow velocity at both EAHE systems.

The data logger continuously recorded temperature and airflow velocity data.
SmartDEN Logger and anemometer software were employed for temperature and
airflow velocity recordings, respectively. The installation process involved
digging and completing system installation. Fig. 3 illustrates a three-dimensional
schematic of the proposed hybrid system, providing comprehensive details of the
system layout.

Fig. 3. The three-dimensional schematic of the proposed new hybrid system.
7



2.1.4. Integrated PV Module Performance Evaluation

Three monocrystalline PV modules (87TH424) were used for comparison, with a
nominal power of 50 W and an area of 0.268 m2. Two modules were used to
construct PV/T models, incorporating a polystyrene sheet as thermal insulation to
form ducts for air cooling. These were labeled PV/T-a and PV/T-b, connected to
EAHE-a/SC-a and EAHE-b/SC-b, respectively. The third module, PV-ref, served
as a reference and was not integrated with PV/T or connected to EAHE or SC.
All three modules were installed with a tilt angle of 45° and an azimuth angle of
-20°. Eight temperature sensors were deployed, including ambient temperature
sensors and sensors at the inlet and outlet of PV/T-a and PV/T-b to monitor air
temperature. Additional sensors were placed at the back of PV-a, PV-ref, and PV-
b to monitor module temperatures. Photoelectric solar radiation sensors and
electric wires connected to smart Arduino Denkovi-smart-32 were used to
measure solar radiation, current, voltage, and temperatures. Data acquisition was
conducted using smart Arduino Denkovi-smart-32, recording parameters at one-
minute intervals. Desktop computers were utilized for real-time monitoring. SC,
available in various sizes and configurations, was integrated into the system. It
featured circular and rectangular tubes with hydraulic diameters of 0.1 m and
lengths of 1.5 m. SC came in white and black colors. Figs. 4 and 5 provide visual
representations of the fabrication process of PV/T models, and their installation
on supporting structures.

it

ig. 4. The practical installation and Fig. 5. The PV/T duct and PV
manufacturing steps of the PV/T duct modules are installed on the
and PV modules. supporting iron structure.

2.1.5. Integrated Solar Chimney Performance Evaluation

Different types of SC were installed, including cylindrical and rectangular ones,
with variations in color and shape. SCs were connected to PV/T-a and PV/T-b,
labeled SC-a and SC-b respectively. SCs were vertically installed on supporting

8



structures. Five temperature sensors were used to monitor air temperature at SC-
aand SC-b inlets and outlets. Data was recorded using a smart Arduino Denkovi-
smart-32 every minute for real-time monitoring. Fig. 6 illustrates the installation
of SC-a and SC-b on supporting structures.

Fig. 6. The types of the examined solar chimneys.
2.2. Simulation Model Development

The study focuses on mathematical modeling for soil gradient and the EAHE. The
EAHE utilizes buried pipes to cool incoming air through heat transfer with the
ground. This cooled air is then circulated into a building or space, possibly via a
PV module system. The study details the physical and thermal properties of air
and PVC, essential for thermal analysis. Furthermore, it presents equations for
soil temperature modeling, considering parameters like thermal conductivity and
water content. The text also delves into the modeling of a SC system, emphasizing
airflow behavior's significance for overall efficiency. Additionally, it outlines
mathematical modeling for a PV module and a PV/T hybrid system, incorporating
energy balance equations and factors influencing efficiency. The hybrid system
integrates EAHE, SC, and PV technologies, with a Simulink model demonstrating
its design and performance estimation capabilities. Overall, the study provides a
comprehensive understanding of these renewable energy systems and their
interactions, facilitating their effective utilization and optimization.

Soil properties that determine its response to temperature changes at the surface
are volumetric heat capacity, Cv, soil thermal conductivity, ksoil, and water content
(moisture), w. The method for sizing the EAHE requires knowledge of the
minimum and maximum ground temperature at the EAHE depth. The undisturbed
ground temperature, Tsoil, Xxpressed in °C, can be calculated using:

Tsoil (,£)= Tmean + AceXp(-z/d) [sin (2w (t-to) / 365) - (z/d) - (n/2))] (7)



In which Tsil (z,t) denotes the temperature of the soil at time t (day) and depth z
(m), Tmean defines the average ambient temperature (°C), Ao connotes the annual
amplitude of the ambient temperature (°C), d is the damping depth (m) of annual
fluctuation and to is the time lag (days) between an arbitrary starting date
(considered as Jan. 1).

