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NOMENCLATURE AND ABBREVIATIONS 

Abbreviations  

AIR    Air 

AMB  Ambient 

ASHRAE  
American Society of Heating, Refrigeration and Air-conditioning 

Engineers 

BS    Back Surface of PV module 

CELL  Solar Cell 

Coll Collector 

CP Cooling Potential 

EAHE Earth-Air Heat Exchanger  

FR Heat removal factor 

G     Glass 

I     Insulating Sheet 

PCM  Phase Change Material 

PV Photovoltaic 

PV/T Photovoltaic/Thermal collector 

REF    Reference condition 

SAC Solar Air Collector 

SC Solar Chimney  

SCPP Solar Chimney Power Plant 

SOIL Soil 

SR  Solar Radiation 

T     Tedlar 

TH    Thermal 

W     Wind 

  
Symbols  

A Area (m2) 

AFP The air fan power (W) 

Ao Annual amplitude of the ambient temperature, (oC) 

Asurf Pipe's internal surface area (m2) 

Closs  The bend loss coefficient (-) 

Cp  Specific heat capacity (kJ/kg K) 

Cpd  Soil dry specific heat capacity (840 J/kg K) 

Cpw Specific heat capacity of water (4180 J/kg K) 

Cv Volumetric heat capacity (J/ m3 K) 

d Damping depth of annual fluctuation (m) 

Dpipe  Burial pipe inner diameter (m) 

Eg0 The band gap for silicon = 1.1 eV 

f Friction factor (-) 

g Acceleration due to gravity (m/s) 

h Convective heat transfer coefficient (W/m2 K) 
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H Chimney height (m) 

hCONV_UND 
Convective heat transfer coefficient on a lower surface of insulating 

module (W/m2 K) 

hCONV_UPP 
Convective heat transfer coefficient on upper surface of PV module 

(W/m2 K) 

hf    Convective heat transfer coefficient inside the air duct (W/m2 K) 

hRAD    Radiative heat transfer coefficient from solar cells to ambient (W/m2 K) 

hRAD_DUCT  Radiative heat transfer coefficient inside the duct (W/m2 K) 

I    Incident solar intensity (W/m2) 

I0 Module saturation current (A) 

Iph The light generated current in a PV module (A) 

Ipv Output current of a PV module (A) 

Irs The PV module reverse saturation current (A) 

ISCr The PV module short-circuit current at 25 oC and 1000 W/m2 = 2.55 A 

k Thermal conductivity (W/m K) 

Ki The short-circuit current temperature co-efficient at ISCr = 0.0017 A/oC 

ksoil Soil thermal conductivity (W/m K) 

L   Thickness (m) 

Lpipe Total burial pipe length (m) 

Lpv   Length of PV module (m) 

M  Mass (kg) 

Np The number of cells connected in parallel  

Ns The number of cells connected in series 

Nu Nusselt number (-) 

P Pressure (Pa) 

p     Packing factor 

PPV The extracted PV power (W) 

Pr Prandtl number (-) 

Q Amount of heat (W) 

q Electron charge = 1.6 × 10-19 C 

Q Heat gain (W) 

QU    Rate of useful energy transfer (W) 

Ra Rayleigh number 

Re  Reynolds number (-) 

Rs The series resistance of a PV module (Ω) 

T Temperature (°C) 

Ta Ambient air temperature (°C) 

Tch Mean chimney air temperature (°C) 

Tin-EAHE  EAHE air inlet temperature (°C) 

Tin-SC  SC air inlet temperature (°C) 

to Time lag between an arbitrary starting date (considered as Jan. 1) (days) 

To  Outdoor air temperature (°C) 

Tout-EAHE  EAHE air outlet temperature (°C) 

Tout-SC,L SC air outlet temperature (°C) 

TPV The module operating temperature (°C) 

Tref The reference temperature = 25 (°C) 
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Tsoil Undisturbed ground temperature (°C) 

U0 Overall heat loss coefficient (W/m2 K) 

Ub0    
Overall back loss coefficient from upper surface of insulation to ambient 

(W/m2 K) 

Ut    Overall heat transfer coefficient from solar cell to ambient (W/m2 K) 

UT    
Conductive heat transfer coefficient through solar cell and Tedlar (W/m2 

K) 

UtT    
Overall heat transfer coefficient from glass to tedlar through solar cell 

(W/m2 K) 

va Airflow velocity (m/s) 

Vpv Output voltage of a PV module (V) 

Vw Wind velocity (m/s) 

W Width of PV module (m) 

w Water content (%) 

z  Depth under the ground (m) 

α  Thermal diffusivity (m2/day) 

Δp Pressure drop (N/m2) 

Δpstack Pressure drop due to buoyancy (N/m2) 

ΔTch Mean chimney temperature elevation above ambient temperature (oC) 

ΔTlm The logarithmic average temperature difference (-) 

Δx  Layer thickness (m) 

 Mass flow rate (kg/s) 

  

Greek  

(ατ)EFF Product of effective absorptivity and transmissivity 

µ  Dynamic viscosity (kg/m s) 

α Absorptance of the collector absorber plate 

ά Thermal diffusivity (m2/s) 

β      Efficiency reduction coefficient 

δ Declination angle (°) 

ε Emissivity 

η     Efficiency (%) 

θz Zenith angle (°) 

λ The PV module illumination= 1000 W/m2 

μ Dynamic viscosity (kg/m s) 

ν Kinematic viscosity (m2/s) 

ρ     Density (kg/m3) 

ρa Ambient air density (kg/m3) 

ρch Mean chimney air density (kg/m3) 

ρd Dry soil density (kg/m3) 

ρsoil Soil density (kg/m3) 

ρw Density of water (kg/m3) 

σ Boltzman constant = 1.3805 × 10-23 J/K 
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σ     Stefan-Boltzmann constant W/(m2 K4) 

τ Transmissivity of the glass cover 

  

Subscripts/superscripts 

a Ambient, air 

ch Solar chimney 

coll Collector 

g Glass 

in Inlet, initial 

o Outlet, overall 

s Sky 

u Useful 

w Wind, water content 
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1. INTRODUCTION, OBJECTIVES 

This chapter describes the background and objectives of the current research. 

1.1. Introduction 

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 (Zarezade and Mostafaeipour, 2016). Solar energy can be generated in solar thermal power 

plants and PV modules. Moreover, there is another method, namely, the solar chimney (SC) 

(Ahmed and Hussein, 2018). 

The efficiency of the PV module is affected by the rise of the operating cell temperature, 

particularly in hot climates. It's causing a reduction in their electricity generation. Solar Chimneys 

or solar towers are forms of passive solar design that can produce electricity. SC (often referred to 

as a thermal chimney) is a way of improving the natural ventilation of buildings by using 

convection of air heated by passive solar energy. A simple description of a SC is a vertical shaft 

utilizing solar energy to enhance the natural stack ventilation through a building (Al-Dabbas, 

2011). The diligent development of the concept has included the investigation of new methods to 

increase the parallel solar chimney efficiency and capacity to reduce the cost of this type of power 

plant. 

The high temperature of the air had a negative impact on the PV module's efficiency and its 

lifetime. This requires cooling the PV module to improve its efficiency and thus obtain better 

energy. One of the methods used to cool the PV module is passing water on its surface. The hybrid 

solar chimney was also used to increase the velocity of the air surrounding the PV module, thereby 

increasing the heat exchange between it and the surrounding air. In some seasons such as summer 

and in tropical and subtropical regions, the air temperature is very high, which leads to a heat 

exchange between the PV module and the ambient air. A heat exchange is insignificant and, thus, 

energy loss even in the case of increased air velocity. This requires a supply of relatively cold air 

to pass on the surface of the PV module and thus increases the resulting energy (increasing its 

efficiency). 

This present work aims to enhance the efficiency of PV modules. The Earth-Air Heat Exchanger 

system (EAHE) will supply relatively cold air for the cooling PV module to increase the system's 

total useful power with the solar chimney's assistance. The purpose of using a SC is to increase air 

velocity (Kinetic power) without energy consumption. As a result, it enhances the efficiency of 

PV modules by using a hybrid system. Thus, this work aims to investigate the effect of integrating 

an EAHE on the efficiency of the PV modules in combination with SC. 

PV modules, SC, and EAHE have merits and drawbacks. A hybrid solar-geothermal system may 

outperform the stand-alone energy system by taking over some advantages and overcoming some 

problems of the two energy resources because of the mutual compensation in energy properties 

and structures. Realizing the above outperformance requires that solar assets are abundant at the 

locations.  

As is known, the PV module generates electrical energy by a certain amount, which depends on 

the size of the PV system itself and its efficiency, which depends on the type of the PV module, 

radiation intensity, ambient temperature, and other factors. The role of combining the PV system 

with other systems is coming to make a new hybrid system that aims to improve the efficiency of 

the PV module in particular and the entire system in general. One type of this combination is the 

PV modules system with a geothermal system and a solar chimney. This type of combination has 

not been applied practically yet, and researchers have not taken it up extensively. One researcher 
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suggested a system similar to this type and intended to improve the efficiency of the solar chimney 

by using PV modules and a geothermal system. The researcher proposed Hybrid 

Geothermal/SCPP (Solar Chimney Power Plant) and Hybrid Geothermal/PV/SCPP for 

prospective SCPP in the south region of Libya. Geothermal hot water is pumped and circulated 

through pipes embedded on the soil surface under the collector roof, thus hating up the adjacent 

air to generate artificial wind (hot air stream) that turns the turbine. The Hybrid Geothermal/PV/ 

SCPP is similar to the Hybrid Geothermal/Solar Chimney Power Plant but includes PV as auxiliary 

energy converted and an inverter that converts the DC power generated by the PV to AC power to 

enhance the power generation (Hussain, 2007). 

1.2. Objectives 

A limited number of studies have examined the topic of PV-EAHE integration or SC-EAHE 

integration, according to the literature study. There has also been a lack of research into how SC-

PV-EAHE affects ventilation and cooling in structures and rooms during hot, moderate, and cold 

climates. To address this gap, this research will simulate and conduct experiments to develop a 

new system that integrates SC, PV, and EAHE; the goal is to determine how integrating SC and 

EAHE affects the efficiency of photovoltaic modules. Two cities with contrasting climates, one 

with hot and dry weather and the other with cold weather will serve as the sites of this investigation. 

This study's thorough analysis of renewable energy source integration is crucial to decreasing 

energy consumption and addressing the issue of solar modules' high temperature and short 

lifespan. In addition, the results of this study demonstrate that prior research has not given this 

issue sufficient attention. It should be noted that EAHE design, soil temperature distribution 

estimation, and SC-PV-EAHE system design have not used MATLAB much despite its reputation 

for accurately resolving design difficulties. Therefore, this study adds to our knowledge of how 

SC, EAHE, and PV system integration can improve PV module efficiency and reduce energy usage 

in various climates. It enhances research in this area by presenting a novel MATLAB/Simulink 

model for efficiently designing such systems. To achieve these objectives, the research endeavours 

to address the following key aims: 

• 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. 

• To explore 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. 
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2. LITERATURE REVIEW 

This chapter aims to furnish a comprehensive overview of various components, including the 

EAHE, PV modules, SC, Soil characteristics and heat transfer, MATLAB simulation models for 

renewable energy systems, and the integration of EAHE, PV modules, and SC. It delves into their 

key attributes and potential applications in diverse thermal contexts. Additionally, the chapter 

emphasizes a meticulous examination of the integration techniques presented in the previous 

literature studies. This extensive analysis aligns with the dissertation's overarching theme. 

2.1. Earth-Air Heat Exchanger System 

2.1.1. Fundamentals, components, and working principle of earth-air heat exchanger 

Geothermal energy has a long history of use as a sustainable source of power. It is well-known for 

its capacity to store vast quantities of energy and deliver reliable system operations, which in turn 

reduces building energy usage (Ascione et al., 2016; Zhang et al., 2018, 2019; Cuny Lapertot et 

al., 2020; Tang et al., 2020). The weather and environmental factors impact geothermal energy 

systems less than other renewable energy sources like wind and solar power (Qin Z. Liu et al., 

2021). Because the soil temperature is relatively stable at specific depths, typically below 2-4 m, 

the geothermal energy system is also very efficient for both heating and cooling spaces (Mehdid 

et al., 2018; Zeng et al., 2019). Because of its straightforward design and inexpensive running 

costs, EAHE have become a popular and practical method of using geothermal energy in buildings. 

In the past few decades, it has garnered a lot of interest (Li et al., 2019; Cuny Lin et al., 2020). 

Fig. 2.1 depicts an EAHE system consisting of horizontal pipes buried in the ground. Its purpose 

is to supply cooling and heating systems in buildings with outside air for ventilation and to reduce 

or replace part of the energy required to run the system (Tzaferis et al., 1992; Magraner et al., 

2010; Barakat et al., 2019; Romanska-Zapala et al., 2019; Zhou et al., 2020). Because of its low 

maintenance needs and tremendous potential for energy savings, EAHE are a great option to 

consider. The phenomenon can only be explained by changes in soil temperature relative to the air 

around it. When it's hot outside, the soil dips lower than the air temperature. In addition, there is a 

rather constant soil temperature at a given depth below ground level all year round (Bisoniya et 

al., 2013; Kumar Singh and Sharma, 2017; Faridi et al., 2019, 2021). Heat exchange between the 

air and the ground via the tube walls (air-ground) systems, which are frequently employed to 

transmit soil heat, warms the cold air as it enters the exchanger (Kaushik et al., 2013). The depth 

of the soil temperature profile is also affected by the soil's physical characteristics and the weather 

conditions (Zhongbing Liu et al., 2019; Ali et al., 2021; Qin Z. Liu et al., 2021). 

2.1.2. Variations and installation methods of earth-air heat exchanger 

Diaphragm-less heat exchangers, such as plate-type, comb-type, and gravel-type exchangers, can 

enhance EAHE (Chmielewski, 2017; Zukowski and Topolanska, 2018; Amanowicz and 

Wojtkowiak, 2021). Both (Zukowski and Topolanska, 2018) and (Besler et al., 2022) verified the 

experimental efficiency. A gravel-type exchanger is a kind of heat exchanger that uses a layer of 

gravel about 1 m below ground to alter the humidity and temperature of the air passing through it, 

hence eliminating the need for a membrane. Comb-type exchangers use two combs to distribute 

and discharge air through corrugated ducts and gravel layers, sprinkler systems installed for 

improved regeneration and humidification, and insulation covering the system to a suggested depth 

of 1 m (Zukowski and Topolanska, 2018). Plate-type exchangers use a 50 mm gravel bed and 

polystyrene insulation to simulate an 8 m depth without a membrane. 
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Fig. 2.1. Portrays a conceptual diagram of EAHE passive air-conditioning (Ali et al., 2023). 

Underground pipes, either rectangular (Wei and Yang, 2019) or circular (Sinacka and 

Szczechowiak, 2017; Agrawal et al., 2020, 2021) in shape, are one method of construction for an 

EAHE. Exchangers of the pipe type can have either one or several pipes. Configurations using a 

single pipe are more flexible and can be coiled to fit into smaller areas. Parallel pipes linked by 

manifolds form multipipe systems. Fig. 2.2 shows the two kinds of systems. Separate types of 

EAHE exist based on the type of pipe arrangement (vertical, horizontal, helical, or slinky) and the 

type of loop (closed, open, or hybrid) (Soares et al., 2021). Tables containing data from analytical 

and experimental studies of EAHE are included in this review (Bordoloi et al., 2018; Amanowicz 

and Wojtkowiak, 2020b). 

The EAHE can be installed horizontally or vertically. Although vertical installation is an option, 

it involves digging to a greater depth, resulting in higher digging and piping expenses. The vertical 

configuration is not ideal in many locations, particularly those with geological layers, making it 

unsuitable for widespread use. The tube installation location can be next to or under the 

greenhouse, and drilling costs account for about 70% of the total EAHE installation costs (G. N. 

Tiwari et al., 2006; Bordoloi et al., 2018). 

 
Fig. 2.2. Presents the top perspective of exemplary multi-pipe and single-pipe exchangers (Ali et al., 

2023). 
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2.1.3. Operating modes and design considerations for earth-air heat exchanger 

EAHE can function continuously or intermittently (Florides and Kalogirou, 2007; Ozgener, 2011; 

Peretti et al., 2013; Yu et al., 2014; Soni et al., 2015; Mathur Srivastava Agrawal et al., 2015; 

Mathur Srivastava Mathur et al., 2015; Mathur Surana et al., 2015; Bordoloi et al., 2018; Rouag 

et al., 2018; Liu et al., 2018; Zhongbing Liu et al., 2019; Maytorena et al., 2021; Minaei et al., 

2021). In a transient investigation, Niu et al. (Niu et al., 2015) revealed that intermittent operation 

saves energy by reducing ground temperature restoration time. Mahdavi et al. (Mahdavi et al., 

2019; Maytorena et al., 2021) examined EAHE's summer and winter greenhouse air temperature 

regulation. Transient analysis is essential for long-term EAHE efficiency, especially when phase-

change materials are utilized to improve energy efficiency (Zhengxuan Liu et al., 2019; Zhou et 

al., 2020; Qin J. Liu et al., 2021; Z. Liu et al., 2021). System temperature drop during continuous 

operation decreases significantly with low soil thermal conductivity (Bansal et al., 2013b). 

Increased flow velocity lowers the system's thermal performance (Misra Bansal Agrawal Mathur 

and T. K. Aseri, 2013), while continuous operating duration and soil thermal conductivity affect 

transient thermal performance. Intermittently operated systems improve air temperature and 

cooling capacity because soil temperature and capacity recover during non-working periods (Niu 

et al., 2015). Pipe length increases mean daily efficiency, but pipe cross-sectional area and air 

velocity decrease it (Benhammou and Draoui, 2015). High soil-specific heat and low moisture 

promote thermal saturation, reducing EAHE efficacy (Mathur et al., 2016). Subsoil thermal 

characteristics and moisture can be improved (Agrawal et al., 2019). Longer pipes reduce 

continuous operating system thermal saturation. Heat diffusion in a pipe increases at 5 m/s, 

reaching 10 cm after 6 hours and 50 cm after 120 hours (Minaei and Safikhani, 2021). 

Designed for high-demand structures, multi-pipe EAHE reduces overall pressure losses in 

ventilation systems compared to single-pipe systems (Górka et al., 2013; Zukowski and 

Topolanska, 2018). However, new experimental and computational fluid dynamics (CFD) studies 

(Górka et al., 2013; Brum et al., 2019) have demonstrated that airflow varies considerably across 

pipes in typical multi-pipe EAHE, although this is not observed in single-pipe EAHE studied using 

CFD (Brum et al., 2019). The maximum airflow in a single branch pipe of an exchanger might 

significantly surpass the minimum airflow due to the static pressure differential between the input 

and exit of the final pipes (Amanowicz, 2018), as stated in (Amanowicz and Wojtkowiak, 2020a). 

Neither the U-type nor the Z-type is without flaws, but the former does a better job of distributing 

airflow. 

According to both experimental and CFD research, U-type structures outperform Z-type 

equivalent exchangers in terms of thermal performance (Wojtkowiak, 2012; Amanowicz, 2018; 

Amanowicz and Wojtkowiak, 2018). This is because U-type structures distribute airflow more 

uniformly and experience lower pressure losses. However, due to temperature fluctuations at the 

exchanger's output, CFD simulations have shown that U-type designs are less efficient than Z-type 

ones (Badescu and Isvoranu, 2011). In contrast to the findings in (Amanowicz and Wojtkowiak, 

2020b), a basic CFD model of a five-branch-pipe EAHE predicted that Z-type structures would 

have cooler outlet temperatures than U-type structures, assuming an input temperature of -20°C 

and ground/pipe wall temperatures of 8°C. 

Compared to similarly complicated U-type structures, Z-type structures show more variation in 

the distribution of airflow between parallel branch-pipes. According to reference (Amanowicz and 

Wojtkowiak, 2020a), the total pressure losses are higher at 90-degree connection angles than at 

45-degree angles, and Z-type structures generate more pressure losses than U-type structures. 

Significant losses in thermal efficiency (up to 20%) can occur in multi-pipe EAHE due to non-

uniform airflow distribution between parallel branch pipes, as stated in (Amanowicz and 

Wojtkowiak, 2020a). This highlights the need to include the actual airflow distribution in thermal 

calculations and to account for transient conditions according to the operating parameters of the 

system (Bansal et al., 2013a; Misra Bansal Agrawal Mathur and T. Aseri, 2013a, 2013b). 
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2.1.4. Mathematical models and simulation studies of earth-air heat exchanger 

Several mathematical models, techniques, and computer tools have been established and applied 

in the open literature to understand EAHE thermal performance better. Based on this data, Krarti 

and colleagues (Krarti and Kreider, 1996) developed an analytical model for the EAHE. For a 

tubular air/soil heat exchanger with isothermal boundary conditions, Hollmuller produced a 

thorough analytical solution (Hollmuller, 2003). (De Paepe and Janssens, 2003) conducted a study 

on the impact of EAHE design factors on thermal-hydraulic performance using a 1-D model. A 2-

D numerical transient technique, devised by (Badescu, 2007), enables the estimation of soil 

temperature at different depths using an EAHE model. EAHE was evaluated in Rhineland-

Palatinate, Germany, to determine their suitability for providing cooling and heating in residential 

buildings. Bansal et al. (Bansal et al., 2013a)evaluated the thermal efficiency of an EAHE (Earth 

Air Heat Exchanger) using an experimental technique and CFD modeling. The assessment was 

conducted in a transient regime, taking into account the meteorological variables in Ajmer, India. 

The equations suggested by researchers (Mihalakakou et al., 1997), (Mihalakakou, 2002), and 

(Ozgener et al., 2013) may predict the ground temperature profile based on meteorological data, 

exchanger depth, and ground thermal characteristics. The study conducted by (Rodrigues et al., 

2015) focused on numerical analysis of a multi-pipe EAHE system. Specifically, it investigated 

the influence of pipe depth on thermal performance. The analysis assumed equal airflow in each 

branch pipe to assess the pipe arrangement's effects. A numerical analysis was conducted by 

(Akbarpoor et al., 2021) with a domed roof, but neither pressure losses nor multipipe structures 

were examined. (Lapertot et al., 2021) Employed a multi-criteria decision-making methodology 

to enhance the efficiency of a single-pipe EAHE system in conjunction with a residential structure. 

Nevertheless, the study did not investigate the possible application of multi-pipe EAHE in thermal 

terms. The numerical simulations of a 65.5 m 3-pipe heat exchanger in the study by (Khabbaz et 

al., 2016) assumed that the air-flow distribution was uniform. However, the study did not consider 

the total pressure losses and airflow dispersion (Rosa et al., 2020). The analysis focused on the 

thermal efficiency and assumed a constant airflow across the exchanger. 

Researchers (Zhao et al., 2019) conducted CFD simulations to investigate how pipe depth, pipe 

length, and air input velocity affect the thermal performance of a 1:20 scale model of a four-pipe 

EAHE. However, they made the assumption of consistent airflow in each branch pipe, hence 

neglecting its potential impact on many factors. Researchers (Ahmed et al., 2016) ran a CFD 

simulation on a 20-pipe EAHE to evaluate its cooling efficiency. An investigation was conducted 

to analyze the influence of pipe length, pipe diameter, exchanger depth, and air velocity on the 

cooling effectiveness of the exchanger. 

2.2. Photovoltaic Module Efficiency 

2.2.1. Fundamentals of photovoltaic modules  

A PV module is a device that converts sunlight into electricity. It consists of multiple 

interconnected solar cells made of semiconducting materials, typically silicon. When sunlight hits 

the PV cell, photons in the sunlight transfer their energy to electrons in the semiconductor material 

(Widhiyanuriyawan et al., 2022). This excitation of electrons creates a flow of electric current, 

which can be harnessed and used as electricity. The electric current generated by the PV module 

can be used to power various electrical devices and systems, such as lights, appliances, and even 

entire buildings. The PV module captures sunlight and converts it into usable electricity through 

the photovoltaic effect. The PV module is typically made up of several layers, including a front 

glass cover to protect the solar cells, an anti-reflective coating to enhance light absorption, a layer 

of semiconductor material where the photovoltaic effect occurs, and a back sheet layer for 

insulation and protection. The PV module is designed to be durable and weather-resistant, as it 

needs to withstand various environmental conditions, such as rain, snow, wind, and UV radiation. 
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Overall, a PV module is a key component of a photovoltaic system and plays a crucial role in 

harnessing solar energy to generate electricity (Vélez-Sánchez et al., 2019). 

A PV module is an individual device, but a PV panel consists of a minimum of two PV modules 

connected in series. Integrating solar panels results in the creation of an array or string, as depicted 

in Fig. 2.3 (Zsiboracs et al., 2021). 