Because heat conducts more quickly as compared to thermal mass, a high thermal
diffusivity value is desired. To determine these thermal characteristics, Egs. ((8)-
(11)) have been utilized to develop analytical equations:

ksoit= 0.14423 (0.9 log (w) — 0.2) 10 %%%%642ry (For silt and clay soils)  (8)
Ksoit= 0.14423 (0.7 log (W) + 0.4) 10 0000642 p4 (For sand soil) (9)
In this equation, pq is the dry soil density. The adjusted specific heat capacity of
soil may be calculated as follows:

w Cy,, + (100 —w) C
Cp.soil = [ 2 (100 ) pd] (10)
Cpw is water's specific heat capacity (4180 J/kg.K). Cpd is the soil's dry specific
heat capacity (840 J/kg.K). The corrected density of soil may be given by:
[w pw + (100 — w) py]

Psoit = 100 (11)

pw is the density of water. The final form of the MATLAB Simulation model is
illustrated in Fig. 7.
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3. RESULTS
3.1. Model Validation and Analysis

The figures display measured and simulated data for various parameters,
including soil temperature, outlet air temperature of EAHE, PV module
temperatures, SC temperatures, and power produced by PV modules.
Discrepancies between measured and simulated data are observed, ranging from
(5.0-6.9)% on average, with some variations in specific cases. Despite these
differences, the percentage of difference remains generally acceptable, not
exceeding 6.4%. These variations may stem from factors such as measurement
accuracy, simulation model precision, and environmental conditions. However,
the reliability of the simulation model, built using MATLAB, is affirmed, as it
offers valuable insights for future system implementations with the potential for
further refinement.

3.2. Soil Temperature and Thermo-Physical Properties

In Al-Najaf, soil temperatures at a depth of 1 meter range from 14.9 °C in January
to 36.3°C in July. In G6dolld, soil temperatures at the same depth range from 6
°C in January to 21.2 °C in July. In Al-Najaf, soil temperatures at a depth of 2
meters range from 18.2 °C in January to 32.9 °C in June. In G6dolls, soil
temperatures at the same depth range from 10.3°C in January to 17.8°C in August.

The amount of the relative difference between the outlet temperature of the EAHE
system is 3.8% for a system of length 12 m and the thermal diffusivity range
between 3.0258E-07 m%/s and 4.3171E-07 m?s. It is subject to the following
equation: RDrout represents the relative difference of the outlet temperature, while
Lpipe represents the length of the EAHE pipe. The effect of the relative difference
in the type of layers was directly proportional to the length of the EAHE. As the
length of the EAHE increases, the relative difference increases. Fig. 8. displays
air temperatures along the EAHE pipe in six different cases.

RD1,0ut=0.0002389% L pipe 3-0.01877 % Lpipe 2+0.5089% Lpipe-0.09124, R?=0.99 (12)
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Fig. 8. The air temperature along the pipe of the six cases.
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3.3. Earth-Air Heat Exchanger Performance

The cooling mode experiment demonstrated consistent performance, with the
system maintaining an efficiency around 71% throughout the day. In the heating
mode, the EAHE effectively raised air temperature, maintaining efficiency at
approximately 70% throughout the day. The MS-EAHE has the lowest pressure
loss among other EAHE system types, resulting in the least additional air fan
power required to operate the fan needed to circulate the air inside it. M-EAHE
had more significant pressure losses compared to MS-EAHE by approximately
1.6 times. The S-EAHE and TS-EAHE types had the highest pressure losses.
They required the most significant amount of additional air fan power for
operation, as their pressure losses were 13.8 and 14.7 times, respectively, and
their additional air fan power was 71.1 and 75.5 times higher than MS-EAHE.
Furthermore, the S-EAHE and TS-EAHE have the highest cooling potential
compared to other EAHE system types, at 278.3 W on average. The MS-EAHE
and the M-EAHE have less cooling potential of 19.1% and 22.3%, respectively,
compared to the S-EAHE and the TS-EAHE types. The four types are subject to
the following equations. CP represents the cooling potential and Tin represents the
inlet temperature of the EAHE. As illustrated in Figs. 9 and 10.

CP = 1.853x%10% sin(0.002276 Tin R>=1  (ForS-EAHEand  (13)

+6.218), TS-EAHE)
CP = 1.295x10% sin(0.002528 Tin R2=1 (For M-EAHE) (14)
+6.211),
CP = 1.383x%10% sin(0.002467 Tin R?=1 (For MS-EAHE) (15)
+6.213),
e o ) - -~ Arfporn ()| T SO e g
%30 - = ‘s gwo 50§
é 20 \\\ 4 : Z% g " A%
g A )/ 0.€ éloo z
5" ‘.\ =7 o & NREPAGIGPgP “E
0 - 0 400" 8 PO

S-EAHE M-EAHE  MS-EAHE  TS-EAHE
EAHE type Time (month)

Fig. 9. The pressure losses and air fan ~ Fig. 10. The cooling potential and Tin
power as a function of EAHE types. of EAHE types as a function of time.

3.4. The performance of the PV module depends on the natural ventilation

3.4.1. Investigation of the effect of the solar chimney on the PV module efficiency

Combining SC with the PV module and EAHE increases the airflow velocity
inside the EAHE tube up to 5.3 times compared to not combining them. The
average Pev-a and Pev-p achieved were 35.1 W and 34.5 W, respectively. The
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power increase produced by PV-ref was higher by 1.7 % and 3.5 % than by the
PV-a and PV-b modules, respectively. The PV-ref was the most efficient
compared to PV-a and PV-b. The average efficiency achieved by PV-ref, PV-a,
and PV-b was 15.9%, 15.6%, and 15.4%, respectively. As illustrated in Figs. 11
and 12. The airflow velocity is subjected to the following equation because of this
integration:

Vair = 2.807 - 0.003708 | - 0.06196 Tamp +1.005%10° 17 + (16)
7.783%10°° | Tamp - 0.0002501 Tams?, R?=0.9623

~—&— Tamb —&— Tout,EAHE-a ——ff— Tout,EAHE-b

TPV-ref TPV.a TPVb — Power  seeee O oo Efficiency
—t— Tavg,SC-a vair, EAHE-a vair, EAHE-b
65 37 357 20
36 35:1-

345

t/ 34 oase foese \ X
g 33 0
& 32

31

30 10

PV-ref PV-a PV-b

NI I I I N A NN AN SN SN SN SN The modules
S T FT VT A AV RSP NS xS
RSN AR O

ime (hour)

55 2

P e a =
NS 2 o
Efficiency (%)

Temperature (0C)
Airflow (m/s)

Fig. 11. The variation of Tamp VS. Tout, EAHE-a, Tout, Fig. 12. The efficiency

EAHE-b, TPV-ref, TPv-a, TPv-b, aNd Tayg sc-a@nd air and power produced by

velocity of the PV/T-a and PV/T- during the test the PV modules (Natural
time (Natural airflow - Case 1). airflow - Case 1).

3.4.2. Investigation of the effect of solar chimney color on the PV module
efficiency

The dark-colored SC (black) absorbs an amount of radiation, which increases the
amount of heat generated inside it, and thus the velocity of airflow inside the
EAHE tube increases, but the amount of this increase does not exceed 1%
compared to using a white-colored SC. The average Ppv-band Ppv-aachieved were
34.2 W and 34.1 W, respectively. The power increase produced by Pv-rer was
higher by 1.6 % and 1.7 % than by the PV-b and PVV-a modules, respectively. The
PV-ref was the most efficient compared to PVV-a and PV-b. The average efficiency
of PV-ref, PV-b, and TPV-a achieved were 16%, 15.74%, and 15.73%
respectively, as illustrated in Figs. 13 and 14.

3.4.3. Investigation of the effect of solar chimney shape on the PV module
efficiency

Using a rectangular SC increases the area facing sunlight, which leads to it
absorbing a greater amount of radiation, which increases the amount of heat
generated inside it. Therefore, the airflow velocity inside the EAHE tube rises to
5% compared to using a circular SC, which increases the possibility of improving
the efficiency of the PV module during natural airflow using a rectangular SC.
The average Ppv-aand Ppv-b were 34.2 W and 34.2 W, respectively. The increase
in energy produced by PV modules was 1.64% and 1.6% higher compared to PV-
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b and PV-a modules, respectively. The PV-ref was the most efficient compared
to PV-a and PV-b. The average efficiency of PV-ref, PV-a, and PV-b achieved
were 15.9%, 15.8%, and 15.7% respectively, as illustrated in Figs. 15 and 16. To
estimate the velocity of the airflow, the following equation is applied:

Vair = -0.746 + 0.001783 | + 0.02385 Tam» + 8.364%x108 |2 - a7
4.812x10° | Tamv, R®=0.9789
—o— Tamb —@— ToutEAHE-a  —&@— Tout,EAHE-b — POwer -+ Oeeeee Efficiency
== TPV-ref A TPV-a —0O— TPV-b
—#~— Tavg,SC-a —e— Tavg,SC-b vair,EAHOf:T;% 36 = 20

w
@
w
i
[
w
»
N
.
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5 5 &5 &
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Fig. 13. The variation of Tamn VS. Tout, EAHE-a, Tout, Fig. 14. The efficiency

EAHE-b, TPvref, TPv-a, TPv-b, Tavg, sc-a @Nd Tavg, sc-pand and power produced by
air velocity of the PV/T-a and PV/T- during the test  the PV modules (Natural

time (Natural airflow - Case 2). airflow - Case 2).
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Fig. 15. The variation of Tamn VS. Tout, EAHE-a, Tout, Fig. 16. The efficiency

EAHE-b, TPvref, TPv-a, TPv-b, Tavg, sc-a @Nd Tavg, sc-oand and power produced by
air velocity of the PV/T-a and PV/T- during the test  the PV modules (Natural
time (Natural airflow - Case 3). airflow - Case 3).