 

Fig. 2.3. The constituent parts of the photovoltaic system (Zsiboracs et al., 2021). 

Several different types of PV cells are commonly used in photovoltaic systems. Some common 

types of PV modules include monocrystalline silicon, polycrystalline silicon, thin-film, and multi-

junction cells. Monocrystalline silicon PV cells are made from a single crystal structure, which 

gives them a high efficiency and makes them more expensive to produce. Polycrystalline silicon 

PV cells are made from multiple crystals, resulting in a lower efficiency but a lower production 

cost. Thin-film PV cells are made by depositing thin layers of semiconductor materials onto a 

substrate. This makes them more flexible and lightweight but also less efficient. Multi-junction 

cells comprise multiple layers of different semiconductor materials, allowing them to capture a 

broader range of solar wavelengths and achieve higher efficiencies (Zhang et al., 2020).  

The use of different types of PV cells allows for various options in designing photovoltaic systems, 

depending on factors such as cost, space availability, and desired efficiency (Abd Malek et al., 

2018). PV cell types play a crucial role in the design and efficiency of PV systems. PV cell types 

determine photovoltaic systems' efficiency, cost, and design options. Different types of PV cells 

have different characteristics and efficiencies, making them suitable for different applications 

(Vélez-Sánchez et al., 2019). For example, monocrystalline silicon PV cells are known for their 

high efficiency and are commonly used in residential and commercial installations where space is 

limited and efficiency is a priority. 

In previous years, polycrystalline silicon PV cells were more cost-effective and often used in larger 

installations where space is not a constraint. However, the Photovoltaics Report 2023 published 

by the Fraunhofer Institute for Solar Energy Systems, ISE, confirmed that monocrystalline silicon 

technology dominates the vast majority of the current photovoltaic market (Fraunhofer Institute 

for Solar Energy Systems, 2023). With their flexibility and lightweight nature, thin-film PV cells 

are often used in applications where aesthetics and versatility are important, such as building-

integrated photovoltaics. Overall, the choice of PV cell type depends on various factors such as 

cost, efficiency, space availability, and specific application requirements (Zhu et al., 2016). 

2.2.2. Factors influencing the efficiency of photovoltaic modules 

The efficiency of PV modules is influenced by several factors, including:  

• The PV cells' quality and performance impact their conversion efficiency. 

• The orientation and positioning of the PV panels, as proper alignment, can optimize sunlight 

absorption (Som et al., 2020). 

• The use of anti-reflection coatings on the surface of the PV cells reduces losses due to 

reflection and increases overall efficiency (Chen et al., 2019).  
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• Photonic band gap materials can enhance light absorption and improve the efficiency of PV 

cells (Asokan et al., 2010). 

• The efficiency of power converters, which are responsible for converting the DC electricity 

generated by the PV cells into usable AC electricity (Ogoulola et al., 2020). 

• The efficiency of maximum power point tracking techniques optimizes the PV system's 

operation and ensures maximum power output (Yoomak and Ngaopitakkul, 2020).  

These factors play a crucial role in determining the overall efficiency and performance of PV 

modules. Still, the operating temperature of the PV modules has the most significant impact on 

PV module efficiency (Thulasiyammal and Sutha, 2014).  

The temperature rise adversely impacts photovoltaic cells. The increase in module temperature 

causes a loss of around 10% in the output power and efficiency of solar cells (KR et al., 2023). 

Due to the heat-absorbing properties of the dark-colored surfaces of the solar cells, the surface 

temperature of the modules can reach a maximum of 80 °C. As the temperature of the module 

rises, the tension in the P-characteristic drops. Due to the negative impact of temperature on PV 

modules, the module's output voltage and power decrease as the temperature rises. With the 

escalation of solar radiation, both the voltage and current of the module experience an increase. 

Aside from temperature, the effectiveness of PV systems is also diminished by other factors, 

including shadowing, dust accumulation, and reflection (Amran et al., 2023). The global 

production of electricity using PV technology is experiencing a steady rise. In 2017, PV 

technology accounted for 2.1% of total energy production. However, in 2018, it experienced a 

growth and reached 2.58%. Experts contend that PV power generation is projected to account for 

30-50% of the overall world energy production by the year 2050. The elements that impact the 

efficiency of PV technology, which is progressively playing a larger role in overall energy 

generation, are crucial factors that require attention and enhancement. 

The primary energy source for PV modules is radiation intensity. Hence, the production of power 

is exactly proportional to the level of radiation that reaches the surface of the module. Solar cells 

produce electrical energy, however, this causes the temperature of the modules to rise. An essential 

contributor to reduced efficiency in modules is the elevated surface temperature resulting from the 

combination of ambient temperature and solar radiation (KR et al., 2023). According to the study, 

a rise in cell temperature by one degree might lead to a decrease in efficiency ranging from 0.04% 

to 0.065%. The efficiency of the modules is influenced by parameters such as the material 

composition of the modules, radiation intensity, environmental temperature, and module 

temperature. A decline in surface temperatures results in an enhancement of PV performance. 

Gedik et al. assert that an increase of 14.9 °C in the surface temperature of the PV module results 

in a fall in module efficiency from 12.07% to 10.7% (Sultan et al., 2022)(Benato et al., 2021). 

2.2.3. Previous work on enhancing the efficiency of photovoltaic modules 

Various cooling methods are available for PV modules to prevent temperature rise, including 

active cooling with forced air or water, passive cooling using phase change materials (PCM), 

photovoltaic/thermal (PV/T) collector, and passive cooling with porous media. PCM can be 

applied to the surface of the PV module to maintain a temperature of 25°C. The melting point of 

PCM must exceed the ambient temperature (Anderson et al., 2008). PV/T is the combination of 

photovoltaic panels and solar thermal collectors to generate electricity and simultaneously utilize 

heat energy from the sun. To implement the heat pipe concept, one can install copper pipes and 

aluminum fins on the rear side of PV modules. According to reports, these applications are capable 

of maintaining the surface temperature of the PV cells exposed to solar radiation at a rate of (20-

100) W/cm² at 40 °C. Utilizing the active cooling system results in a 10% enhancement in module 

efficiency (Jakhrani et al., 2017). In order to get greater efficiency in PV modules, it is necessary 

to cool the surface of the modules. Effective cooling enhances electrical efficiency, diminishes cell 

degradation, and prolongs the lifespan of PV modules (Siecker et al., 2017). These methods play 
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a crucial role in maintaining the optimal temperature of PV modules, ensuring their long-term 

performance, and maximizing power output. Fig. 2.4 shows the flat plat PV/T collector 

classification and Fig. 2.5 shows the structures of different PV/T collectors. 

 

 
Fig. 2.4. Classification of PV/T collectors (Ibrahim et al., 2011). 

 

Fig. 2.5. Structure of different types of PV/T collectors (a) sheet-and-tube PV/T, (b) channel PV/T, (c) 

free-flow PV/T, and (d) two-absorber PV/T (Oner, 2016). 

By utilizing PCM, the passive cooling method maximizes heat transfer and enhances the efficiency 

of PV panels. Furthermore, the use of PV/T systems allows for dual-purpose heating and cooling, 

making them a more sustainable and efficient option (Kothari et al., 2021)(Palomba et al., 

2021)(Kim et al., 2011). 

The internal energy of PCMs begins to rise when they are heated. The temperature of the substance 

approaches the phase transition temperature if its internal energy keeps growing. A consistent 

temperature is required for phase transition to occur in PCM when heat is continually delivered to 

it. During a phase transition, latent heat is stored while the material's temperature stays the same. 

The temperature of the liquid PCM begins to rise upon exposure to heat. Everything stays the same 

until the temperature at which water evaporates is attained. 

Fins are used to lower the average temperature of air-cooled photovoltaic modules. Increasing the 

air flow rate enhances cooling and PV performance when the ambient temperature is (20-33.4) °C 

and solar radiation is (895-900) W/m² (Chabane et al., 2014). Passive cooling can be achieved by 

attaching finned, corrugated, or tubular surfaces to the reverse of PV modules. The efficiency of 
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the module can be enhanced by connecting PCMs to finned coolers (Singh et al., 2020). The 

efficiency of the module rises from 5.33 percent to 9.82 percent on finned surfaces, and its 

performance goes up from 0.63 percent to 0.66 percent, or 4.88 percent, according to (Singh et al., 

2020). The system's anticipated heat storage capacity can be achieved with the PCM selected for 

the PV modules (Hishikawa et al., 2017). The three main types of PCMs are eutectic, organic, and 

inorganic. The heat storage capacity of inorganic substances is reportedly over double that of 

biological substances per unit volume (Eslamnezhad and Rahimi, 2017). Photovoltaic and hybrid 

systems can make use of PCMs. Minimizing efficiency loss is achieved by maintaining the PV 

system in close proximity to the test conditions. Using PCM in PV allows Mohamet et al. to state 

that modules can be held at 30 °C (Mohamed et al., 2017). 

Research conducted in China's HSCW climate zone focused on the use of PV/T-GCHPs 

(Photovoltaic/photothermal - Ground-coupled heat pump system) to solve the problem of thermal 

accumulation in underground soil, which affects the heat pump system's performance (H. Wang et 

al., 2023). In West Africa, PV/T modules were studied to improve the efficiency of solar PV 

systems and promote their use in rural areas for electricity and hot water production (TOSSA et 

al., 2023). Solar drying techniques, including PV/T solar dryers, were explored as a clean and 

effective method for drying agricultural and industrial products, focusing on energy consumption 

and efficiency (Agrawal et al., 2023). A numerical analysis of a water-ethylene glycol-based PV/T 

collector was conducted to understand its dynamic behavior and performance (Soytürk et al., 

2022). Another study investigated the energy performance of PV/T systems with and without 

PCM, showing improved electrical efficiency and thermal performance compared to uncooled PV 

systems (KB, 2023). 

Another study by Gharzi et al. developed a hybrid concentrated photovoltaic/thermal (CPV/T) 

system using compound parabolic concentrators (CPC) and a combined cooling mechanism 

involving Nano-PCM and water pipes (Gharzi et al., 2023). Another study by Abdulmouti aimed 

to develop a passive cooling system for PV panels using air channels and chimneys, which proved 

to be efficient and cost-effective (Gharzi et al., 2023). Alwesabi et al. researched the performance 

of PV modules under different water temperatures and dust levels, finding that cooling the modules 

increased efficiency and reduced dust accumulation (Abdulmouti and EMIRATES, 2022). Aguilar 

and Celis compared three cooling methods, including water cooling, and found that temperature 

reductions of up to 7.7% and system efficiencies of up to 17.2% were observed (Alwesabi et al., 

2022). These studies highlight the importance of cooling PV modules to enhance their efficiency 

and extend their lifetime. 

As the temperature rises, PV cells become less efficient. Because of the positive effect that 

temperature variation has on generator conversion efficiency. According to reports, the most 

efficient technique to boost the system's efficiency is to combine PV with a TEG (Thermoelectric 

Generator) (Kwan and Wu, 2016). One key component that drastically impacts system efficiency 

is the amount of solar energy used in hybrid systems. 

2.2.4. Design methods and simulation tools for optimizing PV system performance 

There are several design methods available for designing PV systems. These methods consider 

various parameters such as load requirements, PV module size and orientation, availability of 

sunlight intensity and temperature at the installation site. One commonly used design method is to 

analyze the relationship between architectural design specifications and PV characteristics. 

Another important consideration is the aesthetic integration of PV systems with the building and 

its surroundings. This aspect is often overlooked but can significantly impact the visual appeal of 

the PV system. 

The Analytical Hierarchy Process is a proven decision-making process that can be used to evaluate 

and compare different PV module alternatives. It allows for a thorough evaluation of the different 
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criteria and helps determine the best-suited PV module for a specific installation. In addition to 

these design methods, numerical design and simulation software are crucial in the PV system 

design process. With the calculating and parametric tools of numerical design and simulation 

software, it is possible to analyze energy consumption, daylight intake, solar activities and shade 

relationships, radiation gain, wind usage, and natural ventilation (Alagöz and Beyhan, 2020). 

These design methods, along with the use of numerical design and simulation software, allow for 

an effective and accurate analysis of PV system performance and energy output.  

When designing a PV system, it is important to consider several factors such as load requirements, 

PV module size and orientation, and the availability of sunlight intensity and temperature at the 

installation site. To optimize the design and performance of PV systems, it is essential to utilize 

accurate mathematical and simulation modeling (Song et al., 2021). These modeling techniques 

enable designers to accurately predict the performance of the PV system and determine the most 

optimal design parameters. In addition, there are various commercially available PV analysis and 

planning software packages that can aid in predicting the performance of grid-connected PV 

systems. These software packages, such as PVSYST, RET Screen, TRNSYS, and PVSOL, provide 

calculative accuracy for simulating and optimizing the performance of a PV system. These 

software packages allow installers and architects to analyze the energy generation, evaluate the 

system's economic viability, and optimize the design parameters for maximum efficiency and 

energy output. PV system design methods involve considering factors such as load requirements, 

PV module size and orientation, and the availability of sunlight intensity and temperature at the 

installation site. By utilizing numerical design and simulation software, designers can accurately 

predict the performance of the PV system and assess its energy output (Ishaque et al., 2011). 

2.3. Solar Chimneys 

Solar chimneys have been a subject of interest in renewable energy systems for several decades. 

The concept of a solar chimney dates back to the late 19th century when Spanish engineer Isidoro 

Cabanyes proposed the idea of using solar heat to generate electricity. However, significant 

advancements in solar chimney technology only emerged in the late 20th century. A pioneering 

project in this field was the construction of the Manzanares solar chimney in Spain during the early 

1980s. This solar chimney, standing at a height of 195 meters, served as a milestone in the 

development of solar chimney technology, demonstrating the potential of utilizing solar heat for 

power generation (Zuo et al., 2012). 

2.3.1. Fundamentals, components, and working principle of solar chimney 

A solar chimney is a renewable energy system that harnesses solar radiation to create air movement 

and ventilation within a building or structure (Ahmed et al., 2021). A solar chimney, also known 

as a solar thermal chimney or solar updraft tower, is a passive ventilation system that harnesses 

solar energy to create airflow within a building or structure (Ahmed et al., 2021). Solar chimneys 

operate on the principles of thermodynamics. The basic principle behind a solar chimney is using 

solar energy to heat air, creating a pressure difference that drives air movement. This pressure 

difference is created by the temperature difference between the air inside the solar chimney and 

the ambient air outside (Khan and Singh, 2017). While the efficiency of solar chimneys is 

approximately 2%, which may initially seem low (Hussain et al., 2021), this technology holds 

great promise for converting solar energy into electricity and improving energy efficiency in 

renewable energy systems. The solar chimney consists of three main components: a solar collector, 

a chimney, and an air outlet vent. The solar collector is usually a transparent glazing or roof that 

allows sunlight to pass through and heat the air inside. The heated air rises and creates an upward 

flow, which is directed into the chimney. Inside the chimney, the heated air continues to rise and 

creates a natural draft. As the heated air exits through the top of the chimney, cooler air is drawn 

in through the bottom opening, creating a continuous air circulation. This continuous air 

circulation helps ventilate the building, removing hot air and replacing it with cooler air from 
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outside. The solar chimney operates on the principle of natural convection, utilizing the 

temperature difference between the solar-heated air inside the chimney and the cooler ambient air 

outside to create airflow. The airflow created by the solar chimney can be used for various 

purposes, such as cooling the building, reducing the need for mechanical ventilation or air 

conditioning systems, and improving indoor air quality. In addition, the airflow generated by a 

solar chimney can also be harnessed to generate electricity. Their applications extend beyond 

power generation and include uses in solar energy drying of crops, fruits, wood, and grains and 

building ventilation. Researchers and engineers have explored integrating solar chimneys into 

various contexts, such as low-carbon buildings, to optimize energy usage and reduce reliance on 

traditional power sources (H. Liu et al., 2021). 

2.3.2. Factors influencing the efficiency of solar chimney  

The efficiency of solar stacks can be improved by various factors such as collector design, metal 

pipe geometry, solar radiation intensity, the heat flux density of internal heat sources, external 

wind speed, and relative location of internal heat sources. The use of metal tubes as solar radiation 

absorbers in the collector design can increase the temperature and velocity distribution, resulting 

in higher collector efficiency (Rezaei et al., 2023). The intensity of solar radiation, outdoor wind 

speed, and heat flux density of indoor heat sources all positively affect the ventilation performance 

of solar chimneys, and their effects reinforce each other (Yue et al., 2023). Hybrid solar stacks, 

which combine solar stacks with other renewable or conventional energy systems, have been 

shown to improve efficiency and offer the potential for further development (Ahmed et al., 2022). 

The dimensions of the heated cavity and chimney gap also play an important role in the 

performance of solar chimneys for heating applications (Nguyen and Nguyen, 2021). In addition, 

the shape and location of obstacles placed on the heated surface of the air duct can affect the local 

flow and heat transfer characteristics, as well as the solar chimney's rise in temperature and thermal 

efficiency (Nguyen et al., 2021). 

Solar chimneys made of pipes can come in different colors. One study mentions that the solar 

heating tube can be made into either black, blue, or deep blue without plating it with film (Okada 

et al., 2015). Another study describes a solar chimney power generation system where the heating 

pipes are composed of a solar vacuum pipe, and the layers include a steel pipe. However, the color 

of these pipes is not specified in this study (Okada et al., 2015). Therefore, based on the 

information provided, the colors of solar chimneys made of pipes can include black, blue, and deep 

blue . 

Previous studies have not explicitly mentioned the colors of solar chimneys made from PVC pipes. 

However, one study indicates that the top of the synthetic resin tube is colorless and transparent, 

while the bottom is black (Okada et al., 2015). Another summary indicates that the tubes used to 

absorb heat can be made of glass or plastic and be darkly colored to improve heat absorption 

(Okada et al., 2015). Therefore, it can be inferred that the color of the plastic pipes used in solar 

chimneys can vary, but they may be transparent or dark depending on the system's design and 

purpose. 

Different types and shapes of solar chimneys have also been studied and developed. Chungloo and 

Limmeechokchai demonstrated the advantages of a house set up with a solar chimney installed on 

the south roof and a cool metal ceiling installed on the north roof (Lei et al., 2016). Wei et al 

studied a series of solar chimneys comprising a slanted section on the roof and a vertical section 

near the south wall in a typical two-story house (Belhadj et al., 2021). They examined the effect 

of various parameters such as the length and total width of the chimney, inclination angle of the 

second-floor entrance, length ratio of vertical section to inclined section, and inclination angle of 

the chimney on ventilation performance. Similarly, Saifi et al. developed an experimental and 

numerical study for a tilted solar chimney, investigating the influence of chimney width and angle 

of inclination on airspeeds (Laurini et al., 2018). Different geometries of solar chimneys have been 
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studied to optimize their thermal efficiency and flow rate (Belhadj et al., 2021). In recent years, 

scholars have conducted studies on the architectural design of solar chimneys (Lin and Lei, 2022). 

Some researchers have explored modifications of the basic 2D geometry of solar chimneys to 

improve their functionality at different times of the day (Mehranfar et al., 2022). These studies 

aimed to exploit the design features of solar chimneys that operate more efficiently in the morning 

and afternoon, with a lesser performance at noon in June. The studies mentioned above have shown 

that different types and shapes of solar chimneys can have varying performance and efficiency 

depending on factors such as inclination angle, width and length of the chimney, placement on the 

roof, and other design parameters (Belhadj et al., 2021). This research indicates that solar chimneys 

come in various types and shapes, including inclined chimneys, chimneys with slanted sections on 

the roof, and chimneys with vertical sections near the walls (Davidsson et al., 2013). These 

variations allow for customization and optimization of solar chimneys according to specific 

climate conditions, latitude, and desired ventilation performance.  

Therefore, it can be concluded that solar chimneys have different types and shapes that can be 

adjusted to optimize their performance for specific conditions and desired ventilation outcomes 

and the width and inclination angle of solar chimneys affect factors such as airflow rate, airspeeds 

within the chimney, and overall ventilation effectiveness. The length ratio of the vertical section 

to the inclined section and the inclination angle of the chimney also plays a role in determining 

ventilation performance. Additionally, the height and width of the solar chimney are also found to 

impact the induced air volume (Chen et al., 2021).  

Tan and Wong (Tan and Wong, 2013) explained the effect of the solar chimney’s stack height, 

depth, width and inlet position on the interior performance and proposes an optimal tropical solar 

chimney design. According to the four parameters (height, depth, width, and inlet position), as 

input parameters and physical and computational models have been developed, 300 cases of 

employing the solar chimney in the tropics are generated, of which 139 cases are simulated. All 

simulations showed that the output air temperature of the chimney remains constant. Also, the 

results showed that the solar chimney’s width was the most significant factor influencing the 

output air speed. The solar chimney’s length to hydraulic diameter should be greater than 15 to 

ensure developed flow, and the solar chimney’s stack height to width should be less than seven if 

airflow within the solar chimney is to be two-dimensional. The chimney position had limited 

influence on the output airspeed. However, the region near the solar chimney’s inlet shows an 

increase in airspeed but is damped when the airspeed is averaged across the plane. Ghaffari and 

Mehdipour (Ghaffari and Mehdipour, 2015) are improved and modeled solar dryer integrated with 

a solar chimney using computational fluid dynamics. The chimney model was a part of this study, 

and based on the kinetic energy balance for a chimney element with a length of (dy) and the 

distance of (y) from the chimney’s inlet, the outlet air temperature of the chimney equation was 

obtained as follows: 

𝑇𝑜𝑢𝑡−𝑆𝐶,𝐿 = 𝑇𝑎 + (𝑇𝑖𝑛−𝑆𝐶 − 𝑇𝑎) 𝑒𝑥𝑝^(((− 𝜋 𝐷𝑆𝐶 𝐿𝑆𝐶  ℎ) / ( 𝑚̇ 𝐶𝑝 )))   (2.1) 

Where Tin-sc,L and Tout-sc,L are the chimney inlet and outlet air temperatures respectively, Dsc and 

Lsc is the chimney’s diameter and length respectively, h is the chimney’s convective heat transfer 

coefficient of air inside the solar chimney, Ta is the ambient temperature, 𝑚̇ is the air mass flow 

rate.  

2.3.3. The design methods of solar chimney systems 

Solar chimney design, mathematical modeling and simulation methods have been examined in 

several studies. Hmood and Amori performed a numerical analysis using CFD to predict a solar 

chimney's thermal performance and airflow (Amori and Hmood, 2013). Ravanfar developed a 

thermal model implemented in SIMULINK to simulate the thermal response of a solar chimney-
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integrated solarium (Ravanfar, 2013). Proposed by Tlatelpa-Becerro et al. A strategy for building 

a reference model for solar chimney design using dynamic simulation and artificial neural 

networks (Ravanfar, 2013). Use Sharbaf et al. Numerical simulation by using MATLAB to study 

four physical models of solar chimneys and choose the best model for a specific location (Tlatelpa-

Becerro et al., 2022). These studies provide insights into the design and optimization of solar 

chimneys, considering factors such as geometry, materials and performance specifications.  

Layeni et al. discuss the computational analysis and sensitivity analysis of a solar chimney system 

for buildings using ANSYS Fluent CFD package and Design Expert statistical package (Layeni et 

al., 2021). W. Li et al review five energy evaluation methods for solar chimneys, including 

mathematical modeling and simulation (W. Li et al., 2021). Huynh & Nguyen discuss the use of 

numerical simulation, specifically CFD, to investigate the effects of different computational 

domains on the performance of a solar chimney for the natural ventilation of buildings (Huynh 

and Nguyen, 2021). According to Kong's research, a two-dimensional model of an inclined solar 

chimney was developed and numerically simulated for various inclination angles (Lin and Lei, 

2022). The optimal inclination angle of the solar chimney was found to vary from 45° to 60° 

depending on the latitude and season of operation. The processes of heat transfer and efficiency of 

natural ventilation driven by a solar chimney have been extensively studied (Lahcene et al., 2020). 

Researchers have developed mathematical models and conducted simulations to estimate and 

optimize the design of solar chimneys (Sakhri et al., 2021). 

These models consider various parameters such as the size of the solar chimney, air flow rate and 

temperature, air gap between glazing and absorber surface, air inlet and exit elevation, and the 

effect of insolation rate and ambient air temperature. Furthermore, researchers have investigated 

the impact of geometric and operational parameters such as incident solar radiation, wind speed, 

and ambient temperature on the performance of solar chimneys. Mathematical and simulation 

modeling have been used to analyze the performance of solar chimneys in terms of natural 

ventilation and heat transfer. These studies have shown that solar chimneys can increase air mass 

flow rate by up to 50% in conditions of high solar intensity and low wind speed. Furthermore, the 

design of solar chimneys for natural ventilation is still an area of uncertainty, as there is limited 

knowledge on determining the optimal parameters for efficient and effective solar chimney design 

(Li et al., 2004). To address this, researchers have conducted theoretical and experimental studies 

to evaluate the size and design parameters of solar chimneys. 

They have also conducted numerical investigations to determine the best inclination angle, which 

has been found to be between 45° and 60°. In summary, designing solar chimneys for natural 

ventilation involves mathematical and simulation modeling to analyze heat transfer, efficiency, 

and airflow. These modeling methods consider parameters such as chimney size, airflow and 

temperature, insulation rate, and ambient air temperature. By using these modeling methods, 

researchers have optimized the design of solar chimneys and improved their performance in terms 

of natural ventilation and heat transfer. 

2.4. Solar Air Collector 

2.4.1. Fundamentals of solar air collector  

Solar air collector (SAC) is equipment that make use of solar energy to heat the air. It is made up 

of a number of different components, including solar collectors, the heat collecting sheets, ducts 

for air, fans, and components that release heat. The solar collector is responsible for heating the 

air, which is then converted into heat energy. This is the operating principle behind the solar 

collector. The hot air is then supplied with air through air supply ports or hot air outlets, and it is 

then circulated through air ducts before being released into the intended space. Through the design 

of flow channels, such as concentric square form channels for flow or S-shaped air ducts, which 

allow for better contact between air and heat absorption plates, the efficiency of heat exchange can 
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be improved. The effectiveness of SAC in terms of heat collection is further improved by the 

utilization of selective absorption layers, discharge cavities, and heat accumulation layers (Rahl, 

2015)(Dutkowski et al., 2023). 

In the field of air heating, SAC is an indispensable instrument, solidifying its place as a well-liked 

solar collector across a wide range of applications. The bags typically comprise of a box made of 

wood or metal that has been insulated with appropriate materials, a cover that is flat and transparent 

so that sunlight may pass through it, and heat-absorbing surfaces that are designed to gather solar 

energy. The efficiency of the solar absorbing capacitor (SAC) is contingent on its capacity to 

transfer as much heat as feasible from the solar radiation that it has absorbed to the working fluid 

(Debnath et al., 2018)(Salih et al., 2019). On the other hand, conventional SAC typically 

encounters challenges as a result of the limited efficiency of the heat exchange process that occurs 

between the absorption surface and the air that is circulating there. Because of this, the temperature 

of the absorber plate increased, which led to an increase in the amount of heat that was lost and, 

eventually, a decrease in the total thermal efficiency. SAC has an intrinsic limitation since air has 

a very low specific heat, which is approximately one-fourth of the capacity of water. it is the reason 

why SAC are not as effective as water. The thermal efficiency of these systems is directly impacted 

by this disparity, as evidenced by references (Mund et al., 2021)(Razak et al., 2016). 

2.4.1. Factors influencing the efficiency of solar air collectors  

There are a number of factors that can influence the efficiency of SAC. These include the type of 

fluid that is utilized, the arrangement and orientation of the collector itself, the presence of fixed 

fins or artificial roughness on the absorber plate, and the design of the collector itself (Dutkowski 

et al., 2023). The collector is classified as either a liquid or an air collector, depending on the type 

of fluid that is implemented. The arrangement and orientation of the collector can have an effect 

on its efficiency, whereas a vertical configuration does not necessarily ensure the highest possible 

efficiency (GÜLÇİMEN et al., 2023). When used in a flow setting, fixed fins have the ability to 

expand the flow channel and promote heat transfer. Additionally, the efficiency of the system 

improves as the fin angles decrease (Dhaundiyal, 2023). It is possible for the installation of wooden 

barriers below absorption panels to have an impact on the rates of entropy creation and energy 

destruction (Sharma and Chauhan, 2023). It is also possible for other artificial roughness 

geometries, such as arc ribs and V-shaped ribs, to have an impact on the effective efficiency of the 

collector. Variations in their performance can be detected across a variety of Reynolds number 

ranges (Alomar et al., 2022). In addition, it has been demonstrated that the utilization of a modified 

V-shaped corrugated absorber panel can improve the thermal efficiency of SAC with regard to 

their performance. 

It is vital to improve thermal energy transfer in solar air collectors to improve their thermal 

performance and overall efficiency by increasing their efficiency. Researchers have been 

rigorously exploring ways to increase the thermal performance of these collectors, with a particular 

focus on novel design adjustments to the absorption surface, which is an essential component of 

the system. The goal of these modifications is to improve the thermal efficiency of collection 

systems. It is possible for this plate to have a surface that is smooth, wavy, or finned. 

Akpinar et al. (Akpinar and Koçyiğit, 2010) carried out exhaustive experimental research on a 

specific SAC, during which they investigated three distinct obstacle configurations in addition to 

a situation in which there were no obstacles. Following the meticulous evaluation of the heat 

leakage coefficients, thermal gain factors, and efficiency of these various configurations, they 

proceeded to conduct an in-depth comparison analysis. According to their findings, the solar 

radiation density, absorber plate construction, and air path length all have a major impact on the 

efficiency of the collector. In addition, they found that the efficiency of the system improved when 

the airflow velocities and temperature gradients were increased. This finding suggests that greater 

temperature differences result in a reduction in the overall losses. 
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2.4.1. The design methods of solar air collectors 

There are both practical and software approaches that can be utilized in the design of SAC systems. 

It is necessary to conduct process characterization studies and experimental tests in order to 

validate the design while using the practical design approach. As an illustration, Tiendrebeogo et 

al. developed a SAC that utilized forced convection and validated it through the use of simulations 

and experimental tests (Tiendrebeogo et al., 2022). The multiple input multiple output design is 

yet another useful design technique that takes into consideration unknown factors and thermal 

balancing calculations. The multiple input multiple output design was utilized by Nnamchi et al. 

in order to construct a SAC and enhance its performance (Nnamchi et al., 2020). Alternatively, 

software approaches include simulations and numerical analysis as part of their methodology. A 

corrugated SAC was designed and tested by Mehta et al. using simulations, and the performance 

of the corrugated collector was compared to that of a flat plate collector (Mehta et al., 2020). The 

performance of a finned single-pass air-type photovoltaic/thermal solar collector was investigated 

by Khalili et al. (Khalili et al., 2020) through the use of both theoretical analysis and experimental 

research. As established by Nassab (Gandjalikhan Nassab, 2024), CFD analysis and numerical 

simulations are two methods that can be utilized to enhance the performance of SAC mechanisms. 

An investigation into SAC designs was carried out by Parag et al. (Bezbaruah et al., 2020) through 

the completion of analytical research using Ansys Fluent 18.0. They concentrated on developing 

a one-of-a-kind design that had a finned absorption plate that encouraged spiral airflow. The 

research concluded that the formation of localized vortices and vortices in this spiral flow pattern 

results in an increase in the rate of heat transfer. Having said that, it also raises the frictional 

resistance, which ultimately leads to a decrease in pressure. 

2.5. Soil Properties and Heat Transfer 

2.5.1. Thermo-Physical properties of soil 

Soil thermo-physical properties are crucial in understanding heat transfer mechanisms within the 

soil. These properties encompass thermal conductivity, heat capacity, and density. Thermal 

conductivity measures a material's ability to conduct heat and influences the heat transfer rate in 

soil. Heat capacity, conversely, dictates the soil's capacity to store and release heat. Density, the 

third thermo-physical property, refers to mass per unit volume. 

The influence of various soil properties, including moisture content, porosity, and composition, on 

thermal conductivity and heat capacity has been well-documented (Liu et al., 2003). Accurate 

measurement and estimation of these properties are essential for a wide range of energy 

applications and agricultural practices. Researchers have developed analytical and numerical 

models to predict heat transfer through geomaterials, with a focus on estimating soil thermo-

physical properties (Abuel-Naga et al., 2015). Additionally, obtaining site-specific values for soil 

thermal conductivity is emphasized to ensure precise heat transfer predictions (Aguilar et al., 

2018). Soil moisture's impact on thermo-physical properties has been studied across different soil 

types, including pure sand, clay, and bentonite-sand mixtures (Cuny et al., 2018). For instance, 

Yin and Arp calculated soil thermal conductivity based on bulk density and volumetric water 

content (Liu et al., 2003). In conclusion, comprehending and accurately measuring soil thermo-

physical properties are vital for energy applications and agriculture. Researchers continue to 

explore these properties to enhance our understanding of heat transfer in soils (Abuel-Naga et al., 

2015). 

2.5.2. Soil temperature gradients 

Soil temperature gradients are significant for ecological processes and have implications for 

ecosystem functioning. Various factors, such as soil moisture, climate conditions, land use, and 

topography, affect these gradients. 
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In mountainous forest ecosystems, topography and elevation differences result in variations in soil 

temperature gradients (Kukreti et al., 2023). The slope aspect and gradient also influence solar 

radiation and subsequently affect soil temperature. Research often combines terrain factors, such 

as aspect, slope, and elevation, to characterize complex terrain (Qi and Li, 2022). 

Understanding soil temperature gradients is crucial for ground-source heat exchange, a sustainable 

method for heating and cooling buildings using the stable ground temperature. Researchers have 

examined soil temperature variations across different climate conditions to gauge their 

implications. For example, they found that south-facing slopes receive more solar radiation and 

have higher soil temperatures compared to north-facing slopes. Climate conditions, including 

temperature and precipitation, significantly impact soil temperature variations. In regions with 

higher temperatures and lower precipitation, soil temperatures tend to be higher due to increased 

solar radiation and reduced soil moisture (Höfle et al., 2000). 

Slope position also plays a role, with higher positions on slopes having lower soil temperatures 

due to reduced solar radiation exposure and increased water movement (Valley et al., 2020). 

Factors influencing soil temperature gradients are multifaceted, including topography, climate 

conditions, and human-induced factors like land use and management practices. Considering these 

factors is essential when studying soil temperature variations and their implications for ground-

source heat exchange (D. Wang et al., 2023). 

2.5.3. Effect of soil thermo-physical properties on the performance of EAHE system 

The thermal performance of an EAHE prominently depends on the thermo-physical properties of 

the soil. Among all thermo-physical properties, the performance of EAHE is profoundly 

influenced by soil thermal conductivity, specific heat capacity, and density. These three soil 

properties can be expressed in terms of thermal diffusivity as: 

α= ksoil / (Cp,soil ρsoil) (2.2) 

A soil's thermal diffusivity is, thus, crucial when considering EAHE. Soil thermal diffusivity 

should be very high since heat builds up in the layers closest to the pipe and doesn't move quickly 

enough to the next layers, leading to thermal saturation and a decline in EAHE performance.    

In their study, Mathur et al. (Mathur Srivastava Mathur et al., 2015) took three soil thermal 

diffusivities into account while evaluating EAHE's thermal performance: 1.37×10-7 m2/s, 

4.37×10-7 m2/s, and 9.69×10-7 m2/s. Research shows that soils with higher thermal diffusivity 

can move heat more rapidly from the surrounding soil to the outer subsoil. 

  Soil thermal conductivity is a vital attribute for EAHE because it mostly determines the heat 

transfer in these types of systems. Dry density, saturation level, particle size, packing geometry, 

and mineralogy of the soil are the primary determinants of its thermal conductivity (Gow and 

Langston, 1977). (i) Compositional factors and (ii) Environmental factors are the two main 

categories into which these elements fall. Soil mineral components, particle size, grading, and form 

are all aspects of soil composition. The arrangement of soil particles is determined by their shape 

and size. This, in turn, influences the soil heat conductivity and determines the soil structure or 

packing. Quartz, among soil minerals, has a better thermal conductivity, coming in at about 7.9 

W/m K. Consequently, for optimal heat transfer rates, soils with a higher quartz concentration are 

preferred (Zhang and Wang, 2017). 

Temperature, moisture, and density are some of the environmental variables that affect soil thermal 

conductivity. Wet soil has a greater heat conductivity than dry soil (Misra et al., 1995). As the 

density of the soil rises, the physical contact area between its particles grows, making it more 

thermally conductive (Abu-Hamdeh and Reeder, 2000). Soil thermal conductivity also rises as soil 

temperature raises (Smits et al., 2013). The impact of soil and pipe heat conductivity on EAHE 

performance was studied by Song et al. (Song et al., 2006). Findings showed a 100.8% 
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improvement in heat transfer capacity at a soil thermal conductivity level of 2.5 W/m K, up from 

1.1 W/m K.   

2.5.3.1.Soil moisture contents 

The soil's thermal conductivity is largely affected by its moisture level. Soil heat flow and thermal 

conductivity are both improved when thin water films fill in the spaces between soil particles, 

increasing the contact area. Soil thermal conductivity stops increasing after a specific moisture 

content because all the pores in the soil have been filled. It is the crucial moisture content that 

determines the maximal thermal conductivity. Packs of the same sand saturated with water had a 

thermal conductivity six to eight times higher than packs of the same sand saturated with air (Misra 

et al., 1995). 

Soil thermal conductivity with respect to moisture content fluctuation can be predicted using a 

number of different models. Taking into account the impacts of water content, saturation level, 

porosity, pressure, and temperature, Tong et al. (Tong et al., 2009) established a model for 

computing the thermal conductivity of soil. Which is expressed as: 

𝑘 = 𝜂1(1 − 𝜙)𝑘𝑠 + (1 − 𝜂2)[1 − 𝜂1(1 − 𝜙)]
2 × [

(1 − 𝜙)(1 − 𝜂1)

𝑘𝑠
+
𝜙𝑆𝑟
𝑘𝑤

+
𝜙(1 − 𝑆𝑟)

𝑘𝑔
]

−1

+𝜂2[(1 − 𝜙)(1 − 𝜂1)𝑘𝑠 + 𝜙𝑆𝑟𝑘𝑤 + 𝜙(1 − 𝑆𝑟)𝑘𝑔]

 (2.2) 

Eq. (2.2) presented the relationship between the thermal conductivities of solids (ks), water (kw), 

and gas (kg), soil porosity (ϕ), and the pore structure of a solid/gas mixture (η1): [0<η1(ϕ)<1], and 

η2 is the function of saturation degree (Sr) and temperature ([0<η2(ϕ,Sr,T)<1]. 

Similarly, Haigh (Haigh, 2012)(Wang et al., 2020) developed a theoretical model for the thermal 

conductivity of sands. He considered heat conduction among the soil, solid, water, and air. The 

model is given as: 

𝑘 = 𝜂1(1 − 𝜙)𝑘𝑠 + (1 − 𝜂2)[1 − 𝜂1(1 − 𝜙)]
2 × [

(1 − 𝜙)(1 − 𝜂1)

𝑘𝑠
+
𝜙𝑆𝑟
𝑘𝑤

+
𝜙(1 − 𝑆𝑟)

𝑘𝑔
]

−1

+𝜂2[(1 − 𝜙)(1 − 𝜂1)𝑘𝑠 + 𝜙𝑆𝑟𝑘𝑤 + 𝜙(1 − 𝑆𝑟)𝑘𝑔]

 

 

(2.2) 

 

(2.3) 

Where k and ks are the thermal conductivity of soil and solid, respectively, and x are the 

coefficients for the thickness of water film and degree of saturation, 𝛼𝑤= kw/ks and 𝛼𝑎= ka/ks. 

Kersten (Williams, 1991) introduced an empirical relation to determining the thermal conductivity 

of soils by considering nineteen different soil types. The mathematical expressions of the model 

are: 

𝑘 = 0.1442[0.9log 𝑤 − 0.2] × 100.6243𝛾𝑑 (for slits or clay) (2.2) 
 

(2.4) 

𝑘 = 0.1442[0.7 log𝑤 + 0.4] × 100.6243𝛾𝑑  (for sandy soils) (2.5) 

Where k is the thermal conductivity of soils, w is the soil moisture content, %; Yd is the density of 

dry soil (kg/m3). 

Johansen (Johansen, 1977) also presented an empirical relation for the thermal conductivity of 

soil, which can be expressed as: 

𝑘 = (𝑘w 
𝑛 𝑘s 

1−𝑛 −
0.137𝜌𝑑 + 64.7

2650 − 0.947𝜌𝑑
) 𝑘𝑟 +

0.137𝜌𝑑 + 64.7

2650 − 0.947𝜌𝑑
 (2.6) 

Where kw and ks are the thermal conductivities of water and solid, respectively, n is the porosity 

and ρa is the density of dry soil, k, is the normalized thermal conductivity called "Kersten number". 
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𝑘𝑟 = 0.7 log (𝑆𝑟) + 1 (For median and fine sands) (2.7) 

𝑘𝑟 = log (𝑆𝑟) + 1 (For fine soils) (2.8) 

𝑘𝑟 = 𝑆𝑟 + 1 (For frozen fine sand and fine soils) (2.9) 

Where: the Sr is the degree of saturation.  

Chen (Chen, 2008) presented a model based on a laboratory test to determine the thermal 

conductivity of quartz sand, and it is expressed as: 

𝑘 = 𝑘w 
𝑛 𝑘s 

1−𝑛[(1 − 𝑏)𝑆𝑟 + 𝑏]
𝑐𝑛 (2.10) 

Where b and c are empirical coefficients, and for quartz sand, they are values 0.0022 and 0.78, 

respectively.  

Because of heat and moisture flow phenomenon in soil, the earth surrounding the EAHE pipe dries 

out as the pipe cools (Mei, 1987).  An increase in thermal resistance and a subsequent decrease in 

thermal capacitance are the outcomes of soil drying out near the EAHE pipe. For the composite 

climate of Delhi (India), Sodha et al. (Sodha et al., 1990) studied the pipe length requirements in 

cooling mode with different surface treatments. They found that a lengthy tunnel was necessary to 

satisfy the cooling load needs of a dry sunny surface, but a short one was sufficient for a wet 

shaded surface. Just a 150-meter-long pipe buried 4 meters below a dry, sunny surface (the usual 

surface condition) was enough to achieve the cooling load, which supplied air at a speed of 3 

meters per second. For dry, shady, and moist shaded ground surfaces, the pipe length might be 105 

m, 78 m, and 70 m, respectively. 

The thermal and moisture behaviors of dry and wet soils heated by buried capillary plaits were 

investigated experimentally by Balghouthi et al. (Balghouthi et al., 2005). The thermal diffusivity 

of moist soil was determined to be greater than that of dry soil.  Based on their model, Mihalakakou 

et al. (Mihalakakou et al., 1994) determined that in an EAHE system, moisture and heat transport 

gradients along axial and radial directions promote energy transfer inside the soil. The performance 

of dry soil EAHE was compared to that of wet soil EAHE using two similar experimental settings 

created by Agrawal et al. (Agrawal Misra et al., 2018). The researchers found that the wet system 

had a 24.1% increase in average heat transfer rate and a 24.0% improvement in COP over the dry 

system. 

 

2.5.3.2.Soil density 

Soil thermal conductivity grows as soil density rises. The thermal conductivity of soil can be 

improved by increasing its mass density, which is the weight of soil per unit volume. This is 

because, as the volume of soil particles increases, their contact area grows, creating a larger 

pathway for heat to travel through the soil (Abu-Hamdeh and Reeder, 2000). For a modest 

laboratory-scale EAHE system consisting of 1.5 m of copper pipe with an inner diameter of 1.5 

cm, Elminshawy et al. (Elminshawy et al., 2017) examined three separate soil compaction levels, 

each with its own relative density, void ratio, and porosity. Results showed that when soil 

compaction level increases, air temperature drops and EAHE system performance improves, 

according to the controlled conditions of the trials. 

2.5.3.3. Soil mineral composition 

There is a correlation between the mineral makeup of soil and its thermal conductivity; for 

example, sand with a high quartz content is more thermally conductive than sands with high 

pyroxene, plagioclase, or feldspar contents (Vieira et al., 2017). Soil heat conductivity is poor in 
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organically rich soils, according to research by Abu-Hamdeh and Reederb (Abu-Hamdeh and 

Reeder, 2000). 

2.5.3.4.Soil texture and particle shapes 

The form and texture of soil particles also affect the soil's heat conductivity. Soils with angular 

grains and coarse textures have a higher heat conductivity than those with fine grains and fine 

textures, for the same soil moisture content and unit weight (Abu-Hamdeh, 2003). Because silt has 

a higher thermal conductivity than loam and clay, Shojaee and Malek (Shojaee and Malek, 2017) 

found that silt soil resulted in the largest energy savings when compared to the other two types of 

soil. Round (spherical) and angular sand particles were contrasted by Jackson (Yu et al., 2022). 

He made the interesting observation that interparticle heat conduction is enhanced in sand 

composed of angular particles with a higher contact area. 

2.6. Combination of Earth-Air Heat Exchanger and Solar chimney for PV Efficiency 

Integrating an EAHE with a PV module in combination with a SC can improve the efficiency of 

the PV module. The integration of the EAHE provides a heat sink and allows for better harvesting 

of solar radiation, resulting in increased energy production (Alkaragoly et al., 2022). The solar 

chimney and EAHE system combination also provides fresh air and cooling capacity without any 

electricity consumption (Alkaragoly et al., 2022). 

There has been a lot of interest about SC and EAHE's passive heating and cooling systems recently. 

One natural passive approach to controlling the indoor climate is a SC system, which converts 

solar energy into buoyancy effects that push airflow via an air duct (Liu and Li, 2015)(Li et al., 

2017). An EAHE is a subterranean conduit that carries air into a building. The ground can 

be utilized as either a heat source in the winter or a heat sink in the summer due to its practically 

constant temperature at a particular depth throughout the year (Samuel et al., 2013). 

The efficiency of a hybrid system that incorporates both a SC and an EAHE has been the subject 

of numerous analyses. An experimental investigation on a novel passive air conditioning system 

that combined SC with an EAHE was conducted by Li et al. (Li et al., 2014) at the University of 

Nebraska in the US. By combining the EAHE and SC systems, this technology can reduce peak 

summer electricity consumption and conserve energy in the building industry. At a test facility, 

trials were conducted over the summer to evaluate the system's functionality. Findings showed 

that the integrated system can keep interior thermal environmental comfort within the range 

needed to satisfy ASHRAE thermal comfort standards. For their study, Li et al. (Y. Li et al., 2021) 

utilized a full-scale experimental test rig to examine how well a SC-EAHE ventilated and cooled 

on a normal sunny summer day. The research took place in the hot and cold climate of Tongling 

City, Anhui Province, China. Evidence from experiments suggests that the buoyant driving force 

generated by the SC system can facilitate the air flow in the EAHE system during the day. 

Experimental findings indicate that a building's thermal mass in conjunction with its SC provides 

a continual natural ventilation system. According to the results, the air quality at the entrance of 

the EAHE system was unaffected by the fluctuating ambient air quality. 

In order to improve the passive cooling and natural ventilation in a solar house, Maerefat and 

Haghighi (Maerefat and Haghighi, 2010) investigated numerically and analytically low energy 

consumption methods that combine an earth-air heat exchanger (SC-EAHE) with a solar chimney. 

The findings of this study suggest that this technology can be used to achieve the necessary thermal 

comfort conditions in hot weather, in addition to the potential for energy savings and 

environmental friendliness. Another study by Haghighi and Maerefat (Haghighi and Maerefat, 

2015) used numerical analysis to determine building heating needs with adaptive thermal comfort 

parameters by creating a hybrid system that incorporates both a SC and an EAHE. This study's 

thermal comfort research demonstrated that the solar chimney can run the subsurface heating 

system for a few hours on bright days, even when the ambient temperature is low and the heating 
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demand is high. Former coworkers of Li's in the first study, Yu et al. (Yu et al., 2014), also 

performed experiments on the identical system in the second study (Study (Li et al., 2014)). An 

American testing center in Nebraska monitored the system's active and passive cooling capabilities 

throughout the summer. When operating regularly, the results show that the test facility may be 

sufficiently cooled by the geothermal system, which includes a SC and an EAHE. In terms of 

thermal comfort, the results demonstrate that the natural airflow stage's interior air conditions are 

more bearable than the forced airflow stage's, based on the average expected rating and the 

projected percentage of unsatisfied people. Experimental and numerical investigations were 

conducted into a hybrid system that Serageldin et al. (Serageldin et al., 2018)(Serageldin et al., 

2020) developed, which comprised of an EAHE and a SC. The study's experimental work involved 

installing the SC and the EAHE in a tiny wooden room at the Egyptian-Japanese University of 

Science and Technology in Alexandria, Egypt. The results demonstrated a high degree of 

concordance between the experimental and simulated outcomes. The study demonstrated 

(Serageldin et al., 2018) that alterations to the system components' dimensions of design 

parameters have a substantial effect on the outcomes. During the summer, the air temperature 

within a building is often lower than the air temperature outside, according to a study (Serageldin 

et al., 2020). 