3.4.4. Investigation of the effect of EAHE system length on the PV module
efficiency

The natural airflow (caused by the SC) that occurs inside the EAHE is affected
by its length. The airflow velocity generated in shorter EAHEs (EAHE=5 m) is
14.7% faster than in longer EAHE (EAHE= 10 m). The average Ppv-» and Ppv-a
were 35.31 W and 35.29 W, respectively. The increase in energy produced by PV
modules was 1.7% and 1.6% higher than PV-b and PV-a modules, respectively.
The PV-ref was the most efficient compared to PV-a and PV-b. The average
efficiency of PV-ref, PV-a, and PV-b achieved were 16%, 15.73%, and 15.74%
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respectively, as illustrated in Figs. 17 and 18. The following equation establishes
the airflow velocity:

Vair = -2.173 + 0.001843 | + 0.1288 Tamp - 4.726%10° | Tamp - (18)
0.001891 Tamv?, R?=0.9731

~——&— Tamb ——@— Tout,EAHE-a =i Tout,EAHE-b s Power ---0--- Efficiency
—0— TPV-ref —a— TPV-a —o— TPV-b 37 20
—n— Tavg,SC-a —e— Tavg,SC-b vair,EAHE-a 35.88

vair, EAHE-b 36 3529  35.31 1
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Fig. 17. The variation of Tamb VS. Tout, EAHE-2, Tout, Fig. 18. The efficiency
EAHE-b, TPV-ref, TPv-a, TPV-b, Tavg, sc-a @Nd Tavg, sc-band and power produced by
air velocity of the PV/T-a and PV/T- during the test  the PV modules (Natural

time (Natural airflow - Case 4). airflow - Case 4).

3.4.5. Investigation of the effect of the depth of PV/T ducts on the efficiency of
the PV module

The airflow velocity that passes through a narrower PV/T collector is 1.2 times
higher than the airflow that passes through a wider PV/T collector. It is necessary
to make use of the following equation to determine the velocity of the airflow:

Vair = 1.696 + 0.003903 | - 0.2162 Tamb - 7.523%x107 12- 6.719%10° 1  (19)
Tamb + 0.004525 Tamp 2, R?= 0.9617

The average Ppv-aand Ppv-p were 36.4 W and 36.6 W, respectively. The increase
in energy produced by the PV-ref module was 1.2% and 1.7% higher than the PV-
b and the PV-a modules, respectively. The PV-ref was the most efficient
compared to PV-a and PV-b. The average efficiency achieved by PV-ref, PV-a,
and PV-b was 15.9%, 15.6%, and 15.7%, respectively, as illustrated in Figs. 19
and 20.

3.4.6. Investigation of the effect of the Earth-Air Heat Exchanger on the PV
module efficiency

The airflow velocity generated by the SC combined with the PV module is
252.3% faster than the airflow velocity generated by the SC combined with the
PV module and EAHE. Although the efficiency of the EAHE was 90.8%, this did
not improve the efficiency of the PV module integrated with it. The efficiency of
the PV module integrated with it was 15.4%. In comparison, the efficiency of the
PV module integrated with the SC was somewhat better at 15.5% due to the low
flow velocity resulting from the low pressure inside the EAHE tubes. The average
Ppv-a and Pev-p were 33.5 W and 33.7 W, respectively. The increase in energy
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produced by PV-ref modules was 1.7% and 1% higher compared to PV-b and PV-
a modules. As illustrated in Figs. 21 and 22. The airflow velocity is subjected to
the following equation:
Vair = -228.3 + 0.9259 | + 5.233 Tamp - 0.001332 1% - 0.01941 | Tamo (20)
+ 7.847x107 I® + 2.384%10° 12 Tamb - 1.481x10% 1* - 9.713%10°
I Tamb, R?= 0.8699
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3.5. The performance of the PV module depends on the forced ventilation

The velocity generated naturally by the SC alone (without additional SAC) is
insufficient to generate sufficient airflow to cool the integrated PV module. It is
necessary to integrate the hybrid system (PV-SC-EAHE) with forced air flow
using fans, and this would cause an increase in the electrical power generated by
the integrated PV modules. However, the forced speed must not be less than 1
m/s or 1.5 m/s, as the increase in generated power is not less than 37.12 W and
35.39 W (achieving an increased power of no less than 0.37 W and 0.84 W)
respectively. In this case, the power was generated from the PV modules, but at
the same time, power was consumed from another source to operate the fans,
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which is not less than 3 W at a fan speed of 1 m/s and 4.6 W at a fan speed of 1.5
m/s. Figs. 23, 24, and 25 illustrated the efficiency and power produced by the PV
modules at forced airflow were 0.5, 1, and 1.5 m/s) The additional power
generated by the integrated PV module was subject to the following equation:

Ppv-add = Ppv - Ppv-ret = -0.7054 + 1.087 X Vfan - 0.02717 Ptan , R?= (21)
0.9999
mss——— Power =---0--- Efficiency s Power ---0--- Efficiency s Power ---0--- Efficiency
38 366 '. 364 363 13 = Aas EEEE S SE 8 o As 34.55 BB 2916 03 g
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% 34 i u é %34 § %32 i §
32 o 32 T &
30 10 30 30
PVref pel¥ules PYP PV- refThe'ir\lf)(ziiules » PV- I'ef'l'he'?r\(otiiiules ®

Fig. 23. The PV efficiency Fig. 24. The PV efficiency Fig. 25. The PV
and power (Forced airflow and power (Forced airflow  efficiency and power
- Case 1). - Case 2). (Forced airflow - Case 3).