One study has analyzed the performance of a hybrid system that combines a PV and an EAHE. 

The study by Yildiz et al. (Yildiz et al., 2011) presented the experimental results of a PV-assisted 

EAHE by equipping it with the necessary electricity to operate the equipment needed to circulate 

the air inside the EAHE used for greenhouse cooling in Turkey. The system was successfully 

operated during the 2010 summer cooling season, and the practical performance of the system was 

examined. The paper discussed the results and their implications for various performance metrics, 

such as the impact of climatic and operational conditions on system performance. The results 

indicate that the system can be effectively used for greenhouse cooling in Turkey's Mediterranean 

and Aegean regions. Therefore, this study did not study the cooling of PV when integrated with 

the EAHE, but the panels generated electricity to operate the exchanger. 

Fig. 2.6 shows some research results on the cooling and ventilation of buildings using SC, PV 

panels, and EAHE (SC-PV-EAHE). A building in Borge Alarb, Alexandria, Egypt, was cooled 

and ventilated experimentally by Elghamry and Hassan (Elghamry and Hassan, 2020) using a mix 

of SC and EAHE. Power generation is achieved by installing a photovoltaic (PV) module behind 

the chimney and comparing its efficiency to that of a comparable module located outside the room. 

This study evaluated the effects of both natural and artificial airflow within the geothermal 

system's tube, as well as chimneys and PV panels oriented south at 30° and 45° horizontal angles. 

The data shows that the system can reduce the room temperature below the ambient air temperature 

and has a high daily air change rate. At a 30° angle, the chimney system's natural geothermal air 

pipe releases the least quantity of air for ventilation, while at a 45° angle, a room releases the most 

heat for the day. To achieve natural ventilation, thermal comfort, and electricity generation in 

buildings, Alkaragoly et al. quantitatively devised a hybrid system that integrates SC, PV panels, 

and EAHE. This research did not use an EAHE to cool the PV panels. In spite of this, the suggested 

system provided thermal comfort while meeting the building's cooling need of 116 W-1500 W and 

producing enough power to cover the majority of electrical demands (Alkaragoly et al., 2022). 

Based on previous studies, it has been shown that few studies have been conducted on the 

combination of SC and EAHE (SC-EAHE) (Maerefat and Haghighi, 2010)(Haghighi and 

Maerefat, 2015)(Yu et al., 2014)(Serageldin et al., 2020)(Serageldin et al., 2018)(Li et al., 

2014)(Y. Li et al., 2021)  or PV and EAHE (Yildiz et al., 2011), and only two studies have been 

conducted on cooling and ventilation of buildings with three systems, it consists of SC, PV panels, 

and EAHE (SC-PV-EAHE), one of them is experimentally (Elghamry and Hassan, 2020) and the 

second numerically (Alkaragoly et al., 2022). 
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Fig. 2.6. Schematic diagram of the proposed system by Alkaragoly et al. (Alkaragoly et al., 2022). 

2.7. MATLAB Simulation in Renewable Energy Research 

2.7.1. Matlab simulation models for renewable energy systems 

Simulation modeling is a cornerstone of renewable energy research, enabling researchers to predict 

and optimize the performance of various renewable energy systems and components. In this 

section, we delve into the prominent role of MATLAB as a versatile and powerful tool for 

designing and simulating renewable energy technologies. MATLAB, short for MATrix 

LABoratory, is a widely embraced platform in renewable energy research. Its rich toolkit 

facilitates the development of accurate simulation models that mirror the behavior and efficiency 

of renewable energy systems. Furthermore, MATLAB provides a suite of robust tools and 

functions that prove instrumental in analyzing and optimizing renewable energy systems. 

Applications of MATLAB: 

1. Earth-Air Heat Exchangers: MATLAB is a favored choice for modeling EAHE, a technology 

that taps into the earth's stable temperature to provide heating and cooling. Researchers employ 

MATLAB to simulate the intricate heat transfer processes within these systems. The result is 

the ability to predict and enhance their performance under various environmental conditions 

(Bihari and Sadhu, 2022). 

2. Solar Chimneys: Solar chimneys, which harness solar energy to induce air circulation, are 

another domain where MATLAB finds its utility. Researchers use MATLAB to model heat 

transfer and fluid flow phenomena within solar chimneys, gaining insights into their efficiency 

and performance (Farooq et al., 2015). 

3. PV Modules: Photovoltaic (PV) modules are pivotal in renewable energy systems. MATLAB 

simulation models account for crucial factors like solar radiation, temperature, and electrical 

characteristics. This approach enables precise predictions of PV module energy output, thereby 

supporting system optimization (Bihari and Sadhu, 2022). 

Advantages of MATLAB: 

MATLAB simulations offer a plethora of advantages: 

• Versatility: MATLAB's flexibility allows for tailoring simulation models to represent the 

behavior of renewable energy systems accurately. This adaptability is invaluable for exploring 

diverse operating conditions and optimizing system performance. 

• Integration of variables and parameters: Researchers can integrate multiple variables and 

parameters, facilitating investigations into the influence of various factors on system 
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performance. This capability empowers informed decision-making concerning system design 

and operation. 

• Resource efficiency: MATLAB simulations eliminate the need for extensive physical testing, 

thus conserving time and resources. 

Limitations of MATLAB: 

Despite its merits, MATLAB simulations do have limitations, notably: 

• Accuracy Dependency: The accuracy of MATLAB simulations hinges on the precision of 

underlying mathematical models and assumptions. Deviations from real-world complexities 

and uncertainties may occur. 

• Computational Resources: Resource-intensive computational demands arise with complex 

MATLAB models, particularly when simulating large-scale renewable energy systems or 

conducting extensive parameter sensitivity analyses. 

• Data Challenges: The availability and quality of data, such as solar radiation, wind velocities, 

and electricity costs, can pose challenges in achieving realistic simulations. 

In sum, MATLAB emerges as a formidable modeling tool in the domain of renewable energy 

research. Its applications span from EAHE and SC to PV modules. The versatility, parameter 

integration capabilities, and resource efficiency offered by MATLAB simulations make it an 

indispensable asset for researchers seeking to understand, optimize, and innovate in the field of 

renewable energy systems. 

2.7.2. Validation and sensitivity analysis 

In the context of rapidly evolving renewable energy technologies, precise weather forecasts are 

imperative for effective energy production. This section delves into the pivotal roles of model 

validation and sensitivity analysis in ensuring accurate renewable energy forecasts. 

Model validation is the linchpin in renewable energy research, guaranteeing the credibility and 

reliability of forecasting models. This critical process involves comparing model predictions with 

observed data to assess accuracy and dependability. Accurate forecasts are fundamental for the 

successful integration of renewable energy sources into the grid (Ren et al., 2015)(Ren et al., 

2014). Sensitivity analysis is another indispensable tool for evaluating forecasting models in 

renewable energy research. This method explores how changes in input variables affect model 

outputs. By conducting sensitivity analysis, researchers can identify the key factors influencing 

forecasting model accuracy and understand the model's overall behavior concerning inputs. The 

practical implications of model validation and sensitivity analysis cannot be overstated. Inaccurate 

forecasts can lead to suboptimal energy utilization and inefficient resource allocation. Real-world 

examples, like the study by Smith et al. that validated a solar power forecasting model, underscore 

the significance of these processes (Smith et al., 2019). 

In summary, model validation and sensitivity analysis are indispensable in the realm of renewable 

energy research. These processes guarantee the accuracy and reliability of forecasts, ensuring the 

optimal integration of renewable energy sources into our ever-evolving energy landscape. 

2.8. Summary of Literature Review 

An extensive literature analysis was provided in the aforementioned works, which examined the 

effects on performance and energy efficiency of integrating EAHE, PV modules, and SC systems. 

Multiple primary sections, each addressing a different facet of the research, made up the literature 

review. 

It was done to Identify the basics, components, and working principles of the EAHE. The 

differences and methods of installing EAHE were then delved into, highlighting the various 
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approaches to implementing this technology. In addition, it addressed the operating modes and 

design considerations of EAHE and explored the mathematical models and simulation studies that 

have contributed to understanding their performance. The basics of PV modules and the factors 

affecting their efficiency were also discussed. Previous research efforts aimed at enhancing the 

efficiency of PV modules were also reviewed, focusing on design methods and simulation tools 

that played a crucial role in improving the performance of the PV system. The basics, components, 

and working principles of SC have been explained. The factors affecting SC efficiency were 

further analyzed, and the different design approaches used in SC systems were explored. Emphasis 

was placed on soil properties and heat transfer, and soil temperature gradients and the influence of 

soil thermo-physical properties on the performance of the EAHE were discussed. The synergistic 

combination between EAHE and SC systems was investigated to enhance PV energy efficiency 

and production. MATLAB simulation model for renewable energy research was presented, 

focusing on their role in simulating and analyzing different aspects of renewable energy systems. 

Validation and sensitivity analysis methods were also discussed to ensure the accuracy of the 

simulation results. 

Based on previous research, it has been found that few studies have addressed the integration 

between the SC system and EAHE or between the PV module system and EAHE (PV-EAHE) 

system. In addition, few studies have been conducted to analyze the effect of these three systems 

(SC-PV-EAHE) on space cooling and ventilation under multiple climatic conditions, including 

hot, temperate, and cold weather conditions. 

This research aims to fill this knowledge gap through an experimental and simulation study of a 

new system that combines these three systems (SC, PV, and EAHE), intending to estimate the 

effect of the integration between SC and EAHE on the efficiency of PV modules. This study was 

conducted in two cities with different climates, Al-Najaf in Iraq (which has a hot and dry 

environment) and Gödöllő in Hungary (which has cold weather). 

The importance of this study lies in providing a comprehensive overview of the integration of 

renewable energy sources, thus reducing energy consumption and solving the problem of 

overheating PV modules and reducing their lifespan. This study also shows that this topic has not 

been extensively addressed in previous research. 

It is worth noting that although MATLAB is known for its accuracy in addressing design problems, 

it has not been widely used in EAHE design, soil temperature distribution estimation, and SC-PV-

EAHE system design. This study presents a MATLAB/Simulink model that can efficiently predict 

soil temperature distribution and design an EAHE and SC-PV-EAHE system. This model provides 

great flexibility in the design process and can be used to achieve optimal design effectively. In 

addition, this study provides a comprehensive comparison between four different types of EAHE 

systems, providing essential data that researchers and engineers can use to choose the system best 

suited to their needs. 

In summary, this study contributes to enhancing our understanding of the benefits of integration 

between SC, EAHE, and PV systems in improving the performance of PV modules and reducing 

energy consumption under multiple climate conditions. It presents an innovative 

MATLAB/Simulink model to design these systems effectively, thus enhancing research in this 

field. 
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3. MATERIALS AND METHODS 

Pursuing sustainable energy solutions is central to addressing global challenges associated with 

climate change and the growing demand for clean energy sources. Within this context, this chapter 

outlines the materials and methods employed in this comprehensive research study. This study 

investigates the intricate interplay between renewable energy technologies, specifically EAHE and 

SC systems, climatic conditions, and environmental factors to enhance the efficiency of 

photovoltaic modules and improve their performance. 

3.1. Research methodology 

In this research, the thermal gradient of the soil was measured and analyzed, measurements of the 

thermo-physical properties of the soil were performed, performance measurements of EAHE, 

measurements of enhancing the efficiency of PV modules, and the performance of SC. Moreover, 

an innovative MATLAB simulation model was developed capable of performing all simulations 

of the proposed hybrid system (SC-PV-EAHE), through which extensive simulation studies were 

conducted for the same study locations, capable of performing calculations of soil thermo-physical 

properties, performance calculations of EAHE, efficiency enhancement calculations of PV 

modules, and performance calculations of EAHE and SC. Fig. 3.1 presents the procedures and 

sequence of experiments conducted in this study. 

 
Fig. 3.1. Flowchart for the research methodology 
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3.2. Study location 

The city of Al-Najaf, geographically defined at 32.026231 N latitude and 44.354390 E longitude, 

is one of the primary study sites. The choice of this location depends on its climate, which is 

characterized by very hot summers and mild winters, especially in recent years. Al-Najaf provides 

an ideal representation of areas with scorching summers, which provides valuable data to evaluate 

the performance of the proposed hybrid system, especially the (PV modules, SC, and EAHE) under 

extreme heat (Köppen climate classification, 2022). 

In stark contrast to the warmth of Al-Najaf, Gödöllő, located at 47.593434 N latitude and 

19.364198 E longitude at the MATE University Szeint Istvan campus, presents a unique set of 

climatic challenges. Located in the heart of Hungary, Gödöllő experiences colder winters and 

milder summers in comparison with Al-Najaf's climate. Incorporating Gödöllő as a major study 

location brings a rich diversity to the research. It allows for a comprehensive assessment of the 

robustness of the proposed hybrid system (SC-PV-EAHE), especially in conditions that are 

diametrically opposed to those in Al-Najaf. Fig. 3.2. shows the two study sites in Iraq and Hungary. 

 

Fig. 3.2. Geographical map with highlighted study locations (a) Al-Najaf, Iraq and (b) Gödöllő, Hungary. 

3.2.1. Diverse climatic conditions 

The inclusion of these two distinct study sites, each representing contrasting climate regimes, 

reinforces the importance of the research. By examining the performance of the proposed hybrid 

system across temperature ranges, incident solar radiation, and seasonal variations, this study seeks 

to provide valuable insights into the adaptability and efficiency of renewable energy technologies 

under real-world conditions. 

Fig. 3.3 (a) shows the clear variation in temperature between the two study sites. As for Iraq and 

Hungary, the climatic differences between them are clear and noticeable. Iraq, as a hot country, is 

characterized by extreme temperatures during the summer, while Hungary has a continental 

climate where temperatures are more moderate during the summer and colder during the winter. 

Fig. 3.3 (b) shows the clear variation in incident solar radiation between the two study sites. As 

for Iraq and Hungary, the differences in solar radiation falling between them are clear and 

noticeable. Iraq, as a country with clear skies for most months of the year, is characterized by high 

rates of solar radiation, especially during the summer, while Hungary enjoys a cloudier climate at 

many times of the year, where the incident solar radiation is the lowest monthly rate during the 

summer and winter. 

The weather in Al-Najaf is harsh during the summer and is characterized by high ambient 

temperatures during the day (some days reaching 50 oC) and night (some days reaching 30 oC), 
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which requires high-performance attention throughout the day. July is usually the hottest summer 

month which usually features long hours of sunshine (exceeding 1000 W/m2 in June) and high 

ambient temperatures. In contrast, October represents a transitional month characterized by 

relatively high daytime temperatures and cool nights. The weather in Gödöllő is cold most seasons 

of the year when compared to the city of Al-Najaf, the difference between the ambient temperature 

in Al-Najaf and Gödöllő is between 15 and 20 oC. The weather is milder and hotter during the 

summer (but compared to the city of Najaf, it is relatively cooler). August is usually the hottest 

summer month in Gödöllő, with longer hours of sunshine (namely from 10:00 to 16:00, exceeding 

900 W/m2 in August) and higher ambient temperatures. 

The experimental days were carefully selected with respect to clear sky and relatively similar 

weather conditions to ensure effective use of the proposed system under different weather 

conditions. Moreover, most of the experiments were conducted during July, August, and 

September, which are suitable hot summer months in both countries. Summer days in Gödöllő, 

where all the experiments of the proposed hybrid system were conducted, are generally sunny 

(more than 19 days/month), with clear sky and high solar radiation. As for the city of Al-Najaf 

(the city in which the soil temperature gradient experiments were conducted), summer days are 

generally sunnier and hotter (more than 29 days/month), with clear sky and high solar radiation. 

The following sections detail the materials and methods used to conduct this multifaceted study, 

including data collection, experimental procedures, and MATLAB simulation model development 

and validation. These methodologies are crucial in achieving research objectives and enhancing 

our understanding of sustainable energy integration in different climates. 

 

Fig. 3.3. The variation in temperatures and radiation between the two study locations (a) Ambient 

temperature and (b) Solar radiation (Bart Römgens, 2021). 

3.2.2. Locations for practical experiments 

In order to accomplish the overall goals of this study, practical tests were carried out in two 

specified locations, namely Al-Najaf and Gödöllő. This component of the research will include 

details on the practical experiments and their respective sites. Each process will be briefly 

explained, as indicated in Table 3.1. 

The soil temperature distribution in Al-Najaf and Gödöllő was measured at two different depths 

as shown in Table 3.1. The difference in depth of soil temperature gradient testing at the two study 

locations is due to financial and practical considerations. The cost of temperature testing up to a 

depth of 5 m in Al-Najaf is lower than its cost in Gödöllő due to the easy access to the site and the 

availability of sufficient space to conduct the tests. The study location at Gödöllő was surrounded 

by structures and sewer pipes, making it difficult or impossible to conduct tests at great depth. 

These considerations were taken into account when designing the study, as a depth of 5 m was 

chosen in Al-Najaf and 2 m in the city of Gödöllő, which is a sufficient depth to study the 

temperature gradient in the surface layers of the soil and achieve the objectives of this study. 
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However, all comparisons between the two study sites were made for each depth at its 

corresponding depth at the other study site. 

Table 3.1. The practical experiments were conducted at the study locations with clarifications. 

The measurements Clarification Location 

Temperature gradient analysis 

measurements 

Measuring and analyzing thermal gradients 

within the soil at different depths. Analysis of 

thermal gradients is a crucial element in 

understanding heat transfer mechanisms. 

Al-Najaf (1-5 m 

depth) and Gödöllő 

(1-2 m depth) 

Measurements of soil thermo-

physical properties 

Conduct a comprehensive examination and 

documentation of the thermal and physical 

properties of the soil. These properties 

include thermal conductivity, heat capacity, 

and density. Understanding these properties 

is essential for accurately modeling and 

predicting heat transfer within soils. 

Gödöllő 

Performance measurements of 

EAHE 

Evaluation of the performance of EAHE at a 

depth of 2 m. 
Gödöllő 

Measure the effect of integrating 

the hybrid system (SC-PV-

EAHE) on the performance of 

the PV module 

Evaluation of the effect of combining EAHE 

and SC on the efficiency of PV modules. 
Gödöllő 

Measure the effect of combining 

SAC with the hybrid system 

(SC-PV-EAHE) on the PV 

module in the two study 

locations in 2 cases 

Evaluating the performance of solar 

chimneys in different shapes and colors. 
Gödöllő 

Ambient and solar radiation 

measurements 

Measuring temperatures and incident solar 

radiation is necessary to achieve the 

objectives of the study. 

Al-Najaf and 

Gödöllő 

3.3. Experimentation 

The experimental procedures conducted in this research were carefully designed and implemented 

to verify the efficiency of the proposed new hybrid system (ٍSC-PV-EAHE), performing 

temperature gradient measurements, soil thermal and physical properties, performance 

measurements of EAHE, efficiency enhancement PV modules, and performance measurements of 

solar stacks under different climatic conditions. This section describes the specific procedures used 

to collect planned experimental data at the study sites. 

3.3.1. Soil Temperature Gradient Measurement 

Measuring soil temperature gradients at different depths is fundamental to understanding heat 

transfer mechanisms within the Earth and evaluating EAHE performance. Therefore, temperature 

sensors were installed at multiple depths inside the soil, ranging between 1, 2, 3, 4, and 5 m at Al-

Najaf and 1 and 2 m deep at the Gödöllő. Sensor placement follows standardized guidelines to 

ensure accurate temperature measurements and the procedure followed by the previous studies 

(ASTM, 2008)(Rubio, 2013)(Al-Maliky, 2011)(Mengistu et al., 2017). Sensors are configured to 

record soil temperatures at regular intervals. Data were collected throughout the study period, 

covering all seasons and ambient temperature changes. The collected temperature data were 

analyzed to determine temperature gradients, evaluate seasonal changes, and identify trends in soil 

temperature profiles. 

A hole was dug at Al-Najaf to a depth of 5 meters to measure the soil temperature during all months 

of the year. Five thermocouples (K-type) were inserted into the hole at different depths (1, 2, 3, 4, 
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and 5 m) in order to be used to measure the actual soil temperatures, and the sixth thermocouple 

was used to measure the ambient air. To document and compare daily temperatures at different 

intervals (every ten minutes) in 2019, with the aim of more accurately identifying and evaluating 

the possibilities for underground use. Data were collected using a “Temperature Recorder, Model: 

TM500” daily 144 times a day. 

As for conducting the experiment in the city of Gödöllő, the same methodology was applied that 

was applied when conducting the experiment in Al-Najaf, and the same measuring device was 

used. The soil temperature was examined at a depth of 1 and 2 m during all study periods and 

months of the year. Two thermocouples (K-type) were inserted into the hole at different depths (1 

and 2 m depth) in order to measure the actual soil temperatures, and the third thermocouple was 

used to measure ambient temperatures to document and compare daily temperatures. Temperature 

at different intervals (every ten minutes) in 2022-2023, with the aim of more accurately identifying 

and evaluating underground use possibilities. Data were collected using a “Temperature Recorder, 

Model: TM500” daily 144 times a day. The schematic diagram shows the experimental models 

and experimental setup for soil temperature at the two experimental sites. 

A PVC pipe was used and inserted into the two holes dug as a solid wall to avoid demolition and 

dirt falling into the test pit and its collapse, and then the sensors were inserted through it. Fig. 3.4 

shows the schematic diagram of the experimental models and experimental setup for soil 

temperature at the two experimental locations. 

 

Fig. 3.4. The schematic diagram shows the experimental models and experimental setup for soil 

temperature at the two experimental locations (a) Schematic drawing and (b) Experimental setting. 

3.3.2. Soil Thermo-physical Properties Measurement 

One of the objectives of this study is to develop an experimental approach to measure and calculate 

the thermo-physical properties of soil in the study location as well as the equivalent thermo-

physical properties of multilayer soils and to study their effect on the performance of EAHE. 

Accurate determination of soil thermo-physical properties, including moisture content, thermal 

conductivity, specific heat capacity, and thermal diffusivity. The proposed experimental approach 

involves measuring soil properties using an inverse analysis technique to determine which soil 

properties best fit the measured data. 

In order to accomplish this, the study area (Gödöllő) was excavated to a depth of 2 meters, and it 

was found that the excavated area consists of five different layers of soil in terms of type and 

thickness (as illustrated in Fig. 3.5). Soil samples of each layer were collected and preserved in a 
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way that preserved their properties in situ and preparate for the examination, Fig. 3.6 shows the 

soil samples. Table 3.2 shows the thickness of each soil layer and the percentage of each layer 

relative to the total depth. The collected soil samples were subjected to careful laboratory analysis 

to determine their thermo-physical properties. To measure the thermo-physical properties of the 

soil, the experimental device, which is the Mettler-Toledo HE53 dryer, was used. The HE53 has a 

capacity of 54 grams and a readability of 1 milligram or 0.01% moisture content. 

 

Fig. 3.5. Different soil layers of the excavated trench. 

Fig. 3.6. The five soil samples. 

Table 3.2. The thickness of the soil layers, along with the percentage of each one relative to the total depth. 

  
Fifth 

Layer 

Fourth 

Layer 

Third 

Layer 

Second 

Layer 

First 

Layer 

Total 

depth 

Layer Thickness, m 0.10 0.27 0.35 0.88 0.40 2 

Layer thickness ratio, % 5 13.5 17.5 44 20 100 

 

3.3.2.1.Single-layer Soil Thermo-physical Properties Measurement 

The method for measuring the thermo-physical properties of each sample individually will be 

described in this section. Samples were prepared as described (Fig. 3.6), before starting the process 

of measuring properties, the initial volume of each sample was measured before it was inserted 
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into the experiment device (the volume was measured using a graduated glass tube (see Fig. 3.7)), 

and the initial mass was also measured using the experiment device itself. 

After that, each sample was inserted into the experimental device (Moisture Analyzer). Fig. 3.7 

shows the examination device. Each sample was treated according to the operating instructions of 

the Moisture Analyzer HE53. The final mass was then measured after the end of the experiment 

using the same measuring device, and the final sample volume was measured using the same 

graduated glass tube. Thus, the properties obtained up to this step are moisture content, wet density, 

and dry density. Through them, the density of each sample, thermal conductivity, specific heat 

capacity, and thermal diffusivity for each of them will be obtained using the equations mentioned 

in section 3.5.1.1. 

 

Fig. 3.7. Instruments used to measure soil thermo-physical properties (a) The graduated glass tube and (b) 

the test device. 