3.6. The performance of the PV module depends on the solar air collector

3.6.1. Investigation of the effect of solar collectors on the efficiency of PV module

The temperature of the air exiting the PV/T collector and entering the SC is not
sufficient to create an adequate flow to draw air from the EAHE, passing through
the PV/T, and reaching the SC. This requires raising the temperature of the air
before it enters the SC by incorporating a SAC. Therefore, the airflow velocity is
directly proportional to the length of the SAC, which means that as the length of
the SAC increases, the airflow rate increases and is subject to the equation:

Vgir = 0.0599 L, + 0.4564 , R? =0.9819 (22)
The airflow rate was 0.47 m/s when the length of the collector was equal to the
length of the PV module. When the length of the solar collector became ten times
the length of the PV module, the velocity became equal to 1.03 m/s, which is
sufficient at this value to sufficiently cool the PV module and increase the amount
of power output compared to the non-integrated PV module.

The amount of power output from the PV module increased with the increase in
the length of the SAC, as its amount was 37.38 W when the length of the collector
was equal to the length of the PV module. Still, when the length of the collector
was ten times the length of the PV module, the power increased by 2.2%. The
generated power and temperature of the PV module with the SAC and the hybrid
system (PV-SC-EAHE) are governed by the following equations respectively.

Pp, = 37.335 109977 = R2 =0.9822 (23)

coll

Tpy = 0.0226 Lop;> — 0.5569 Loy + 59.326 , R? =0.9983  (24)
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Fig. 26 shows the relationship between the length of the SAC and the airflow rate
through the SC as a result of using the SAC. Fig. 27 shows the relationship
between the length of the SAC compared to the generated power and the
temperature of the PV module.
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Fig. 26. The airflow velocity generated Fig. 27. The average PV power
in the combined-assisted solar production by the PV modules and their
collector system is a function of the temperatures.

length of the PV module.

3.6.2. The effect of solar air collectors on the efficiency of the photovoltaic
module in different climates

The flow was 20% faster in the hot location (Al-Najaf) than in the cold location
(Godollo). The generated velocity reached a maximum of 1.1 m/s in the hot
location and 0.95 m/s in the cold location. Likewise, the flow increases more
during the hot months of the year than in the cold months of the year in both
climates (Fig. 28). The PV module temperatures in hot regions are generally
higher compared to cold regions. The integrated PV module shows lower
temperatures compared to the reference PV module in Al-Najaf and Godullo in
all months. However, it is noted that the amount of cooling in hot areas was higher
and better than in cold areas (2%) because the flow velocity was higher in the
cold region (Fig. 29). The following equation is put into effect to the airflow
velocities to perform the estimation:

Vair = 0.2762 + 0.005205 I - 0.0423 Tamp - 1.158%107° 12 + (25)
0.0001367 I V + 8.533%107 I3 -1.166x10" I* Tamv,  R*=0.9627
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Fig. 28. The monthly naturally Fig. 29. The monthly PV temperatures
generated airflow velocity in Al-Najaf  of the integrated PV module compared
and Go6dollo. to the PVt for Al-Najaf and G6dollo.
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4. CONCLUSION AND SUGGESTIONS

The study investigated the integration of a photovoltaic (PV) module with a
solar chimney (SC) and earth-air heat exchanger (EAHE) to enhance system
efficiency. Conducted through experiments and simulations in Iraq (hot
climate) and Hungary (cold climate), the research introduced a
MATLAB/Simulink model for predicting soil temperature distribution and
designing integrated or individual EAHE, SC, and PV systems.

Key findings include the introduction of innovative approaches assessing soil
thermo-physical properties, demonstrating the model's reliability with a
93.6% match to measured data. Among four EAHE types, MS-pipe EAHE
exhibited the lowest pressure losses and air fan power, while TS-pipe EAHE
had the highest. S-pipe and TS-pipe EAHE showed the highest cooling
potential, and multi-pipe EAHE had the lowest. SC integration increased
airflow velocity by 5.2 times, with a rectangular SC enhancing velocity by 5%
over a circular SC. The black SC exhibited a 1% higher airflow velocity than
the white SC. EAHE length influenced natural airflow, with EAHE-5 m
generating 14.7% faster velocity than EAHE-10 m.

In the case of narrower PV/T in EAHE, tube airflow velocity was 1.2 times
that of wider PV/T. The SC with PV module achieved 252.3% faster airflow
than the SC with PV module and EAHE. However, the PV module could not
be cooled by SC's natural airflow alone, necessitating the integration of a solar
air collector (SAC) before SC and after PV/T. Integrating a SAC 10 times the
PV module's size increased PV module efficiency by 2.2%. Natural airflow in
the hot location was 20% faster than in the cold location, reaching 1.1 m/s in
the hot location and 0.95 m/s in the cold. Temperature differentials between
ambient air and soil were observed, with stable soil temperatures at 5 m depth
in Al-Najaf.