3.3.2.2. Multi-layered Soil Thermo-Physical Properties Measurement 

Often, when excavation operations are carried out to install the EAHE deep in the ground, the 

extracted soil is collected randomly. When the hole is reburied after the installation of the EAHE 

is completed, the burial process will take place by returning the extracted soil itself, which in this 

case is a mixture of several types of soil, which means that the current mixture does not reflect the 

reality of the surrounding soil, which is composed of layers. Also, for calculating and estimating 

the temperature gradient of any soil using any approved method, it will be essential to provide the 

thermal-physical properties of the soil (Agrawal Agrawal et al., 2018). When the soil is composed 

of a single layer, it can be dealt with in a fairly simple way. The values of its properties are entered 

within the procedures of the established calculation method. Still, when the soil is composed of 

several layers, there is no specific method up to now that regulates the management of this type of 

soil. Therefore, it is necessary to develop a new method to calculate and estimate the thermo-

thermal properties required for multi-layer soil. Thus, this study presents two new approaches. 

1- The new laboratory approaches 

To measure the equivalent thermo-physical properties of multilayer soil, all samples were mixed, 

and the mixing ratios were based on the ratio of the thickness of each sample to the total thickness 

(total depth of the trench), as shown in Table 3.2 and Fig. 3.8. The resulting sample was collected 
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and preserved in such a way as to preserve its in situ properties (soil samples are shown in Fig. 

3.9). The collected soil samples underwent careful laboratory analysis to determine their thermal 

and physical properties. The same experiment device was used to measure its thermo-physical 

properties. 

Before starting the properties measurement process, the initial volume of the sample was measured 

before inserting it into the experiment apparatus (the volume was measured using a graduated glass 

tube (Fig. 3.7)), and the initial mass was measured using the experiment apparatus itself. The 

sample was then inserted into the experimental device, processed individually inside the device, 

and dried at a temperature of 105 oC. The final mass was then measured after the experiment ended 

using the same measuring device, and the final sample volume was measured using the same 

graduated glass tube. Therefore, the properties obtained up to this step are moisture content, wet 

density, and dry density. Through them, the sample density, thermal conductivity, specific heat 

capacity, and thermal diffusivity were obtained using the equations mentioned in section 3.5.1.1. 

 

Fig. 3.8. The types of mixed soil layers according to the indicated percentages. 

 

Fig. 3.9. The mixed soil sample. 

 

 

2- The new estimation approaches 

Moisture content and dry and wet densities are the basic properties on which the other soil's 

thermo-physical properties depend, such as density, thermal conductivity, and specific heat 

capacity (Agrawal Agrawal et al., 2018). Therefore, if these two properties are available, whether 



 

42 
 

experimentally or theoretically, it is possible to calculate the other soil properties. So, this study 

presents the new appropriate methods to estimate these required thermo-physical properties. 

If the sample size of each extracted soil layer is available and the amount of moisture content for 

each sample is also available, the following equation is used to estimate the equivalent moisture 

content. 

𝑤𝑒𝑞 = 𝑤1 ×
𝑉1
𝑉𝑇
+ 𝑤2 ×

𝑉2
𝑉𝑇
+ 𝑤3 ×

𝑉3
𝑉𝑇
+ 𝑤4 ×

𝑉4
𝑉𝑇
+ 𝑤5 ×

𝑉5
𝑉𝑇
+. . . . . + 𝑤𝑛 ×

𝑉𝑛
𝑉𝑇

 (3.1) 

In typical trench excavation operations, the length and width of the excavation are usually known 

and approximately equal for all trench layers. Therefore, the thickness of each layer is used to 

calculate the total thickness of the hole instead of using the size of each layer to the total size, so 

the equation is as follows: 

𝑤𝑒𝑞 = 𝑤1 ×
𝐿1 ×𝑊1 × 𝑡1
𝐿𝑇 ×𝑊𝑇 × 𝑡𝑇

+ 𝑤2 ×
𝐿2 ×𝑊2 × 𝑡2
𝐿𝑇 ×𝑊𝑇 × 𝑡𝑇

+ 𝑤3 ×
𝐿3 ×𝑊3 × 𝑡3
𝐿𝑇 ×𝑊𝑇 × 𝑡𝑇

+ 𝑤4 ×
𝐿4 ×𝑊4 × 𝑡4
𝐿𝑇 ×𝑊𝑇 × 𝑡𝑇

+ 𝑤5 ×
𝐿5 ×𝑊5 × 𝑡5
𝐿𝑇 ×𝑊𝑇 × 𝑡𝑇

+. . . . . + 𝑤𝑛 ×
𝐿𝑛 ×𝑊𝑛 × 𝑡𝑛
𝐿𝑇 ×𝑊𝑇 × 𝑡𝑇

 

(3.2) 

As we mentioned, in usual excavation operations, the length and width or diameter of the 

excavation is usually known and is the same for all layers, so: 

𝐿1 = 𝐿2 = 𝐿3 = 𝐿4 = 𝐿5 = 𝐿𝑛 = 𝐿𝑇 

𝑊1 = 𝑊2 = 𝑊3 = 𝑊4 = 𝑊5 = 𝑊𝑛 = 𝑊𝑇 

It is possible to delete the length and width of the holes from all terms of the equation to simplify 

the equation so that the equation becomes as follows: 

𝑤𝑒𝑞 = 𝑤1 ×
𝑡1
𝑡𝑇
+ 𝑤2 ×

𝑡2
𝑡𝑇
+ 𝑤3 ×

𝑡3
𝑡𝑇
+ 𝑤4 ×

𝑡4
𝑡𝑇
+ 𝑤5 ×

𝑡5
𝑡𝑇
+. . . . . + 𝑤𝑛 ×

𝑡𝑛
𝑡𝑇

 (3.3) 

If the moisture content of each layer is unavailable, the following equation is used. 

𝑤𝑒𝑞 = (
𝑀1𝑏𝑒 −𝑀1𝑎𝑓

𝑀1𝑏𝑒
× 100) ×

𝑡1
𝑡𝑇
+ (

𝑀2𝑏𝑒 −𝑀2𝑎𝑓
𝑀2𝑏𝑒

× 100) ×
𝑡2
𝑡𝑇

+ (
𝑀3𝑏𝑒 −𝑀3𝑎𝑓

𝑀3𝑏𝑒
× 100) ×

𝑡3
𝑡𝑇
+ (

𝑀4𝑏𝑒 −𝑀4𝑎𝑓
𝑀4𝑏𝑒

× 100) ×
𝑡4
𝑡𝑇

+ (
𝑀5𝑏𝑒 −𝑀5𝑎𝑓

𝑀5𝑏𝑒
× 100) ×

𝑡5
𝑡𝑇
+. . . . . + (

𝑀𝑛𝑏𝑒 −𝑀𝑛𝑎𝑓
𝑀𝑛𝑏𝑒

× 100) ×
𝑡𝑛
𝑡𝑇

 

(3.4) 

To simplify further: 

𝑤𝑒𝑞

= (

 
 

(
𝑀1𝑏𝑒 −𝑀1𝑎𝑓

𝑀1𝑏𝑒
) × 𝑡1 + (

𝑀2𝑏𝑒 −𝑀2𝑎𝑓
𝑀2𝑏𝑒

) × 𝑡2 + (
𝑀3𝑏𝑒 −𝑀3𝑎𝑓

𝑀3𝑏𝑒
) × 𝑡3 +

(
𝑀4𝑏𝑒 −𝑀4𝑎𝑓

𝑀4𝑏𝑒
) × 𝑡4 + (

𝑀5𝑏𝑒 −𝑀5𝑎𝑓
𝑀5𝑏𝑒

) × 𝑡5+. . . . . + (
𝑀𝑛𝑏𝑒 −𝑀𝑛𝑎𝑓

𝑀𝑛𝑏𝑒
) × 𝑡𝑛

)

 
 

𝑡𝑇
100

 

(3.5) 
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In this context, M is the mass of the sample, 1, 2, 3, 4, 5, and n are the name of the sample, be and 

af are the time samples (the samples taken before and after processing in the testing device), and t 

is the soil thickness of the sample. 

It is required to make a mixture consisting of layered soil types and measure and calculate their 

properties, and the samples must be mixed according to the ratio quantity of each sample to the 

total quantity, as in the following equation: 

𝑉1 =
𝑡1

𝑡𝑇
× 𝑉𝑇 , 𝑉2 =

𝑡2

𝑡𝑇
× 𝑉𝑇 , 𝑉3 =

𝑡3

𝑡𝑇
× 𝑉𝑇 , 𝑉4 =

𝑡4

𝑡𝑇
× 𝑉𝑇 , 𝑉5 =

𝑡5

𝑡𝑇
× 𝑉𝑇 , 𝑉𝑛 =

𝑡𝑛

𝑡𝑇
× 𝑉𝑇 

(3.6) 

Then, the soil samples are mixed, and the total mass of the entire mixture, which consists of a set 

of masses for all samples, as the mass percentage of any sample differs from the other, is as 

follows: 

𝑀1 =
𝑡1

𝑡𝑇
× 

𝜌1

𝜌𝑇
×𝑀𝑇 , 𝑀2 =

𝑡2

𝑡𝑇
 ×  

𝜌2

𝜌𝑇
×𝑀𝑇 , 𝑀3 =

𝑡3

𝑡𝑇
 ×  

𝜌3

𝜌𝑇
×𝑀𝑇 , 

𝑀4 =
𝑡4

𝑡𝑇
 ×  

𝜌4

𝜌𝑇
×𝑀𝑇 , 𝑀5 =

𝑡5

𝑡𝑇
 ×  

𝜌5

𝜌𝑇
×𝑀𝑇 , 𝑀𝑛 =

𝑡𝑛

𝑡𝑇
 ×  

𝜌n

𝜌𝑇
×𝑀𝑇 

(3.7) 

Therefore, the final equation for estimating moisture content will be as follows: 

𝑤𝑒𝑞

= (
(𝑀1 +𝑀2 +𝑀3 +𝑀4 +𝑀5+. . . . . + 𝑀𝑛)𝑏𝑒 − (𝑀1 +𝑀2 +𝑀3 +𝑀4 +𝑀5+. . . . . + 𝑀𝑛)𝑎𝑓

(𝑀1 +𝑀2 +𝑀3 +𝑀4 +𝑀5+. . . . . + 𝑀𝑛)𝑏𝑒

× 100) 

(3.8) 

To simplify further: 

𝑤𝑒𝑞 = (
(𝑀𝑇)𝑏𝑒 − (𝑀𝑇)𝑎𝑓

(𝑀𝑇)𝑏𝑒
× 100) (3.9) 

Likewise, the final equation for estimating wet density will be as follows: 

𝜌𝑒𝑞,𝑤𝑒𝑡 = (
(𝑀1 +𝑀2 +𝑀3 +𝑀4 +𝑀5+. . . . . + 𝑀𝑛)𝑏𝑒
(𝑉1 + 𝑉2 + 𝑉3 + 𝑉4 + 𝑉5+. . . . . + 𝑉𝑛)𝑏𝑒

) (3.10) 

To simplify further: 

𝜌𝑒𝑞,𝑤𝑒𝑡 = (
(𝑀𝑇)𝑏𝑒
(𝑉𝑇)𝑏𝑒

) (3.11) 

Likewise, the final equation for estimating dry density will be as follows: 

𝜌𝑒𝑞,𝑑𝑟𝑦 = (
(𝑀1 +𝑀2 +𝑀3 +𝑀4 +𝑀5+. . . . . + 𝑀𝑛)𝑎𝑓
(𝑉1 + 𝑉2 + 𝑉3 + 𝑉4 + 𝑉5+. . . . . + 𝑉𝑛)𝑎𝑓

) (3.12) 

To simplify even more: 

𝜌𝑒𝑞,𝑑𝑟𝑦 = (
(𝑀𝑇)𝑎𝑓
(𝑉𝑇)𝑎𝑓

) (3.13) 
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By measuring and estimating these properties, it is possible to calculate and predict the density, 

thermal conductivity, and specific heat capacity of the soil, such as specific heat, thermal 

conductivity, soil density, and diffusivity, on which the efficiency of the heat exchanger system 

directly depends. 

3.3.3. Earth-Air Heat Exchanger Performance Evaluation 

The performance of EAHE has been evaluated for their effectiveness in facilitating heat exchange 

between soil and air, especially in cold and temperate climates. 

1. Installation: EAHE was installed at a depth of 2 m in Gödöllő, Hungary, as specified in the 

study design section. A trench was dug, 1 m wide, 2 m deep, and 14 m long. Two EAHE 

systems were installed, one called EAHE-a and the other called EAHE-b, which are PVC pipes 

with a diameter of 0.1 m and a horizontal length of 10 m each. The two ends of each are 

connected to an inclined pipe at an angle of 45o and a length of 3 m, with 2.8 m of it inside the 

soil and 0.2 m of it outside it to achieve the required level. Each of these two systems contains 

another branch from its middle to divide each system into two halves to provide the possibility 

of using this system with a length of 10 m and 5 m for purposes of comparison and study. This 

branch is vertical, 2 m long inside the soil and 0.2 m outside the soil. Thus, each system has 

two ends for air entry when the length of the system is 10 m and when it is 5 m according to 

the requirements of the study case, and its third end is linked to the space required to be cooled 

or heated according to the season and weather condition. In this study, it was connected to 

PV/T to cool PV modules. To circulate the air through the pipes, an axial AC fan with a 0.1 m 

diameter (Model: 100 VKO1) was installed and controlled by a controller to determine the 

required speed. 

2. Temperature measurements: Seven temperature sensors were used, one sensor was installed to 

measure the ambient temperature and six temperature sensors were placed at the inlet and 

outlet of each of the EAHE to monitor the temperature of the air entering and exiting the system 

to know and understand the performance of the EAHE. 

3. Airflow velocity measurements: Two anemometers (anemometer, airflow meter with 

thermometer, USB connection, and Voltcraft PL-135HAN) were used to measure airflow 

velocity at both ports of the EAHE (EAHE-a and EAHE-b), providing insight into the heat 

transfer rate. 

4. Continuous monitoring: Data loggers were used to continuously record temperature and 

airflow velocity data. SmartDEN Logger - A web-based temperature data logger with 

analog/digital inputs was used to record temperatures (set to record at 1 minute), and 

anemometer software was used to record airflow velocity (set to record at 1 minute). 

5. Seasonal variation analysis: Data collected over multiple seasons allowed the performance of 

EAHE to be evaluated under different thermal conditions. Temperatures and airflow speed 

were recorded every minute. Then, the average was calculated for the readings measured over 

10 minutes, and these averages were used in the studies and analyses targeted by this research. 

The first step begins with starting the digging process and completing the system's installation. 

Fig. 3.10 shows the three-dimensional schematic of the proposed new hybrid system, which shows 

the full details of the system. 
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Fig. 3.10. The three-dimensional schematic of the proposed new hybrid system. 

3.3.4. Integrated PV Module Performance Evaluation 

To evaluate the impact of integrating PV modules with the EAHE and SC systems on overall 

efficiency and electricity generation. 

1. Installation: Three monocrystalline PV modules (87TH424) were used in this study to make a 

comparison between their efficiency and output power. It had a module area of 0.268 m2 and 

a nominal power of 50 W. 

2. Two of these three PV modules were used to construct a simple PV/T model. A polystyrene 

sheet with a thickness of 0.02 m was used as a thermal insulation wall with a 0.025 W/m.K 

thermal conductivity in the manufacturing process of the PV/T. It was cut into sizes and areas 

that suited the manufacturing process of the PV/T and formed the channel that surrounded the 

back of the PV module to form a duct through which the air needed to cool the PV module 

passed. Adhesive materials with high tolerance to heat and weather conditions were used and 

tested in this study for the purpose of using them in the process of connecting the polystyrene 

sheet and forming the PV/T duct. 

3. This duct is connected to the bottom to EAHE and the top is connected to SC. For naming and 

differentiation purposes, one of these two PV/T is called in this research PV/T-a, and the 

second is called PV/T-b. PV/T-a is connected to the bottom to EAHE-a and the top is connected 

to SC-a, PV/T-b is connected to the bottom to EAHE-b and the top is connected to SC-b. 

4. As for the third PV module, it is a reference PV module. It was not integrated with PV/T, it 

was not linked at all with EAHE and SC. Through this PV module, the output power is 

measured based on the incident solar radiation and the temperature of the surroundings without 

its cooling. In this study, it is called PV-ref. 

5. All three PV modules (PV/T-a, PV/T-b, and PV-ref) were constructed and installed with a tilt 

angle of 45o and an azimuth angle of -20o. 
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6. Temperature measurements: Eight temperature sensors were used. One temperature sensor was 

installed to measure the ambient temperature, four temperature sensors were placed at the inlet 

and outlet of both the PV/T-a and PV/T-b to monitor the temperature of the air entering and 

exiting the systems to know and understand the performance of the PV/T-a and PV/T-b 

respectively, and three temperature sensors were placed at the back of the PV-a, PV-ref, and 

PV-b to monitor the temperature of the PV-a, PV-ref, and PV-b modules to know and 

understand the performance of the PV-a, PV-ref, and PV-b modules respectively. 

7. Solar radiation and electrical parameters measurements: Photoelectric solar radiation sensor 

was used to measure the solar radiation and the electric wires were used to connect the PV 

modules to the smart Arduino Denkovi-smart-32.  

8. Continuous monitoring: Smart Arduino Denkovi-smart-32 was a data-acquisition logger has 

been used to record solar radiation, current, voltage, and temperatures. Additionally, a desktop 

computer was used to run the display moods to monitor the sensor values. It was set to record 

at every 1 minute. 

As for the SC integrated with the system, it comes in several sizes and configurations according 

to the case study. It is a circular and rectangular tube with a hydraulic diameter of 0.1 m and a 

length of 1.5 m. It comes in two colors (white and black). 

Fig. 3.11 illustrates the actual picture of the fabrication process of the PV/T models and their final 

form. Fig. 3.12 shows the PV/T models and PV modules installed on a supporting iron structure. 

Fig. 3.13 shows the final realistic image of PV modules integrated with SC and EAHE at the study 

location. The operating and design parameters of the PV/T model air system used in the model 

simulations are described in Table 3.3. 

 
Fig. 3.11. The practical installation and manufacturing steps of the PV/T duct and PV modules. 
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Fig. 3.12. The PV/T duct and PV modules are installed on the supporting iron structure. 

 
Fig. 3.13. The final realistic image of PV modules integrated with SC and EAHE. 
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Table 3.3. Design parameters of the PV/T air system.  

PV/T air hybrid system parameters  Value  

Length of PV module and air duct, LD  0.67 m  

Width of PV module, WD  0.40 m  

Thickness of glass cover, LG  0.003 m  

Conductivity of glass cover, KG  1 W/(m K)  

Transmissivity of the glass cover, τG  0.95  

Emissivity of the glass cover, εG  0.88  

Absorptivity of solar cell, αCELL  0.85  

Thickness of solar cells, LCELL  300 x 10-6 m  

Conductivity of solar cells, KCELL  0.036 W/(m K)  

Absorptivity of tedlar, αT  0.5  

Thickness of tedlar, LT  0.5 x 10-3 m  

Conductivity of tedlar, KT  0.033 W/(m K)   

Emissivity of tedlar, εT  0.87  

Emissivity of insulation upper surface, εI  0.1  

Thickness of insulation, LI  0.02 m  

Conductivity of insulating sheet, KI  0.025 W/(m K)  

Equivalent duct depth  0.04 m and 0.06 m  

Packing factor of solar cells, p  0.83  

Electrical efficiency at Standard Conditions, ηREF  0.1866  

Solar cells temperature at Standard Conditions, TREF  298 K  

Solar radiation intensity at Standard Conditions, IREF  1000 W/m2  

3.3.5. Integrated Solar Chimney Performance Evaluation 

To evaluate the impact of integrating SC with the EAHE and PV systems on overall efficiency 

and PV's electricity generation. 

1. Installation: The SC integrated with the proposed system was available in several sizes, 

lengths, and colors, according to the case study in this research. 

2. In this research, three types of solar chimneys were used. Two of them are cylindrical, with a 

length of 1.5 m and a diameter of 0.1 m, one of which is white and the other is black. The third 

SC was a rectangular channel with a cross-section of dimensions (0.31 x 0.06) m with a length 

of 1.5 m and black (its hydraulic diameter of 0.1 m). These types were used for comparison 

purposes, as well as studying the effect of color and shape on the efficiency of the SC. 

3. These solar chimneys were connected to the PV/T-a and PV/T-b according to the case study 

in this research and accordingly, the solar chimneys were named SC-a SC-b respectively. 

4. All previous solar chimneys (SC-a and SC-b) were installed vertically on a supporting iron 

structure as shown in Fig. 3.14. 

5. Temperature Measurements: five temperature sensors were used. One temperature sensor was 

installed to measure the ambient temperature, four temperature sensors were placed at the inlet 

and outlet of both the SC-a and SC-b to monitor the temperature of the air entering and during 

the systems to know and understand the performance of the SC-a and SC-b respectively. 

6. Continuous Monitoring: Smart Arduino Denkovi-smart-32 was a data-acquisition logger has 

been used to record temperatures. Additionally, a desktop computer was used to run the display 

moods to monitor the sensor values. It is set to record every 1 minute. 
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Fig. 3.14. The types of the examined solar chimneys. 

3.4. Data Collection Methods  

Accurate and comprehensive data collection forms the bedrock of this research study. The 

following section outlines the meticulous methods employed to gather a diverse range of data, 

essential for evaluating the performance and efficiency of the integrated renewable energy systems 

in the study locations, Al-Najaf City, Iraq, and Gödöllő City, Hungary. 
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3.4.1. Measured Parameters and Instrumentation 

The study encompassed many parameters, necessitating specialized instrumentation capable of 

precise measurements. Table 3.4 illustrated parameters and details of the specific sensors and 

devices employed were measured. Fig. 3.15 shows the sensors and devices used in the 

experiments. 

Table 3.4. The measured parameters and details of the specific sensors and devices employed. 

Measured Parameters 
Sensor Used 

Device Used 
Type Uncertainty 

Temperature 
Temperature sensor (K-

type) 

±0.4% 

 

12-channel 

thermometer 

LUTRON BTM-

4208SD 

Temperature 

Temperature sensor 

B57500M103A005 (-55 

to +155°C, NTC-type) 

±0.5% 

 SmartDEN Logger - 

Web-enabled 

temperature 

datalogger with 

analog/digital inputs 

Solar radiation 
Photoelectric solar 

radiation sensor 
±3% 

Instant current and voltage 

Analogue inputs within 

the SmartDEN-Denkovi 

data logger 

±0.2% 

Airflow velocity  

Anemometer, air flow 

meter with thermometer, 

USB connection, 

Voltcraft PL-135HAN 

±0.5% 

 
Computer software 

Power consumption Voltmeter maxwell 25304 ±0.2% Display Screen 

Thermo-physical 

properties of soil 

Moisture analyzer model 

HE53 METTLER 

TOLEDO 

±0.5% Moisture Analyzer 

Soil volume 
Glass graduated 

measuring cylinder 
±0.5% - 

These sensors and devices were meticulously selected to ensure the accuracy and reliability of data 

collected during the study. Regular calibration and validation procedures were implemented to 

maintain measurement precision. 

 

Fig. 3.15. The sensors and devices used in the experiments performed (a) SmartDEN logger, (b) 

Voltmeter maxwell 25304, (c) 12-channel thermometer, (d) Airflow velocity anemometer, (e) Solar 

radiation sensor, and (f) Moisture analyzer. 

3.4.2.  Data Collection Procedure 

The data collection procedure involved the following key steps: 
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1. Sensor Placement: Sensors were strategically placed within the study locations, including soil 

depths, EAHE, PV/T models inlets and outlets, and other relevant positions. 

2. Continuous Monitoring: Data loggers and sensors were configured to continuously monitor 

temperature, airflow velocity, solar radiation, and other relevant parameters. Data acquisition 

intervals were carefully adjusted to capture both short-term variations and long-term trends. 

3. Data Storage and Retrieval: Collected data were stored in digital format within the data 

loggers and periodically retrieved for analysis. The storage system ensured data integrity and 

accessibility throughout the study period. 

4. Quality Control: Rigorous quality control measures were implemented to identify and rectify 

any anomalies in the collected data. Sensor calibration checks and periodic maintenance were 

conducted to minimize measurement errors. 

5. Data Synchronization: Data from multiple sensors were synchronized to ensure accurate 

analysis of system performance and environmental conditions. 

3.4.3. Data Analysis 

The data obtained through the abovementioned methods were comprehensively analyzed using 

advanced statistical techniques and software tools by using Microsoft Excel spread sheet  (Version 

2201 Build 16.0.14827.20198) and MATLAB R2017b programming. The analysis aimed to: 

o Assess the impact of temperature gradients on the efficiency of the integrated renewable 

energy systems. 

o Evaluate the performance of the EAHE under varying climatic conditions. 

o Determine the influence of weather patterns on power generation and system efficiency. 

o Validate the accuracy of the developed MATLAB simulation model through comparison with 

experimental data. 