EAHE in G6d6116 demonstrated cooling and heating efficiency of 71% and
70.1%, respectively, lowering summer temperatures by 11°C and raising
winter temperatures by 6.5°C. The study suggested further exploration of
variables, such as integrating a solar dryer with the system, utilizing EAHE
for night cooling and heating, and optimizing PV/T, SAC, SC, and EAHE
structures. Opportunities for additional renewable energy sources, energy
storage integration, and global impact assessment were proposed. Economic
analysis of the long-term cost and benefits of the PV-SC-EAHE system was
recommended for further research.
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5. NEW SCIENTIFIC RESULTS
This section presents the new scientific findings from this research work as
follows:

1. The effect of thermo-physical properties of the multilayer soil on earth-air
heat exchanger efficiency

| discovered that the multi-layer soil affects the efficiency of the EAHE. Based
on the experimental results, | found that the amount of the relative difference
between the outlet temperature of the EAHE system is 3.8% for a system of length
12 m and the thermal diffusivity range between 3.0258E-07 m?/s and 4.3171E-07
m?/s. It is subject to the following equation: RDrou represents the relative
difference of the outlet temperature, while Lpipe represents the length of the EAHE
pipe. The effect of the relative difference in the type of layers was directly
proportional to the length of the EAHE. As the length of the EAHE increases, the
relative difference increases.

RD1out = 0.0002389 X Lpipe® - 0.01877 X Lpipe > + 0.5089 % Lypipe - 0.09124,
R?=0.9999

For this reason, it was necessary to develop a new methodology to estimate the
thermo-physical properties of the multi-layered soil, especially since the method
adopted so far by researchers and engineers when estimating the temperature
distribution of soil assumes that the soil is one layer, and this is not available in
most locations around the world. Soil thermo-physical properties include specific
heat capacity, thermal conductivity, density, which depends on moisture content
and dry and wet density.

Accordingly, a practical laboratory method and a theoretical simulation method
were developed as a general rule; the practical laboratory approach calls for all
types of soil to be mixed, the amount of each type being proportional to its
presence on the work site, and then subjected to standard procedures to examine
their properties and use the following equations:

_ (MT)be_(MT)af

_ (MT)be
Pearet =\ Wrdpe
p — <(MT)af)
@y =\ (Vray
The theoretical simulation methodology can also be used by using the following

equations to determine the equivalent moisture content if the sample size and
mass for each type of soil removed and its moisture content are known:
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2. Performance assessment of the integrated solar energy system with earth-air
heat exchanger system.

| have created the mathematical and programming linkage of equations and
formulas critical for the design, evaluation, and analysis of an integrated solar
energy system with EAHE (PV-SC-EAHE), with the aim of assisting designers
and researchers in the task of visualizing and estimating the performance of a
complex system across different global locations. This model is extremely
important, as it not only facilitates the determination of the optimal length of the
tube and ground area necessary to bury the tube to achieve the required air cooling
of the integrated PV module and SC, but also provides valuable explanations
about the basic mathematical relationships that manage the system.

The model is implemented using the MATLAB/Simulink environment, this
model brings together a comprehensive set of crucial mathematical equations and
formulas, which are complexly related both mathematically and
programmatically. This allows designers across the world to evaluate soil
temperature distribution at a variety of depths, estimate the thermo-physical
properties of the soil at a specific location, as well as evaluate the temperature,
efficiency, and power of the PV module. The model also provides assistance in
determining the SC dimensions needed to ensure adequate airflow, drawing air
from the surroundings through the integrated EAHE, PV and SAC system to
enhance the use of solar energy. In addition, it provides a means of checking the
temperature of the air entering the SC, forcing it out into the surrounding
environment.

The provided and discussed measured and anticipated findings showed that the
disparities between the two ranged from (6.0-6.9)%, with an average of 6.4%.
These ratios are acceptable due to their capabilities, advantages, and cost savings
in light of the measurement process, its challenges, and instantaneous and
continuous weather fluctuations, as well as the conditions and assumptions that
accompany the simulation model-building process using MATLAB. They are
dependable vision and visualization tools. Since it was constructed using
authorized scientific procedures and processes, the future system can alter and
analyze its results before implementing it. Thus, this concept is promising and
can be modified and developed in the future.
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3. Effect of geometric configuration on natural airflow generation in the
integrated solar energy system with an earth-air heat exchanger system.