The resulting data and analysis form the basis for drawing meaningful conclusions and insights 

into the behavior of the hybrid system under real-world conditions. 

3.5. Simulation Model Development 

The development of a robust and comprehensive MATLAB simulation model is a cornerstone of 

this research. This section delineates the intricacies of model development, including key 

equations, parameters, and validation procedures. The model is a powerful tool for assessing the 

behavior and performance of integrated renewable energy systems (EAHE, SC, and PV modules) 

under varying climatic conditions. 

The primary objective of the MATLAB simulation model is to replicate the behavior of the 

integrated systems in a virtual environment. The model is constructed based on principles of heat 

transfer, fluid dynamics, and electrical performance. The model incorporates the following 

fundamental equations and algorithms: 

1. Heat Transfer Equations: Heat transfer within the soil, air, and PV modules is governed by 

the heat conduction equation, accounting for thermal conductivity, heat capacity, and 

temperature gradients. 

2. Fluid Flow Equations: Fluid flow within the PV/T module, SC, and EAHE is modeled using 

fluid dynamics equations, considering airflow velocity, cross-sectional areas, and pressure 

differentials. 

3. Photovoltaic Power Generation: The electrical performance of PV modules was designed 

and calculated using the equations for calculating PV cell productivity, taking into account 

solar radiation, temperature, and electrical characteristics of the modules. 
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4. System Integration: The model integrates these equations to simulate the performance of the 

entire hybrid system, including the influence of soil temperature gradients on heat exchange. 

Accurate parameter estimation and validation are essential for ensuring the model's accuracy in 

replicating real-world conditions. The following steps were undertaken: 

1. Parameter Estimation: Parameters such as soil thermo-physical properties, system 

efficiencies, meteorological data, and electrical characteristics of PV modules were estimated 

based on empirical measurements and literature values. 

2. Validation Against Empirical Data: The model was rigorously validated by comparing its 

predictions with empirical data obtained from field experiments. Temperature profiles, airflow 

velocities, and electrical outputs were analyzed for congruence between model predictions and 

actual measurements. 

3. Calibration and Adjustment: Any disparities between model predictions and empirical data 

were addressed through calibration and adjustment of model parameters. The iterative process 

ensured alignment with real-world observations. 

The developed MATLAB simulation model is a versatile tool with the following capabilities: 

1. System Evaluation: The model can simulate the performance of the integrated renewable 

energy systems, allowing for the assessment of individual components and their interplay. 

2. Climate Variability: It accommodates climate variability by accepting meteorological data as 

input, enabling simulations under various weather conditions. 

3. Global Applicability: The model can be applied to different geographic locations by inputting 

location-specific data, making it a versatile tool for future studies. 

Model validation and verification procedures were conducted to ascertain its accuracy and 

reliability. 

1. Validation: Validation was performed by comparing model predictions with empirical data 

from field experiments, ensuring that the model accurately replicates real-world behavior. 

2. Verification: Model verification was carried out through rigorous testing against established 

analytical solutions and benchmark cases to confirm its computational accuracy and stability. 

The MATLAB simulation model, once validated, can be a valuable resource for future studies and 

research endeavors. 

1. Accessibility: The model will be made available for use by the scientific community, reducing 

the time, cost, and effort required for similar investigations. 

2. Further Analysis: It can be employed for in-depth analyses, exploring additional scenarios 

and configurations of integrated renewable energy systems. 

3. Parameter Studies: The model allows for sensitivity studies to assess the influence of 

different parameters on system performance.   

The following sections will present a comprehensive overview of the mathematical equations and 

models used to develop the MATLAB simulation model and draw conclusions. 

3.5.1. Mathematical modeling for Soil gradient and Earth-Air Heat Exchanger 

Polyvinyl chloride (PVC) is the main ingredient of an EAHE. The buried pipe's length and 

diameter are employed in the thermal analysis. To use an EAHE, you'll need a powerful blower to 

move hot exterior air down into the pipe, where it will be cooled. Heat is transferred to the ground 

at a lower temperature, thus lowering the air temperature. Afterward, the cooled air is pumped into 

the building or any other space, such as via a PV module system, etc. Table 3.5 depicts air and 



 

53 
 

pipe's physical and thermal characteristics, whereas Table 3.6 summarizes the EAHE parameters 

utilized in this simulation. 

Table 3.5. This study utilized the physical and thermal properties of pipe and air (Bansal et al., 

2009). 

Material Air PVC 

Density (kg/m3) 1.225 1380 

Thermal conductivity (W/m.K) 0.0242 0.16 

Heat capacity (J/kg.K) 1006 900 

Table 3.6. The EAHE parameters utilized in the simulation. 

Parameter Reference value (m) 

Pipe length 10 

Pipe diameter 0.1 

Pipe depth 2 

A consistent airflow within the pipe may further simplify the configuration mentioned. The 

surrounding soil's thermal qualities are assumed to be homogeneous and constant, as are the pipe's 

size and physical attributes. Monthly maximum and lowest temperatures were recorded 

experimentally to simulate the place under investigation. 

The model is based on energy balance equations when the ground temperature remains constant. 

EAHE air temperature fluctuates throughout the pipe's length, considering ambient air 

temperature, soil temperature at a particular depth, geometries and types of the pipes, and air 

velocity. 

3.5.1.1. Soil temperature modeling 

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 (Abbas and Al-

Naseri, 2008). The method for sizing the EAHE requires knowledge of the minimum and 

maximum ground temperature at the EAHE depth. The undisturbed ground temperature, Tsoil, 

expressed in °C, can be calculated using (Han et al., 2021): 

Tsoil (z,t)= Tmean + Ao exp(-z/d) [sin ((2 π (t - to) / 365) - (z / d) - (π / 2))] (3.14) 

In which Tsoil (z,t) denotes the temperature of  the soil at time t (day) and depth z (m), Tmean defines 

the average ambient temperature (oC), Ao connotes the annual amplitude of the 

ambient temperature (oC), which is given by Eq. (3.15), 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) 

and the Eq. (3.16) calculates the damping depth as follows (Han et al., 2021): 

Ao= (Tmax – Tmin)/2 (3.15) 

d= (2 α / γ)1/2 (3.16) 

Where α is the thermal diffusivity (m2/day), the heat transfer coefficient (thermal diffusivity) is a 

parameter that indicates how well the ground conducts heat in proportion to its thermal capacity. 

It may be computed using Eq. (3.17). In which γ = 2π / 365 (1/day) (Mortaza et al., 2005). 
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α= ksoil / (Cp,soil ρsoil) (3.17) 

Where Cp,soil is the specific heat capacity of the soil (J/kg.K) and ρsoil is the soil density (kg/m3). 

Due to the fact that heat conducts more quickly as compared to thermal mass, a high thermal 

diffusivity value is desired (Le Feuvre, 2007). In order to determine these thermal characteristics, 

Eqs. ((3.18)-(3.21)) have been utilized to develop analytical equations: 

ksoil= 0.14423 (0.9 log (w) – 0.2) 10 0.000642 ρ
d                  (For silt and clay soils) (3.18) 

ksoil= 0.14423 (0.7 log (w) + 0.4) 10 0.000642 ρ
d                  (For sand soil) (3.19) 

In this equation, ρd is the dry soil density. The adjusted specific heat capacity of soil may be 

calculated as follows: 

𝐶𝑝,𝑠𝑜𝑖𝑙 =
[𝑤 𝐶𝑝𝑤 + (100 − 𝑤) 𝐶𝑝𝑑]

100
 (3.20) 

Cpw is water's specific heat capacity (4180 J/kg.K), and Cpd is the soil's dry specific heat capacity 

(840 J/kg.K). The corrected density of soil may be given by: 

 ρ𝑠𝑜𝑖𝑙 =
[𝑤 ρ𝑤 + (100 − 𝑤) ρ𝑑]

100
 (3.21) 

Where: ρw is the density of water. 

3.5.1.2. Earth-air heat exchanger modeling 

The PVC pipe is buried to a certain depth, determined using the data and sources provided. 

Temperature is defined as "relatively constant" in Eq. (3.14) to pick the buried depth in this study. 

It is possible to estimate the length of the tube and the amount of land needed to bury the pipe by 

utilizing the design scheme based on the desired performance. The most significant equations and 

techniques for obtaining the required data to complete the EAHE design are summarized (Ali et 

al., 2021). 

Definition of limits: Relative pressure was zero atm at the EAHE pipe's exit (Subsonic flow 

regime). The static air inlet temperature Tin-EAHE (°C), and airflow velocity 𝑣𝑎 (m/s) must be 

specified at the EAHE pipe's inlet or outlet. At a static inlet air temperature, the thermodynamic 

and transport parameters of air, such as its specific heat capacity Cp (J/kg K), density 𝜌 (kg/m3), 

thermal conductivity 𝐾 (W/m K), and dynamic viscosity µ (kg/m s), may be determined 

(Muehleisen, 2012; Bisoniya, 2015). Temperatures on the pipe surface (wall) were specified to 

equal the earth's temperature at a certain depth and distributed equally in the longitudinal direction. 

The depth of the buried pipe is particular to the design goal based on the distribution of the earth's 

temperature. 

The convective heat transfer coefficient (CHTC) during the pipe is characterized by: 

h = 
𝑁𝑢 𝐾

𝐷
 (3.22) 

A PVC EAHE with a total burial length of Lpipe and an inner diameter of Dpipe was examined in 

this research. The Nu correlations described in (De Paepe and Janssens, 2003) may be utilized to 

simulate the performance of the EAHE if the inside surface of PVC pipes used in the EAHE is 

smooth. 
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𝑁𝑢 =
(
𝑓
8) (𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7 √
𝑓
8
 (𝑃𝑟

2
3 − 1)

 (3.23) 

f = (1.82 logRe−1.64)−2 (3.24) 

If 5 × 106 > Re ≥ 2300 and 106 > Pr > 0.5 

The Reynolds number is related to the average air velocity and diameter: 

𝑅𝑒 =
𝐷𝑝𝑖𝑝𝑒 𝜌𝑣𝑎

𝜇
 

(3.25) 

The Prandtl number is given by: 

𝑃𝑟 =
𝜇 𝐶𝑝 

𝑘
 (3.26) 

• Effectiveness of the EAHE and construction. 

The air passing through a buried pipe loses or absorbs the following amount of heat: 

Q = 𝑚̇ Cp (Tin –Tout) (3.27) 

The mass flow rate of air. 

𝑚̇ = 𝑁𝑝  
𝜋

4
 𝐷𝑝𝑖𝑝𝑒

2 𝜌 𝑣𝑎 (3.28) 

The following equation may also provide the transferred heat due to convection between the 

airflow and the wall pipe: 

Q = h Asurf. ΔTlm (3.29) 

The diameter and the length of the EAHE affect the pipe's internal surface area (Asurf). 

Asurf = π Dpipe Lpipe (3.30) 

𝛥𝑇𝑙𝑚 =
𝑇𝑖𝑛−𝐸𝐴𝐻𝐸 − 𝑇𝑜𝑢𝑡−𝐸𝐴𝐻𝐸

𝑙𝑛
𝑇𝑖𝑛−𝐸𝐴𝐻𝐸 − 𝑇𝑤𝑎𝑙𝑙
𝑇𝑜𝑢𝑡−𝐸𝐴𝐻𝐸 − 𝑇𝑤𝑎𝑙𝑙

 
(3.31) 

The following is the temperature of the air outlet at x=L: 

𝑇𝑜𝑢𝑡−𝐸𝐴𝐻𝐸,𝐿 = 𝑇𝑠𝑜𝑖𝑙 + (𝑇𝑖𝑛−𝐸𝐴𝐻𝐸 − 𝑇𝑠𝑜𝑖𝑙) 𝑒𝑥𝑝^(((− 𝜋 𝐷𝑝𝑖𝑝𝑒 𝐿𝑝𝑖𝑝𝑒  ℎ) / ( 𝑚̇ 𝐶𝑝 )))   )3.32( 

The EAHE efficiency, 𝜂𝐸𝐴𝐻𝐸, as: 

𝜂𝐸𝐴𝐻𝐸 = 1 − 𝑒𝑥𝑝
−(

ℎ𝐴

𝑚̇ 𝐶𝑝
)
 = 

𝑇𝑜𝑢𝑡−𝑇𝑖𝑛

𝑇𝑠𝑜𝑖𝑙−𝑇𝑖𝑛
 (3.33) 

The pressure drop in a smooth pipe is given by: 
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𝛥𝑝 = 𝑓 
𝐿

𝐷
 𝜌 
𝑣𝑎
2

2
 (3.34) 

To calculate the pressure drop in the pipe as a result of bends in the pipe: 

𝛥𝑝𝑙𝑜𝑠𝑠 = 𝐶𝑙𝑜𝑠𝑠 𝜌
𝑣𝑎
2

2
 (3.35) 

Where Closs is the bend loss coefficient can be gotten from fitting the measured data introduced in 

the ASHRAE Handbook (ASHRAE, 2009) to a quadratic condition. The results got are: 

𝐶𝑙𝑜𝑠𝑠 = 0.09057 − 0.001439𝐷𝑝𝑖𝑝𝑒 + 0.001294𝐷𝑝𝑖𝑝𝑒
2  (3.36) 

Then, the total drop pressure in EAHE (𝛥𝑝𝑇) given by: 

𝛥𝑝𝑇 = 𝛥𝑝 + 𝛥𝑝𝑙𝑜𝑠𝑠 (3.37) 

The air fan power (AFP) required to move the volume of air (m3/s) over the total pressure drop 

𝛥𝑝𝑇 is then computed as: 

𝐴𝐹𝑃 = 𝑉𝑎𝑖𝑟  𝛥𝑝𝑇 (3.38) 

Where: 𝑁𝑝 is the number of parallel pipes (-), Tout-EAHE: is the temperature of air at outlet of EAHE 

pipe (°C), ΔTlm: The logarithmic average temperature difference (-), Twall=Tsoil at a certain depth, 

𝑁𝑢: is Nusselt number, 𝑉𝑎𝑖𝑟 is the airflow volume, and f: is the friction factor for smooth pipes. 

3.5.1.3. Earth-air heat exchanger configurations 

This research presents a comparison between four types of configurations that make up the EAHE 

as shown in Fig. 3.16 All these types consist of the same pipe material, which is PVC, with a total 

length of 65 m for each type and a diameter of 0.148 m, so that each type transmits the total airflow 

of each type, which is also the same with an amount of 0.034 m3/s. All The information included 

in the comparison process are shown in Table 3.7. The first type consists of a single tube extending 

horizontally in one direction only and is called a single pipe. The second type consists of a group 

of pipes (five branches) connected to each other by main pipes of the same diameter to form a U-

type multi-pipe EAHE with a connection angle of 90 degrees, and it is called multiple pipes. The 

third type consists of a different type of tubes configuration, where this type of heat exchanger 

consists of multiple tubes (five pipes) but separated from each other, unlike the third type in which 

the tubes are connected to each other and can be called Multiple-Single pipes (MS-EAHE), The 

airflow in each pipe of the MS-pipe EAHE type is uniform and equivalent to the total airflow 

divided by the number of branches (five). The fourth type consists of only one tube, but it differs 

from the first type in that it is twisted to save space, as in a multi-pipe, but it is a single twisted 

tube, and it can be called Twisted-Single pipes (TS-EAHE).   

In order to evaluate the efficiency of a multi-pipe type EAHE, it is crucial to accurately measure 

and understand the variations in flow ratios between individual tubes. To this end, this study will 

use the flow ratio data presented by (Amanowicz and Wojtkowiak, 2020a) in its results, which 

includes detailed tables and figures. This data will be incorporated into the simulation process to 

ensure an accurate assessment of EAHE performance. 

In this comparison, ambient air temperatures that were experimentally measured during the year 

2021 in Iraq (Al-Najaf) were adopted (Ali et al., 2023). 
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Fig. 3.16. The four heat exchanger configurations utilized compare (Lpipe= 65 m, dpipe= 0.148 m, 

L1= Lpipe= 65 m, L2=6*dpipe= 0.886 m, L3= 76*dpipe= 11.227 m, L4= 5*L2= 4.432 m, L5=13 m, 

and L6= 12.29 m). 

Table 3.7. EAHE parameters for the four heat exchanger configurations utilized to compare. 

Type of EAHE 

Single pipe 

EAHE (Pipes 

in one 

direction) 

Multiple pipe 

EAHE 

(Parallel 

Pipes) 

MS-EAHE pipe 

(Separated 

Pipes) 

TS-EAHE 

(Pipes in 

twisted 

direction) 

Total pipe length, (m) 65 65 65 65 

Pipes diameter, (m) 0.148 0.148 0.148 0.148 

Pipe depth, (m) 6 6 6 6 

Total airflow, V (m3/s) 0.0343 0.0343 0.0343 0.0343 

Number of elbows 4 14 20 12 

Number of branches 1 5 5 1 

Configuration type 

Pipes 

connected in 

series and one 

direction (Fig. 

3.16 (A)) 

Connected 

parallel pipes 

(Fig. 3.16 

(B)) 

Separate 

parallel pipes 

(Fig. 3.16 (C)) 

Twisted and 

connected 

parallel pipes 

(Fig. 3.16 (D)) 

3.5.2. Solar chimney system 

It is clear from the literature study that airflow behavior is the main factor affecting the overall 

efficiency of the SC system. Predicting this behavior helps to optimize the system as a whole. To 

achieve that, it is necessary to have a good knowledge of the laws of heat and mass transfer. The 

study of chimney behavior in passive solar application is then crucial as it enhances the airflow 

inside the system. 

3.5.2.1. Solar chimney system modeling 

The effect of the thermal conductivity in heat transfer is considered significant when dealing with 

a heat transfer process between the outside and inside chimneys. Still, the physical and mechanical 

properties of the chimney material will not be accounted in this study. The chimney should be 
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designed so that the rate of heat losses should be considered in determining the optimum height so 

as not to exceed the height at which the chimney air cools to the same temperature as ambient. The 

design will maintain mean chimney temperatures above ambient temperature, which produce a 

pressure difference or stack effect and given in the equation as (Ekechukwu and Norton, 1997): 

∆𝑃𝑠𝑡𝑎𝑐𝑘 = 𝑔𝐻∆𝜌 = 𝑔𝐻(𝜌𝑎 − 𝜌̅𝑐ℎ) = 𝜌𝑔𝐻(𝑇𝑐ℎ − 𝑇𝑎) (3.39) 

Assuming that the flow is turbulent flow with the average density of the air through the cylindrical 

duct, the velocity can be given as a function of temperature change across the chimney:  

𝑣 = 0.453 [
𝐷𝑔∆𝑇𝑐ℎ
𝜌̇

]
1 2⁄

 (3.40) 

From experimental data, the mean airflow temperature inside the chimney and the ambient air 

temperature can easily be found, and the average density was calculated from the equation: 

𝜌̇ = 1.11363 − 0.00308 𝑇 (3.41) 

Where: g: Acceleration due to gravity (m/s), H: Chimney height (m), ΔPstack: Pressure drop due to 

buoyancy (N/m2), Ta: Ambient air temperature (K), Tch: Mean chimney air temperature (k), ρ: Air 

density (kg/m3), ρa: Ambient air density (kg/m3), ρch: Mean chimney air density (kg/m3), 𝑣: 

Velocity of the air (m/s), D: Duct diameter (i.e. chimney diameter) (m), ΔTch: Mean chimney 

temperature elevation above ambient temperature (K), 𝜌̅: Mean air density (kg/m3) and T: is air 

temperature (K). 

3.5.3. Photovoltaic solar system 

It is clear from the literature study that the weather conditions are the main factors affecting the 

overall efficiency of the PV module. Predicting this behavior helps to optimize the system as a 

whole. In order to achieve this, it is necessary to have a good knowledge of the laws of heat and 

mass transfer. 

3.5.3.1. Mathematical model for photovoltaic module 

A PV cell is a p-n junction fabricated in a thin semiconductor wafer. The electromagnetic radiation 

of solar energy can be directly converted to electricity through the photovoltaic effect. Being 

exposed to sunlight, photons with energy greater than the band gap energy of the semiconductor 

creates some electron-hole pairs proportional to the incident irradiation (Dhinesh et al., 2020). 

PV cells are grouped in larger units called PV modules, which are further interconnected to form 

PV arrays in a parallel series configuration. The PV module can be modeled mathematically as 

given in Eqs. ((3.42)-(3.45)) (Chowdhury et al., 2008; Nema et al., 2010; Pandiarajan and Muthu, 

2011). 

𝐼𝑝ℎ = [𝐼𝑆𝐶𝑟 + 𝐾𝑖(𝑇 − 298)] ∗ 𝜆/1000. (3.42) 

𝐼𝑟𝑠 = 𝐼𝑆𝐶𝑟/[exp (
𝑞𝑉𝑂𝐶
𝑁𝑠𝑘𝐴𝑇

) − 1] 
 

(3.43) 

𝐼𝑜 = 𝐼𝑟𝑠[
𝑇

𝑇𝑟
]3exp[

𝑞∗𝐸𝑔0

𝐵𝑘
 {
1

𝑇𝑟
−
1

𝑇
}] 

 

(3.44) 
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𝐼𝑃𝑉 = 𝑁𝑃 ∗ 𝐼𝑝ℎ − 𝑁𝑃 ∗ 𝐼𝑜[𝑒𝑥𝑝 {
𝑞 ∗ (𝑉𝑃𝑉 + 𝐼𝑃𝑉𝑅𝑠)

𝑁𝑠𝐴𝑘𝑇
} − 1] 

 

(3.45) 

Where: Iph: The light generated current in a PV module (A), ISCr: The PV module short-circuit 

current at 25 oC and 1000W/m2 = 2.55A, Ki: The short-circuit current temperature co-efficient at 

ISCr = 0.0017A /oC, T: The module operating temperature in Kelvin, λ: The PV module illumination 

(W/m2) = 1000W/m2, Irs: The PV Module reverse saturation current (A), q: Electron charge = 1.6 

× 10-19 C, Ns: The number of cells connected in series, σ: Boltzman constant = 1.3805 × 10-23 

J/K, A = B: an ideality factor = 1.6, I0: Module saturation current (A), Tr: the reference temperature 

= 298 K, Eg0: the band gap for silicon = 1.1 eV, Ipv: Output current of a PV module (A), Vpv: Output 

voltage of a PV module (V), Rs: The series resistance of a PV module, Np: The number of cells 

connected in parallel, and PPV is the extracted PV power (W). 

3.5.4. Mathematical modeling PV/T hybrid system 

3.5.4.1. Configuration of a simple PV/T hybrid system  

The specific configuration of the hybrid PV/T system studied consists of a PV module combined 

with a SC and an EAHE. A typical structure of the system is shown in Fig. 3.17. For such a system, 

a one-dimensional thermal model is formulated based on models reported in the literature (A. 

Tiwari et al., 2006; Dubey and Tiwari, 2008; Dubey et al., 2009; Joshi et al., 2009; Sarhaddi et al., 

2010). The energy balance equations were modified considering the radiation between the back 

surface of the PV module and the opposite wall of the channel. Fig. 3.18 shows a simplified cross-

section view of a PV/T air collector consisting of three layers. Moreover, the equivalent thermal 

resistance circuit of the system discussed in this section is also shown in Fig. 3.18. 

 

Fig. 3.17. Perspective view of the hybrid PV/T system studied. 
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Fig. 3.18 Thermal resistance circuit diagram for PV/T collector. 

• Energy balance for PV/T hybrid system  

To formulate the energy balance equations for each component of the PV/T hybrid system, the 

following assumptions have been made:  

▪ The heat conduction is one-dimensional (only along the height of the module).  

▪ The temperature of the model layers is uniform.  

▪ The system is in a quasi-steady state.  

▪ The ohmic losses in the solar cell are negligible.  

▪ Air flow in the duct between a Tedlar layer and an insulating structure is one-dimensional.  