I have explored the effect of the integration of SC and its shape, the integration
of the EAHE and its length, PV/T depth, and the effect of climate on natural
ventilation and air circulation during a hybrid system (PV-SC-EAHE). Based on
the experimental results, the following are the outcomes that | have investigated:

= The SC, when integrated with PV modules and EAHE, leads to an increase
of approximately 5.3 times in the airflow velocity. The airflow velocity is
subjected to the following equation because of this integration:

Vair = 2.807 - 0.003708 | - 0.06196 Tamb +1.005%10°° I2 + 7.783%10° | Tam -
0.0002501 Tamb?, R?>= 0.9623
= The airflow velocity is increased by about 5% when the rectangular SC is
utilized, as compared to the cylindrical SC. In order to estimate the velocity
of the airflow, the following equation is applied:

Vair = -0.746 + 0.001783 | + 0.02385 Tamp + 8.364x1078 12 - 4.812x10° |
Tamb, RZZ 0.9789
= The velocity of the airflow that passes through a narrower PV/T collector is
1.2 times higher than the velocity of the airflow that passes through a wider
PV/T collector. It is necessary to make use of the following equation to
determine the velocity of the airflow:

Vair = 1.696 + 0.003903 I - 0.2162 Tamp - 7.523%107 12 - 6.719x10° | Tamp +
0.004525 Tamb?, R’=0.9617
»= The SC integrated with the PV module generates an airflow velocity 252.3%
faster than the airflow velocity generated by the SC integrated with the PV
module and the EAHE. The airflow velocity is subjected to the following
equation:

Vair = -228.3 + 0.9259 | + 5.233 Tamb - 0.001332 17 - 0.01941 | Tamb +
7.847x107 13 + 2.384%10° 12 Tamp - 1.481x107%° 1* - 9.713%10°° I® Tamn,
R?=0.8699
= The airflow velocity caused by the SC through the EAHE with a length of 5
m is 14.7% more than the airflow velocity through the EAHE with a length
of 10 m. The following equation establishes the airflow velocity:

Vair = -2.173 + 0.001843 | + 0.1288 Tamp - 4.726x107 | Tamp - 0.001891
Tam?,  R?=0.9731
= The airflow velocity that is created by the PV-SC-EAHE system in Al-Najaf
is noticeably 20% faster when compared to the airflow velocity that is
generated by the PV-SC-EAHE system in G6dol116. The following equation
is put into effect to the airflow velocities in order to perform the estimation:

Vair = 0.2762 + 0.005205 | - 0.0423 Tamb - 1.158%10° 1 + 0.0001367 | V +
8.533x107° I°-1.166%107 12 Tamb, R?*=0.9627
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4. The effect of the forced air and earth-air heat exchanger on the photovoltaic
module efficiency.

I have found that the speed normally generated by the SC alone (without
additional SAC) is insufficient to generate sufficient airflow to cool the integrated
PV module. For reasons related to the loss of pressure that occurs along the path
through which the air passes through the EAHE and the PV/T collector to reach
the SC, which dissipates part of the generated velocity on the one hand, and as a
result of the insufficient temperature difference between the inside of the SC and
the ambient temperature which reduces of the buoyant force inside the SC on the
other hand. Therefore, the flow necessary to cool the PV module is not generated.
For this reason, one of the proposed methods is to combine the hybrid system
(PV-SC-EAHE) with forced airflow using fans, which would cause an increase
in the electrical energy generated by the integrated PV modules. However, the
forced speed must not be less than 1 m/s or 1.5 m/s, as the increase in generated
power is not less than 37.1 W and 35.4 W, respectively. The additional power
generated by the integrated PV module was subject to the following equation:

va—add = va - va—ref =-0.7054 + 1.087 X Vian - 0.02717 Pfan , R?=0.9999

In this case, power was generated from the PV module, but at the same time,
power was consumed from another source to operate the fans, which is not less
than 3 W at a fan speed of 1 m/s and 4.6 W at a fan speed of 1.5 m/s. This
necessitates the exploration of an alternative approach to generate sufficient
airflow without relying on electrical energy consumption, aiming to enhance the
efficiency of PV modules through the utilization of an innovative hybrid system
combining PV modules and SC with EAHE (PV-SC-EAHE). The focus of this
alternative method should be directed towards elevating the temperature of the air
exiting the PV/T collector and entering the SC, ensuring that the average air
temperature inside the SC is maximized compared to Tamb.

5. The effect of the solar air collector on the efficiency of photovoltaic modules.

| have explored that the temperature of the air exiting the PV/T collector and
entering the SC is not sufficient to create an adequate flow to draw air from the
EAHE, passing through the PV/T, and reaching the SC. This requires raising the
temperature of the air before it enters the SC by incorporating a SAC. Therefore,
| found that the airflow velocity is directly proportional to the length of the SAC,
which means that as the length of the SAC increases, the airflow rate increases
and is subject to the equation:

Vair = 0.0599 L, + 04564, R? =0.9819

The airflow rate was 0.47 m/s when the length of the collector was equal to the
length of the PV module (the collector's width is similar to the PV module's
width). When the length of the SAC became ten times the length of the PV
module, the velocity became equal to 1.03 m/s, which is sufficient at this value to
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sufficiently cool the PV module and increase the amount of power output
compared to the non-integrated PV module. The length of the SAC, which is
equal to six times the length of the PV module, was sufficient to generate
sufficient air velocity to cool the integrated PV module. This collector, of this
size, caused a speed of 0.84 m/s to draw air from the EAHE at a low temperature
of 20.8 °C, while the air temperature was not less than 30 °C.

The amount of power output from the PV module increased with the increase in
the length of the SAC, as its amount was 37.4 W when the length of the collector
was equal to the length of the PV module. Still, when the length of the collector
was ten times the length of the PV module, the power increased by 2.2%. This
occurred due to increased airflow, which helped reduce the temperature of the PV
module from 58.9 °C to 56 °C. The generated power and temperature of the PV
module with the SAC and the hybrid system (PV-SC-EAHE) are governed by the
following equations, respectively.

PPV = 37335 L(L)‘.C())l0l77 y RZ = 0.9822
Tpy = 0.0226 L., > — 0.5569 L., + 59.326, R? =
0.9983

6. The effect of geometric configuration of an earth-air heat exchanger system
on its efficiency.

Based on experimental and simulation results, I have discovered that the
efficiency of EAHE is affected by its geometric configuration by comparing four
types of geometric configurations of EAHE (S-EAHE, M-EAHE, MS-EAHE,
and TS-EAHE systems). Accordingly, the MS-EAHE has the lowest pressure loss
among other EAHE system types, resulting in the least additional air fan power
required to operate the fan needed to circulate the air inside it. M-EAHE had more
significant pressure losses compared to MS-EAHE by approximately 1.6 times.
The S-EAHE and TS-EAHE types had the highest pressure losses. They required
the most significant amount of additional air fan power for operation, as their
pressure losses were 13.8 and 14.7 times, respectively, and their additional air fan
power was 71.1 and 75.5 times higher than MS-EAHE. Furthermore, the S-EAHE
and TS-EAHE have the highest cooling potential compared to other EAHE
system types, at 278.3 W on average. The MS-EAHE and the M-EAHE have less
cooling potential of 19.1% and 22.3%, respectively, compared to the S-EAHE
and the TS-EAHE types. The four types are subject to the following equations,
where CP represents the cooling potential of the EAHE types and Tin represents
the inlet temperature of the EAHE.

CP = 1.853%x10%sin(0.002276 Tin +6.218), R?>=1  (For S-EAHE and TS-
EAHE)

CP = 1.295x10%sin(0.002528 Tin +6.211), R*=1 (For M-EAHE)

CP = 1.383x10%sin(0.002467 Tin +6.213), R*=1 (For MS-EAHE)
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6. SUMMARY

THE EFFECT OF INTEGRATING AN EARTH-AIR HEAT EXCHANGER
ON PHOTOVOLTAIC MODULE EFFICIENCY IN COMBINATION WITH
A SOLAR CHIMNEY

The study focused on evaluating the efficiency of a combined photovoltaic
(PV) module, earth-air heat exchanger (EAHE), and solar chimney (SC)
system under extreme climatic conditions in Hungary and Iraq. In G6dollo,
Hungary, two hybrid systems incorporating PV modules, SC, and EAHE,
along with a reference system without these components, were meticulously
developed and tested. The experimental and simulation results highlighted the
superiority of a hybrid system that integrated EAHE, PV/T, SC, and a solar
air collector (SAC) when compared to a reference PV module.

The study introduced innovative laboratory and theoretical simulation
methods to assess multi-layer soil thermo-physical properties based on
moisture content and densities. The developed MATLAB simulation model
for PV-SC-EAHE system design and global performance estimation
demonstrated a 6.4% difference from measured data, establishing its
dependability. Among the four EAHE types, MS-tubed EAHE exhibited the
lowest pressure losses and air fan power, while TS-tubed EAHE showed the
highest pressure losses, requiring the most power. The multi-tube type had the
lowest cooling potential, and EAHE MS-tubes exhibited the highest.

Integration of SC, PV module, and EAHE significantly increased airflow
velocity within the tube by 5.3 times. The length of EAHE influenced natural
airflow, with EAHE-5 m generating 14.7% faster airflow than EAHE-10 m.
Experimental findings revealed that a rectangular SC increased airflow
velocity by 5% compared to a circular SC.

Experimental tests indicated that the natural airflow generated by SC,
combined with PV-SC-EAHE, was insufficient to cool the PV module,
necessitating the integration of SAC before SC and after PV/T. Integration of
SAC, with an area ten times that of the PV module, improved PV module
efficiency by 2.2%. Simulation results indicated a 20% faster natural airflow
in the hot location (Al-Najaf) compared to the colder location (G6do6116), with
maximum velocities of 1.1 m/s and 0.95 m/s, respectively.

Temperature differentials between air and soil at a depth of 2 m during
summer and winter were measured, with Go6dolld experiencing higher
differentials than Al-Najaf. In Al-Najaf, soil temperature at a depth of 5 m
remained consistent throughout the year, with significant temperature
differences between soil and air.
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