Four energy balance equations must be written to determine solar cell temperatures and the 

system's efficiency.  According to Fig. 3.18, the total heat transfer equation from the upper side of 

the module to the ambient under the insulation can be written as follows:  

 𝜏𝐺 ⋅ [𝛼𝐶𝐸𝐿𝐿 ⋅ 𝑝 ⋅ 𝐼 + (1 − 𝑝) ⋅ 𝛼𝑇 ⋅ 𝐼] ⋅ 𝑏 ⋅ 𝑑𝑥 =

[𝑈𝑡 ⋅ (𝑇𝐶𝐸𝐿𝐿 − 𝑇𝐴𝑀𝐵) + 𝑈𝑇 ⋅ (𝑇𝐶𝐸𝐿𝐿 − 𝑇𝐵𝑆)] ⋅ 𝑏 ⋅ 𝑑𝑥 + 𝛼𝐶𝐸𝐿𝐿 ⋅ 𝜂𝐶𝐸𝐿𝐿 ⋅ 𝑝 ⋅ 𝜏𝐺 ⋅ 𝐼 ⋅ 𝑏 ⋅ 𝑑𝑥
 
(3.46) 

Where the terms in Eq. (3.46) are the following: 

 

 The second energy balance equation describes the heat transfer for back surface of tedlar: 

 𝑈𝑇 ⋅ (𝑇𝐶𝐸𝐿𝐿 − 𝑇𝐵𝑆) ⋅ 𝑏 ⋅ 𝑑𝑥
= ℎ𝑓 ⋅ (𝑇𝐵𝑆 − 𝑇𝐴𝐼𝑅) ⋅ 𝑏 ⋅ 𝑑𝑥 + ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇 ⋅ (𝑇𝐵𝑆 − 𝑇𝐼) ⋅ 𝑏 ⋅ 𝑑𝑥 

(3.47) 

Where the terms in Eq. (3.47) are the following:  
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The following equation is the overall duct energy balance:  

 ℎ𝑓 ⋅ (𝑇𝐵𝑆 − 𝑇𝐴𝐼𝑅) ⋅ 𝑏 ⋅ 𝑑𝑥 + ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇 ⋅ (𝑇𝐵𝑆 − 𝑇𝐼) ⋅ 𝑏 ⋅ 𝑑𝑥 =

𝑚𝐴𝐼𝑅̇ ⋅ 𝐶𝐴𝐼𝑅 ⋅
𝑑𝑇𝐴𝐼𝑅
𝑑𝑥

⋅ 𝑑𝑥 + 𝑈𝑏0 ⋅ (𝑇𝐼 − 𝑇𝐴𝑀𝐵) ⋅ 𝑏 ⋅ 𝑑𝑥
 

(3.48) 

Where the terms in Eq. (3.48) are the following:  

 

Finally, the fourth energy balance equation for the upper surface of insulation can be written as:  

 ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇 ⋅ (𝑇𝐵𝑆 − 𝑇𝐼) ⋅ 𝑏 ⋅ 𝑑𝑥

= 𝑈𝑏0 ⋅ (𝑇𝐼 − 𝑇𝐴𝑀𝐵) ⋅ 𝑏 ⋅ 𝑑𝑥 + ℎ𝑓 ⋅ (𝑇𝐼 − 𝑇𝐴𝐼𝑅) ⋅ 𝑏 ⋅ 𝑑𝑥 

(3.49) 

Where the terms in Eq. (3.48) are the following:  

 

The mathematical transformations to obtain the explicit formula for all temperatures, as well as 

the relationships used in equations ((3.46)-(3.49)) for the heat transfer coefficients and the 

assumptions adopted for calculating radiant heat and the transfer coefficient are described in the 

Appendix(ِA3).  

To calculate the temperature-dependent electrical efficiency of the PV module, the following 

expression has been used (Evans, 1981; Schott, 1985; Rahman et al., 2017):  

 𝜂𝐶𝐸𝐿𝐿 = 𝜂𝑅𝐸𝐹 ⋅ [1 − 𝛽 ⋅ (𝑇𝐶𝐸𝐿𝐿 − 𝑇𝑅𝐸𝐹)] (3.50) 

The rate of thermal energy obtained from the hybrid system is:  

 𝑄̇𝑈 = 𝑚̇𝐴𝐼𝑅 ⋅ 𝐶𝐴𝐼𝑅 ⋅ (𝑇𝐴𝐼𝑅(𝐿𝐷) − 𝑇𝐴𝐼𝑅−𝐼𝑁) (3.51) 

The thermal efficiency of the PV/T system has been calculated using the following equation:  

 
𝜂𝑇𝐻 =

𝑄𝑈̇
𝑏 ⋅ 𝐿𝐷 ⋅ 𝐼

 
(3.52) 

3.5.4.2.Temperature of the back surface of the PV module  

The heat transfer between the back surface of the PV module and the air flowing in the duct should 

be optimized to achieve the most significant temperature reduction of PV cells.  

The convective heat transfer coefficient (hf), which identifies the amount of heat exchanged 

between the module and the air flow rate, the Nusselt number, and the friction factor has been 

calculated and then uses these values to evaluate the pressure drop along the duct and the 

mentioned convective heat transfer coefficient. The input parameters of that function are the size 

of the duct (width, height, length), the average airflow temperature, pressure, and the air mass flow 

rate. 
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3.5.5. Hybrid (PV, EAHE and SC) system 

For EAHE to work, they must be designed to determine the preferred length, diameter, and 

material of the pipe, as well as how much heat is transferred to it, what velocity of supplied airflow 

is appropriate for the space to be conditioned, and how much energy is required to circulate it. 

These variables are determined by calculating the expected inlet air temperature, mass flow rate, 

and outlet air temperature. Everything is subject to change depending on the soil temperature at a 

certain depth. 

For PV modules to perform well, their systems must be designed so that they can make the most 

of the solar radiation falling on them under the surrounding weather conditions, including the 

temperature of the surrounding air and the speed of the wind, and therefore the amount of power 

generated from them, especially when integrated with other systems such as the EAHE. These 

variables are determined by calculating the expected inlet air temperature coming from the EAHE, 

the mass flow rate, the outlet air temperature, and the temperature of the PV module after it has 

cooled. Everything is subject to change depending on the temperature of the PV module at a 

particular location. 

The same applies to the SC, as its design requires specifying its dimensions and components and 

comparing the temperature of the air entering it with the temperature of the surrounding air for the 

purpose of obtaining the required difference for the purpose of generating a suitable airflow to 

cool the PV module integrated with it. As a result, everything can be changed depending on the 

temperature of the PV module at a specific location. 

Eqs (2.1), ((3.1)-(3.52)), and Eqs. in Appendix (A3) were used. The mathematical and 

programming connection was made between them all to build the MATLAB/Simulink model (as 

shown in Fig. 3.19). Anywhere in the world, using this model, designers can know the temperature 

distribution at different depths in the soil. It also calculates the physical and thermal properties of 

the desired soil location. The temperature of the PV module, the power generated, and its 

efficiency. Determine the appropriate dimensions of the SC through which sufficient airflow can 

be developed to move the air and pull it from the surrounding atmosphere through the EAHE 

passing through the PV and then to the SAC that was specially integrated to raise the temperature 

of the air entering the SC, which in turn pushes the air into the surrounding atmosphere at the end 

course. 

It is observed in this simulation, using equations, that simple underground pipes connected to a 

building or space can essentially manage the internal temperature comfort of the structure and thus 

help save energy in hot and dry climates such as AL-Najaf, Iraq and cold and temperate such as 

Gödöllő, Hungary. The airflow ratios given in (Amanowicz and Wojtkowiak, 2020a)   were used 

to simulate multi-pipe exchangers, and the simulation results are presented in this study. 

By using this model, designers can design and estimate the performance of the SC-PV-EAHE 

system in different locations in the world, as it has a good ability to estimate the length of the tube 

and the land area required to bury the pipe sufficient to cool the air needed to cool the PV module 

integrated with the SC. 

The final form of the model is illustrated in Fig. 3.19. It takes ambient temperature, solar radiation, 

and soil temperature and assumed the pipe diameter of EAHE, PV system dimension, the aimed 

mass flow rate, and the dimension of cross-section area of SC. When running this model, we need 

5 seconds to get all the needed data, such as the length of EAHE, the height of SC and current, 

voltage, and power resulting from this suggested hybrid system. 
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Fig. 3.19 Simulink model of the hybrid system. 

3.6. Experiments and tests conducted by this study 

Many practical experiments, tests, and simulations were conducted using the developed MATLAB 

model. This chapter listed the work methodology adopted to achieve it as best as possible. All the 

materials and installation methods and the devices and techniques used to use them were listed. 

The hypotheses that were taken into consideration were listed. We summarize here all the 

experiments and tests that were conducted during this research, which are as follows: 

1. Verification of the new MATLAB simulation model by comparing the simulated MATLAB 

results with the results of practical experiments in Gödöllő. 

2. Measurement of the temperature gradient at the two study locations in Al-Najaf, Iraq and 

Gödöllő, Hungary. 

3. Measurement of the thermo-physical properties of soil at the study location in Gödöllő. And 

developing a new methodology to measure the thermal properties of multi-layered soil 

practically, theoretically, and programming. 

4. Evaluating the effect of soil thermo-physical properties on air temperature inside EAHE. 

5. Evaluating the performance of the EAHE practically for a platform system at the study location 

in Gödöllő. In two modes (cooling and heating). 

6. Studying the effect of different configurations on the performance of the EAHE by testing four 

types of EAHE. 

7. Evaluation of the performance of the PV module integrated with the EAHE and the SC.  This 

Evaluation was done through the following case studies. 

• Investigating the effect of natural ventilation using a SC on the performance of the PV module. 

1) The effect of the solar chimney on the PV module efficiency. 

2) The impact of solar chimney color on the PV module efficiency. 

3) The effect of solar chimney shape on the PV module efficiency. 

4) The effect of the EAHE length on the PV module efficiency. 
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5) The effect of duct depth of PV/T on the efficiency of the PV module. 

6) The effect of the EAHE on the PV module efficiency. 

• Investigating the effect of forced ventilation on the performance of the PV module. 

1) The effect of forced air (0.5 m/s) and EAHE on the PV module efficiency. 

2) The effect of forced air (1 m/s) and EAHE on the PV module efficiency. 

3) The effect of forced air (1.5 m/s) and EAHE on the PV module efficiency. 

• Investigating the effect of SAC integration on the performance of the PV module. 

1) The effect of SAC on the efficiency of PV modules. 

2) The effect of solar air collectors on the efficiency of the PV module in different climates. 

Figs. 3.20, 3.21, and 3.22 illustrate the three-dimensional schematic of experiments evaluating 

natural ventilation experiments by SC, forced ventilation experiments, and the effect of 

incorporating SAC on the performance of PV modules when combined with EAHE and SC. 

This chapter detailed the data collection methods and instrumentation used to gather critical 

information for the study. It underscores the precision and rigor employed to ensure the reliability 

of the data collected, which is essential for the scientific validity of the research findings. 
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Fig. 3.20. The three-dimensional schematic of natural ventilation experiments by SC to evaluate the 

performance of PV modules when combined with EAHE. 
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Fig. 3.21. The three-dimensional schematic of forced ventilation experiments to evaluate the performance 

of PV modules when combined with EAHE. 

 
Fig. 3.22. The three-dimensional schematic of experiments evaluating the effect of incorporating SAC on 

the performance of PV modules when combined with EAHE and SC. 
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4. RESULTS AND DISCUSSION 

The experiments' results are presented in this chapter, along with discussions, suggestions, and 

new findings. The chapter includes the experimental studies conducted to specify the temperature 

gradient analysis for Gödöllő and Al-Najaf soils, thermo-physical properties of soil experimentally 

and suggest a new methodology for measuring and calculating them, the performance of EAHE 

installed in Gödöllő in heating and cooling modes, the efficiency of the PV modules; PV modules 

alone versus PV modules integrated with a new hybrid system (PV-SC-EAHE). Moreover, the 

chapter also involved the extended MATLAB simulations verified on the installed PV-SC-EAHE 

system in Gödöllő. In the end, the new findings drawn from the studies are listed. 

4.1. Model Validation and Analysis 

Verification helps ensure that the simulated model accurately reflects the behavior of the real 

system. This means you have an accurate and robust system analysis and design tool. It also helps 

reduce the risks associated with implementing the system in actual work. If it is verified that the 

model corresponds well with reality, you increase the chances of project success and reduce the 

possibility of unexpected problems. By better understanding the model's performance and how 

well it fits the actual data, you can use this knowledge to optimize and design the hybrid system 

and adapt parameters and components to ensure better performance. When you know precisely 

how a change in a particular parameter affects performance, you can direct your efforts and 

resources to improve that parameter. In addition, the verification results can help guide future 

research and development of the hybrid system. Evidence gathered from the validation process 

can be used to suggest modifications or improvements or recommend future research directions. 

In general, verification significantly impacts the design of the hybrid system and understanding 

how different components and parameters interact. It can help in achieving better performance and 

optimum utilization of available resources. 

Therefore, one of the priorities of this study is to verify the new MATLAB simulation model 

developed to test its accuracy while taking all required measures to achieve the necessary precision 

(described in section 3.5). Accordingly, the model was verified using experimental data obtained 

through experiments and tests completed at the study location in Gödöllő. 

Many interim verification tests were applied during the stages of its construction and after the 

construction process's completion. It was modified based on the recorded results to reach the 

current necessary accuracy. Through this section of this research, one of the tests was conducted 

by measuring and simulating the necessary parameters after the completion of its construction, as 

well as after the completion of installing the entire hybrid system at the study location. Due to the 

large number of data and its complexity, it will display only the main parameters of each 

component system of the hybrid system in an integrated state of connection between all its 

components. Due to the large amount and complexity of data, the main parameters that impact the 

performance of the parts of the entire hybrid system and each system individually will be 

presented. 

Fig. 4.1 shows measured soil temperature data compared to simulated predictions over time. Based 

on the data provided, it has been observed that there is a difference between the measured data and 

MATLAB model predictions. During the middle of the examination period, it appeared that the 

difference between the measured data and the model predictions began to split, as the measured 

data began to increase while the simulated predictions continued to stabilize. After that, the 

measured data and the simulated predictions started to come closer together. 

There could be several reasons for the difference between the measured soil temperature and the 

simulated predictions. Actual conditions may not be adequately captured within the simulation 
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model, and changing climate conditions may have directly affected soil temperature. Soil 

temperature may vary over time depending on ambient and climatic factors. 

But in general, the percentage of difference was very appropriate. There is excellent agreement 

between the measured data and the simulated predictions, as the percentage of difference did not 

exceed 7.2%, which supports the possibility of trusting this new simulation model. 

 
Fig. 4.1. Experimental and simulation soil temperatures over time with their relative difference.  

Fig. 4.2 shows measured outlet air temperature data of EAHE (Tout, EAHE, Exp.) compared to 

simulated predictions (Tout, EAHE, Simu.) over time, as well as their relative difference. The measured 

data was slightly lower throughout the examination than MATLAB model predictions. The 

relative difference between measured data and model predictions ranged between (6.3-6.9)%. 

There could be several reasons for the difference between the measured outlet air temperature and 

the simulated predictions. Actual conditions may not be adequately captured within the simulation 

model, and changing climate conditions may have directly affected outlet temperature. Outlet air 

temperature may vary over time depending on ambient and climatic factors. 

The calculated relative difference expresses the difference between measured data and model 

predictions in relative terms. For example, sometimes the percentage difference is around 6.30%, 

while at other times, it is about 6.9%. This indicates variation in the accuracy of model predictions 

over time. But in general, the percentage of difference was very appropriate. There is excellent 

agreement between the measured data and the simulated predictions, as the percentage of 

difference did not exceed 6.6%, which supports the possibility of trusting this new simulation 

model. 

Fig. 4.3 shows the measured and predicted temperatures of the reference PV module over time and 

their relative difference. When the air temperature and radiation were relatively low at the 

beginning of the test, the measured data showed temperatures somewhat higher than the reference 

values. After that, the relative difference between the measured data and the reference values 

decreased slightly. 

It is noted that this relative difference is relatively close between the measured data and the 

reference values throughout the other period. The measured data reflect temperatures between 

5.2% and 6.7% higher than the reference values. This difference may result from several factors, 

such as the accuracy of temperature measurements and measurement conditions. Temperature 

changes can be related to ambient conditions, such as pressure, humidity, and ventilation. For 

example, the measured temperature rise could be due to the influence of solar radiation or hot 

weather conditions. 
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In general, the percentage of difference was very appropriate. There is good agreement between 

the measured data and the simulated predictions, as the percentage of difference did not exceed 

6.7%, which supports the possibility of trusting this new simulation model. 

 
Fig. 4.2. Experimental and simulated outlet temperatures of EAHE over time with their relative 

difference.  

 
Fig. 4.3. Experimental and simulated PV module temperatures over time with their relative difference.  

Fig. 4.4 shows the measured and predicted module temperatures of the PV/T integrated with the 

hybrid system over time. From the figure, the measured data reflected higher values than the 

MATLAB model predictions at the beginning of the examination, and the measured data continued 

to reflect higher values continuously over time. 

It is noted that there is a continuous convergence between measured data and simulated predictions 

throughout the period. However, the values of these relative differences are variable during the 

test period, as they begin to decrease gradually as the temperature of the PV module rises during 

noon. Still, the relative difference returns to increase after that until the end of the test during the 

phase of the decline in the temperature of the PV module. But all these values were within 

acceptable ranges (5.7-6.6) %. This difference can be due to multiple factors, such as the accuracy 

of the measurements, the accuracy of the MATLAB model, and the conditions of the surrounding 

environment. Temperature ratio changes may also relate to ambient conditions, such as 
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atmospheric pressure, humidity, and airflow. These factors should be taken into account when 

improving future simulation predictions. 

Generally, the percentage of difference was very appropriate. There is excellent agreement 

between the measured data and the simulated predictions, as the percentage of difference did not 

exceed 6%, which supports the possibility of trusting this new simulation model. 

 
Fig. 4.4. Experimental and simulation temperatures of the PV modules integrated hybrid system over time 

with their relative difference.  

Fig. 4.5 shows data including measured average temperatures of SC compared to model 

predictions over time. From the figure, the measured data reflected temperatures significantly 

lower than model predictions. Measured data continued to reflect lower temperatures than model 

predictions, and the difference gradually increased. 

It is observed that there is a persistent discrepancy between the measured data and model 

predictions throughout the period. Measured data appear to reflect temperatures consistently lower 

than model predictions. This difference could be due to several possible factors, such as the 

measurements' accuracy, the simulation model's accuracy, and the surrounding environmental 

conditions. The devices used for SC temperature measurements must be reviewed and adjusted to 

ensure their accuracy. SC temperature changes may be related to ambient conditions, such as air 

temperature, airflow, and weather changes. These factors should be taken into account when 

improving future simulation predictions. 

But in general, the percentage of difference was very appropriate. There is good agreement 

between the measured data and the simulated predictions, as the percentage of difference did not 

exceed 8.04%, which supports the possibility of trusting this new simulation model. 

Fig. 4.6 shows the measured and predicted of the produced power by the PV modules (reference 

PV module and combined PV module) over time. Initially, the measured data reflected values 

significantly lower than model predictions. The measured data kept reflecting values lower than 

the model predictions, gradually increasing the difference. Until recently, the difference between 

measured data and model predictions has begun to decrease. It is observed that there is a persistent 

discrepancy between the measured data and model predictions throughout the period. The 

measured data consistently reflect electrical power produced less frequently than the simulated 

predictions. 

This difference could be due to several possible factors, such as the measurements' accuracy, the 

simulation models' accuracy, and the surrounding environment conditions. The devices used in 
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electrical power measurements must be reviewed and adjusted to ensure their accuracy. Variations 

in electrical power may be related to ambient conditions, such as temperature, volume, and 

variations in typical examples. These factors should be taken into account when improving model 

predictions in the future. Finally, the percentage of difference was very appropriate. There is 

excellent agreement between the measured data and the simulated forecasts, as the percentage of 

difference did not exceed 4.08%, which supports the possibility of trusting this new simulation 

model. 

 
Fig. 4.5. Experimental and simulated average temperatures of SC over time with their relative difference.  

 
Fig. 4.6. Experimental and simulation power over time with relative differences.  

In general, through the measured and predicted results that were presented and discussed, it was 

found that there were differences between the measured and forecast data, and these differences 

ranged in percentage between (5.0-6.9)% with an average not exceeding 6.4%. In light of the 

circumstances surrounding the measurement process and the challenges and instantaneous and 

continuous weather fluctuations that accompany it, as well as in light of the conditions and 

assumptions that accompanied the process of building the simulation model using MATLAB, 

these ratios are considered highly acceptable because of the capabilities and advantages they offer 

and the saving of efforts and costs. They are considered a reliable tool for providing vision and 

visualization. It is close to reality for the system that requires its installation in the future, with the 

possibility of modifying and analyzing its results before commencing its realistic implementation, 

5.0

6.0

7.0

8.0

9.0

10.0

11.0

12.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

R
el

at
iv

e 
d

if
fe

re
n
ce

 (
%

)

T
em

p
er

at
u
re

 (
o
C

)

Time (hh:mm)

Relative difference (%)
Tavg, SC, Exp. (oC)
Tavg, SC, Simu. (oC)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

10.0

25

27

29

31

33

35

37

39

41

1
0
:0

0
1

0
:1

0
1

0
:2

0
1

0
:3

0
1

0
:4

0
1

0
:5

0
1

1
:0

0
1

1
:1

0
1

1
:2

0
1

1
:3

0
1

1
:4

0
1

1
:5

0
1

2
:0

0
1

2
:1

0
1

2
:2

0
1

2
:3

0
1

2
:4

0
1

2
:5

0
1

3
:0

0
1

3
:1

0
1

3
:2

0
1

3
:3

0
1

3
:4

0
1

3
:5

0
1

4
:0

0
1

4
:1

0
1

4
:2

0
1

4
:3

0
1

4
:4

0
1

4
:5

0
1

5
:0

0

R
el

at
iv

e 
d

if
fe

re
n
ce

 (
%

)

P
o

w
er

 (
W

)

Time (hh:mm)

Relative difference (%) P PV/T, Exp. (W) P PV/T, Simu. (W)



 

72 
 

as it has been built based on the declared methods and methodologies explained in section (3.5). 

Therefore, this model is a promising model that can be trusted and relied upon, with the possibility 

of making modifications and developing it in the future. 

4.2. Soil Temperature and Thermo-Physical Properties 

4.2.1. Temperature Gradient Analysis 

The experimental work described in section 3.3.1 continued for an entire year, during which the 

soil temperature was measured and recorded at different depths compared to the air temperature. 

Fig. 4.7 shows the temperature gradient of the soil in Najaf, Iraq, at different depths (1, 2, 3, 4, and 

5 m) compared to the ambient air temperature measured simultaneously for reaching these 

temperatures with the extremely hot climatic conditions prevailing at the study location. 

Given the data shown in the figure, the monthly changes in soil temperatures at different depths 

are influenced by the surface air temperature at different depths, especially the shallow depths. It 

is also noted that the soil is warmer than the ambient air during January, February, March, 

November, and December. Meanwhile, the soil is colder than the ambient air during April, May, 

June, July, August, September, and October. November and March are the months of the solstice. 

At shallow depths of 1 m and 2 m, the soil temperatures are greater than the surface air temperature 

in winter and lower in summer. This indicates the influence of soil on heat storage and atmospheric 

fluctuations. As for temperatures at deeper depths of 3, 4, and 5 m, the soil temperatures show 

more stability throughout the year than the ambient air temperature, especially at 5 m. This can be 

useful for systems that rely on heat exchange with the soil. 

For comparison, in July, the soil temperature at a depth of 5 m reaches 25.4 °C, while the surface 

air temperature is 41.6 °C (the highest monthly temperature). That shows how soil is essential in 

cooling any space or building during summer. On the contrary, in January, the soil temperature at 

a depth of 5 m reaches 22.9 °C, while the surface air temperature is 11.5 °C. This shows how soil 

can be used as a heat source during winter. By using these temperature gradients in the engineering 

design of heating and cooling systems, the energy efficiency of buildings in Al-Najaf can be 

improved and provide better environmental sustainability. 

 

Fig. 4.7. The soil temperature at various depths at Al-Najaf location. 

Fig. 4.8 shows the temperature gradient of the soil in Gödöllő, Hungary, at different depths (1 and 

2 m) compared to the air temperature measured at the same time. Comparing these temperatures 

with the extremely cold climatic conditions prevailing at the study location. 
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Given the data shown in the figure, the monthly changes in soil temperatures at different depths 

are influenced by the surface air temperature at different depths, especially the shallow depths. It 

is also noted that the soil is warmer than the ambient air during January, February, March, 

November, and December. While during April, May, June, July, August, September, and October, 

the soil is colder than the ambient air. November and March are the months of the solstice. At 

shallow depths of 1 and 2 m, the soil temperatures are hotter than the surface air temperature in 

winter and colder in summer. These indicate the influence of soil on heat storage and atmospheric 

fluctuations.  

As for soil temperatures at 2 m depth, the soil temperatures show more stability throughout the 

year than the ambient air temperature and soil temperature at 1 m depth. That can be useful for 

systems that rely on heat exchange with the soil. 

For comparison, in August, the soil temperature at a depth of 2 m reaches 17.8 °C, while the surface 

air temperature is 28.1 °C (the highest monthly temperature). This shows how soil plays an 

important role in cooling any space or building during summer. On the contrary, in January, the 

soil temperature at a depth of 2 m reaches 10.3 °C, while the surface air temperature is 1 °C. This 

shows how soil can be used as a heat source during winter. 

Soil temperatures at different depths play an essential role in the performance of the EAHE system. 

In summer, the cold soil at shallow depths can cool the air coming into the building, reducing the 

load on conventional air-cooling systems. In winter, the warm soil at deeper depths can be used to 

warm the air coming into the building, reducing the energy consumption needed for heating. 

By using these temperature gradients in the engineering design of heating and cooling systems, 

the energy efficiency of buildings in Gödöllő can be improved, and better environmental 

sustainability can be provided. 

 

Fig. 4.8. The soil temperature at various depths at Gödöllő location. 

By comparing the two locations, Ai-Najaf's soil temperature at a depth of 1 m ranges from 14.9 

°C in January to 36.3 °C in July. As for Gödöllő's soil temperature ranges from 6 °C in January to 

21.2 °C in July. It is noted that the Al-Najaf location experiences higher summer temperatures than 

the Gödöllő location. As for soil temperatures at a depth of 2 m, they range from 18.2 °C in January 

to 32.9 °C in June. As for the Gödöllő location, it goes from 10.3 °C in January to 17.8 °C in 

August. This indicates that Al-Najaf records higher summer temperatures than Gödöllő due to the 

harsh weather that Najaf suffers from. 
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It is also noted from the two figures that the difference between soil temperatures and surface air 

temperatures in Al-Najaf is higher in summer and lower in winter, which indicates a delayed 

response of the soil to seasonal changes in air temperature. The difference between soil and 

ambient air temperatures is greater in winter in Gödöllő, meaning the soil retains heat better in 

summer. This information can be used to design underfloor heating and cooling systems in both 

cities to achieve better efficiency. 

Using cool soil temperatures in summer as a cooling source for ground cooling systems in Al-

Najaf is preferable. In comparison, warm soil temperatures in winter are preferred as a heating 

source for underfloor heating systems in Gödöllő. This does not mean that this system cannot be 

installed in both cities to serve the purposes of both cooling and heating. Still, the preference here 

indicates the system's effectiveness for cooling purposes in the summer in Al-Najaf and for heating 

purposes in the winter in Gödöllő. This suggests thermal systems can be designed based on local 

soil properties to increase energy efficiency. This analysis shows the differences and similarities 

between soil and air temperatures in Al-Najaf and Gödöllő. It helps to identify opportunities to 

improve the environmental sustainability and efficiency of thermal systems in each. 

4.2.2. Thermo-Physical Properties of Soil 

The experimental work described in section 3.3.2 was carried out by collecting samples from the 

study location in Gödöllő. The necessary practical procedures were carried out to measure their 

thermo-physical properties. Fig. 4.9 shows the physical and thermal properties of all layers of soil 

as well as the mixed soil. As noticed from the figure, the second and fifth layers had the highest 

thermal conductivity and were 0.624 W/m K and 0.623 W/m K, respectively. The third layer had 

the lowest thermal conductivity and was 0.296 W/m K. The mixed soil was of medium 

conductivity as it was a mixture of soil layer samples.  

The specific heat capacity was at its maximum in the fifth layer and lowest in the first layer, while 

the mixed soil also had an average specific heat capacity. The density of the second layer was 

relatively the highest compared to the rest of the soil types, while the fourth layer was the least 

dense, and the mixed soil layer was of medium density, as is apparent in the figure. 

 
Fig. 4.9. The soil layers' specific heat capacity, density, water content, and thermal conductivity. 

As described in this research, the thermo-physical properties analyzed above were measured based 

on each soil type's water content and the wet and dry densities. It had a significant role in the value 

of these properties. The amounts of this water content are mentioned in Fig. 4.9. This shows that 

the highest water content was in the fifth layer, and its lowest was in the first layer. 
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Thermal diffusivity plays the primary role in getting rid of the heat of the air flowing inside the 

pipe. The higher its amount, the higher the cooling efficiency of the EAHE, and vice versa. 

Through this, the thermal diffusivity of all layers as well as the soil mixture, was calculated, as 

shown in Fig. 4.10. It has been shown that the soil of the second layer is the highest in terms of 

thermal diffusivity (its amount is equal to 4.32E-07 m2/s). Therefore, it is the best, followed by the 

soil of the fifth layer (its amount is equal to 4.30E-07 m2/s) and then the soil of the second layer. 

The mixed soil (its amount is equal to 3.83E-07 m2/s), then the fourth layer of soil (its amount is 

equal to 3.57E-07 m2/s), then the first layer’s soil (its amount is equal to 3.30E-07 m2/s), and the 

third layer’s soil was the least thermal diffusivity among the other types of soils (its amount is 3.03 

E-07 m2/s). Based on this, if the heat exchanger system is installed in the soil of the second layer 

type, it will perform better than if it is installed in the soil of the other layer type. 

 
Fig. 4.10. The thermal diffusivity of the soil layers. 

4.2.3. Effect of the Soil Thermo-Physical Properties on air temperature inside the EAHE 

The simulation study described in Section 3.3.2 was conducted to study the effect of different soil 

properties on the air temperature inside the EAHE. This research compares the air temperature 

inside the pipe and at its exit in six cases. These cases are as follows: 

• The first case: The EAHE pipe is buried in soil consisting of a mixture of soil types present 

in the study location, which are five types of soil mentioned in Table 3.2 and Fig. 3.4. 

• The second case: The EAHE pipe is buried in soil consisting of the soil of the first layer 

only, as mentioned in Table 3.2 and Fig. 3.4. 

• The third case: The EAHE pipe is buried in soil consisting of the soil of the second layer 

only, as mentioned in Table 3.2 and Fig. 3.4. 

• The fourth case: The EAHE pipe is buried in soil consisting of the soil of the third layer 

only, as mentioned in Table 3.2 and Fig. 3.4. 

• The fifth case: The EAHE pipe is buried in soil consisting of the soil of the fourth layer 

only, as mentioned in Table 3.2 and Fig. 3.4. 

• The sixth case: The EAHE pipe is buried in soil consisting of the soil of the fifth layer only, 

as mentioned in Table 3.2 and Fig. 3.4. 

Fig. 4.11 shows the air temperature along the pipe of the six cases, obtained from simulating the 

inputs obtained practically: soil and air temperatures. As the figure shows, the air temperatures 

decrease gradually and are close in value for all cases. The amount of this convergence decreases 

as the air travels a longer distance inside the tube, reaching the most significant amount of these 
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differences when the air approaches the exit, where the amount of differences increases to reach 

its peak at 3.74%, clearly in the same form. 

 
Fig. 4.11. The air temperature along the pipe of the six cases. 

As noticed from the figure and from analyzing the results, the air obtained by burying the pipe in 

the soil of the second layer is the coldest among the other types of soil in the different layers. 

Likewise, the air produced from the pipe buried in the soil of the fifth layer is hotter than it by 

0.9%. The air resulting from the tube buried in the soil of the mixed layer is hotter by 1.74%, the 

air resulting from the tube buried in the soil of the fourth layer is hotter than it by 2.4%, and the 

air resulting from the tube buried in the soil of the first layer is hotter than it by 3.7%. The air 

exiting from the tube buried in the soil of the third layer is 3.74% hotter than it. Therefore, the soil 

of the third layer is the best for heating purposes. The soil of the second layer is the best when the 

common purpose of establishing the EAHE system is cooling, and the soil mixture is average in 

terms of expected efficiency. We may notice that the above percentages are not very large. Still, 

in relatively large systems, the effect of this difference in layers will certainly be clear, and what 

this indicates is the increase in the amount of these differences as the distance traveled by air inside 

the tube increases, as it started at 0.45% at a distance of 1 m until it reaches 3.8% at a length of 12 

m, as shown in Fig. 4.11. Therefore, it is necessary to choose the appropriate soil when designing 

and constructing the ground-to-air heat exchanger to get more EAHE system efficiency. 

Accordingly, 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 m2/s and 

4.3171E-07 m2/s. It is subject to the following equation: RDT,out 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. 

RDT,out = 0.0002389 × Lpipe
 3 - 0.01877 × Lpipe

 2 + 0.5089 × Lpipe - 0.09124, R2= 0.9999 (4.1) 

4.3. Earth-Air Heat Exchanger Performance 

To analyze the performance of the EAHE in both cooling and heating modes, the main parameters 

that affect their performance will be considered: ambient temperature, soil temperature, airflow 

velocity, and outlet temperature. Heat transfer efficiency and system characteristics under different 

climatic conditions for both scenarios will be evaluated. 
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4.3.1. Earth-Air Heat Exchanger in Cooling Mode 

This experimental work was carried out to determine the performance of EAHE in the hotter month 

of the study location (Gödöllő), lasted for two days, on a clear day in August of 2022, and was 

described in subsection 3.3.3. This experiment is necessary to determine the performance of EAHE 

in generating natural ventilation and the extent of its effect on the temperature of any space, thus, 

its capacity and efficiency. 

Fig. 4.12 shows the temperature variation Tamb, Tout, EAHE, and Tsoil as a function of time for two 

days. The figure represents using EAHE to cool the air on a hot day. Heat transfer efficiency can 

be evaluated by analyzing the temperature difference between the ambient air and the EAHE 

output temperature. A larger temperature difference indicates better heat transfer. 

Initially, at 00:00, the temperature difference is two °C. As the day progresses, the temperature 

difference increases, reaching its highest at 15:00, reaching 11°C. The increase in temperature 

difference over time indicates that the cooling efficiency of the EAHE decreases with the increase 

in ambient temperature, but the system efficiency is still high. In hot climates, such as midday, the 

EAHE can provide cooling, but cooling efficiency decreases as the day progresses and the ambient 

temperature rises. However, the temperature differences at the inlet and outlet increase. In the 

evening and at night, when ambient temperatures drop, the cooling performance of the EAHE 

becomes less critical. By 0:00, the system maintains the air temperature close to the initial soil 

temperature, indicating that it no longer provides cooling. 

The efficiency ratio indicates how effectively the EAHE transfers heat. A higher efficiency ratio 

indicates better heat transfer. Efficiency starts at around 71% and gradually increases throughout 

the day, reaching approximately 71.7% in the evening. The slight increases in efficiency indicate 

that the EAHE maintains reasonably consistent cooling performance throughout the day. The 

temperature at the EAHE outlet is consistently lower than the ambient temperature, indicating 

successful cooling. The temperature difference between the ambient air and the EAHE outlet 

decreases as the day progresses, reflecting a decreasing cooling effect as the day warms. 

The EAHE exhibits effective cooling in hot climates, keeping the output temperature lower than 

the ambient temperature. The system maintains reasonable performance while the cooling 

efficiency decreases slightly during the day. 
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Fig. 4.12. The ambient, soil, and EAHE outlet temperatures in Gödöllő during the cold mode. 

4.3.2. Earth-Air Heat Exchanger in Heating Mode 

This experimental work was carried out to determine the performance of EAHE in the colder 

month of study location (Gödöllő), lasted for two days, on the clear day of January of 2023, and 

described in subsection 3.3.3. This experiment is necessary to determine the performance of EAHE 

in generating natural ventilation and the extent of its effect on the temperature of any space, thus, 

its capacity and efficiency. 

Fig. 4.13 represents using EAHE to warm the air on a cold day. In this scenario, the heat transfer 

efficiency is evaluated by the temperature difference between the soil and EAHE outlet 

temperatures. A more enormous temperature difference indicates better heat transfer. 

Initially, at 00:00, the temperature difference is 6.5 °C. As the day progresses, the temperature 

difference decreases, reaching at 15:00, reaching 3.6 °C. The increasing temperature difference 

over time indicates that the heating efficiency of the EAHE improves as the ambient temperature 

decreases. In cold climates, such as during the night and early morning, the EAHE effectively 

warms the incoming air, increasing the temperature by up to 8.6°C. However, as the ambient 

temperature rises during the day, the warming effect becomes less significant, but it still provides 

some thermal comfort. 

The efficiency ratio indicates how effectively the EAHE transfer heat. A higher efficiency ratio 

indicates better heat transfer. The efficiency starts at about 70.1% and increases gradually 

throughout the day, reaching about 70.9% in the evening. 

Increased efficiency means the EAHE provides better heating performance as the day progresses 

and the ambient temperature decreases. The temperature at the EAHE outlet is consistently higher 

than the ambient temperature, indicating successful warming. The temperature difference between 

the ambient air and the EAHE output increases as the day progresses, reflecting an enhanced 

warming effect as the ambient temperature decreases. 

10

15

20

25

30

35

40

T
ep

m
p
er

at
u
re

 (
o
C

)

Time (hh:mm)

Tamb (oC) Tsoil (oC) Tout-EAHE (oC)



 

79 
 

 
Fig. 4.13. The ambient, soil, and EAHE outlet temperatures in Gödöllő during the hot mode. 

The EAHE seems to work well in both cooling and heating modes. However, their effectiveness 

depends on specific climate conditions and temperature differences between the surrounding air 

and soil. In hot climates, cooling efficiency increases as the day progresses, also in cold climates, 

heating efficiency improves as the day progresses. 

4.3.3. The effect of configuration on Earth-Air Heat Exchanger's performance 

The comparison between four configurations of EAHE using PVC pipes with a total length of 65 

m and a diameter of 0.148 m is presented in this section. The first type is a single pipe, the second 

is a U-shaped multi-pipe, the third is a MS-pipe, and the fourth is a TS-pipe. All types transmit the 

same airflow of 0.034 m3/s. The pressure losses and AFP observed in the four types of EAHE 

tested are illustrated in Fig. 4.14. It can be observed that the MS-pipe EAHE has the lowest 

pressure losses of all four types, resulting in the least amount of additional AFP required for 

operation. According to the figure, the MS-pipe EAHE requires an additional AFP of 

approximately 0.014 W. The multi-pipe EAHE, on the other hand, has slightly higher pressure 

losses than the MS-pipe EAHE, resulting in a slightly higher amount of additional AFP required 

at approximately 0.177 W. The single-pipe EAHE has the third-highest pressure losses, requiring 

around 1.01 W of additional AFP. The TS-pipe EAHE, which has the highest-pressure losses, 

requires the most additional AFP, at approximately 1.07 W. These findings indicate that the MS-

pipe EAHE configuration is not only the most effective in terms of minimizing pressure losses but 

also in terms of reducing the required additional air fan power for operation. 

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. 
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Fig. 4.14. The pressure losses and air fan power as a function of EAHE types; the result of investigation 

for exchanger model: Lpipe= 65 m, dpipe= 0.148 m, V= 0.0343 m3/s. 

Figs. 4.15 and 4.16 provide insights into the thermal performance of four types of EAHE in 

different months of the year. From March to December, all EAHE are usable for cooling, but their 

cooling potentials vary depending on the ambient air and soil temperatures. Among the four types, 

the single-pipe and TS-pipe systems have the highest cooling potential, with 897.91 W each during 

the hottest month of August, while the MS-pipe type has less cooling potential with a value of 712 

W. The multi-pipe type has the least cooling potential with a value of 683.65 W. During January 

and February, all systems are usable for heating, with the single-pipe and TS-pipe systems being 

the preferred choice. The air temperatures supplied by the four types of EAHE during these months 

range from 27.1 to 33.4 oC. 

 
Fig. 4.15. The output and input temperature of EAHE types as a function of time; the result of 

investigation for exchanger model: Lpipe= 65 m, dpipe= 0.148 m, V= 0.0343 m3/s. 
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Fig. 4.16. The cooling potential and input temperature of EAHE types as a function of time; the result of 

investigation for exchanger model: Lpipe= 65 m, dpipe= 0.148 m, V= 0.0343 m3/s. 

Accordingly, 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 = 1.853×104 sin(0.002276 Tin +6.218), R2=1 (For S-EAHE and TS-EAHE) (4.2) 

CP = 1.295×104 sin(0.002528 Tin +6.211), R2=1 (For M-EAHE) (4.3) 

CP = 1.383×104 sin(0.002467 Tin +6.213), R2=1 (For MS-EAHE) (4.4) 

 

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

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

This experimental work was carried out to determine the effect of solar chimney integration on the 

efficiency of the PV module, described in subsection 3.3. It lasted on a clear day in August of 

2022. This experiment is necessary to determine the effect of integrating the solar chimney on 

generating natural ventilation and air circulation and the extent of its impact on the operation 

temperature of the PV module and its capacity and efficiency. 

Fig. 4.17 shows the temperature variation Tamb, Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, and 

Tavg, SC-a and air velocity of the PV/T-a and the PV/T-b versus the PV-ref (shown in Fig. 3.14 and 

Fig. 3.20) as a function of time (10:00 a.m. to 03:00 p.m.). 
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Fig. 4.17. The variation of Tamb vs. Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, and Tavg, SC-a and air velocity 

of the PV/T-a and PV/T- during the test time, 11 August 2022 (Natural airflow - Case 1). 

It is clear from the figure that the PV-a module shows a lower temperature compared to the PV-b 

module, which indicates the cooling effectiveness gained from the EAHE and SC. The average 

TPV-a and TPV-b achieved were 57.3 °C and 60.2 °C respectively (The average reduction in 

temperature was approximately 5%) on the day of the experiment, encountered with the highest 

SR of 926.4 W/m2 with an average SR of 837.7 W/m2. Fig. 4.18 shows the SR intensity during the 

experiment day. 

 
Fig. 4.18. The variation of solar radiation during the test time, 11 August 2022 (Natural airflow - Case 1). 

The module PV-b, although connected to the EAHE-b, shows a slightly higher temperature than 

PV-a, which indicates that the solar chimney plays a vital role in improving cooling. But even 

though PV-a is connected to the EAHE and SC and PV-b is connected to the EAHE, the 

temperature of the two modules is still higher than that of the TPV-ref. The average TPV-ref achieved 

was 54.4 °C. The reason is that the airflow generated in the PV/T-a and PV/T-b is insufficient to 

cool them as their values were a few, as is apparent in Fig. 4.17. 

The air velocity in PV/T-a is much higher than PV/T-b by 5.3 times, confirming the SC's benefit 

in increasing the airflow velocity and thus cooling the PV module better. However, its value is still 

less than what is required to cool the PV module. 
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A decrease in the temperature of the PV module leads to an increase in the power it generates, and 

this was observed by measuring the power generated for each of the three modules. As a result, 

the PV-ref may be more effective at converting SR into electrical power than other PV-a and PV-

b modules. 

Fig. 4.19 shows the average PV power production for the three modules. From the figure, the PV-

ref board generated the highest amount of electrical power compared to PV-a and PV-b, and this 

can be attributed to its lower temperature compared to other modules, even though it is not 

equipped with any cooling and heat dissipation system. The average PPV-ref achieved was 35.7 W. 

The PV-a module generates more power than the PV-b module because it is cooled using an 

EAHE-a and SC-a, which helps reduce the module's temperature and thus increases its efficiency. 

The average PPV-a and PPV-b achieved were 35.1 W and 34.5 W, respectively. The power increase 

produced by PV-ref was higher by 1.7 % and 3.5 % than by the PV-a and PV-b modules, 

respectively. 

Although the PV-b module is integrated with an EAHE and relies on heat generated by the PV 

module itself to move the air, it shows a lower power output than the PV-ref and lower than the 

PV-a. 

Thus, it can be seen from Fig. 4.19 that 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. 

 
Fig. 4.19. The efficiency and power produced by the PV modules, 11 August 2022 (Natural airflow - 

Case 1). 

Accordingly, 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 I - 0.06196 Tamb +1.005×10-6 I2 + 7.783×10-5 I Tamb - 

0.0002501 Tamb
 2,     R2= 0.9623 

(4.5) 

The solar chimney helps move the air and increase speed, enhancing the cooling process. This 

property improves the efficiency of the PV module and maintains its performance. The hot air 

generated by the PV module helps move the air inside the SC, creating a synergistic cycle that 

enhances the performance of both the SC and the PV module. 
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4.4.2. Investigation of the effect of solar chimney color on the PV module efficiency 

This experimental work was carried out to determine the effect of the color of the integrated solar 

chimney on the efficiency of the PV module, described in subsection 3.3. It lasted on a clear day 

in August of 2022. This experiment is necessary to determine the effect of the color of the 

integrated solar chimney on generating natural ventilation and air circulation and the extent of its 

impact on the operation temperature of the PV module and its capacity and efficiency. 

Fig. 4.20 shows the temperature variation Tamb, Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, Tavg, SC-

a, and Tavg, SC-b and air velocity of the PV-a and the PV-b modules versus the PV-ref (shown in Fig. 

3.14 and Fig. 3.20) as a function of time (10:00 a.m. to 03:00 p.m.). 

 
Fig. 4.20. The variation of Tamb vs. Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, Tavg, SC-a and Tavg, SC-b and air 

velocity of the PV/T-a and PV/T- during the test time, 12 August 2022 (Natural airflow - Case 2). 

It is clear from the figure that the PV-b module shows a slightly lower temperature compared to 

the PV-a module, which indicates the cooling effectiveness gained from the EAHE and the color 

of black SC together. The average TPV-b and TPV-a achieved were 56.3 °C and 56.4 °C respectively 

(The average reduction in temperature did not exceed 0.3%), on the day of the experiment 

encountered with the highest SR of 905.2 W/m2 with an average SR of 810.6 W/m2. Fig. 4.21 

shows the SR intensity during the experiment time. 

 
Fig. 4.21. The variation of solar radiation during the test time, 12 August 2022 (Natural airflow - Case 2). 
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The PV-a and PV-b modules, although connected to the EAHE, but the PV-a module shows a 

slightly higher temperature than PV-b, which indicates that the color of the solar chimney plays a 

somewhat role in improving cooling. But even though the two modules are connected to the EAHE 

and SC, the temperatures of the two modules are still higher than the TPV-ref. The average TPV-ref 

achieved was 53.7 °C. The reason is that the airflow generated in the two TPV-a and TPV-b modules 

is insufficient to cool the PV-a and PV-b modules as their values were a few, as is clear in Fig. 

4.20. 

The air velocity in PV/T-b is higher than in PV/T-a, but not much. It is increasing by 1%, which 

confirms the benefit of the black SC in increasing the airflow velocity compared to white SC, thus 

cooling the PV module better. However, its value is still less than what is required to cool the PV 

module than PV-ref. 

A decrease in the temperature of the PV module leads to an increase in the power it generates, and 

this was observed by measuring the power generated for each of the three modules. As a result, 

the PV-ref may be more effective at converting SR into electrical power than PV-a and PV-b 

modules. 

Fig. 4.22 shows the average PV power production for the three modules. The PV-ref board 

generated the highest amount of electrical power compared to PV-a and PV-b, which can be 

attributed to its lower temperature than other modules, even though it is not equipped with any 

cooling and heat dissipation system. The average PPV-ref achieved was 34.7 W. The PV-b module 

generates more power than the PV-a module because it is cooled using an EAHE-a and black SC-

a, which helps reduce the module's temperature and thus increases its efficiency. The average PPV-

b and PPV-a achieved were 34.2 W and 34.1 W, respectively. The power increase produced by PV-

ref was higher by 1.6 % and 1.7 % than by the PV-b and PV-a modules, respectively. 

Although the PV-a module is integrated with an EAHE and relies on heat generated by the SC 

itself to move the air, it shows a lower power output than the PV-ref and slightly lower than the 

PV-b. 

Thus, it can be seen from Fig. 4.22 that the PV-ref was the most efficient compared to PV-a and 

PV-b. The average efficiency of PV-ref, PV-b, and TPV-a achieved were 16%, 15.74%, and 

15.73% respectively. 

 
Fig. 4.22. The efficiency and power produced by the PV modules, 12 August 2022 (Natural airflow - 

Case 2). 
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The black solar chimney helps move the air and increase speed, enhancing the cooling process. 

This property improves the efficiency of the PV module and maintains its performance. The hot 

air generated by the PV module helps move the air inside the SC, creating a synergistic cycle that 

enhances the performance of both the SC and the PV module. 

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

This experimental work was carried out to determine the effect of the shape of the integrated solar 

chimney on the efficiency of the PV module, described in subsection 3.3. It lasted on a clear day 

in August of 2022. This experiment is necessary to determine the effect of the shape of the 

integrated solar chimney on generating natural ventilation and air circulation and the extent of its 

impact on the operation temperature of the PV module and its capacity and efficiency. 

Fig. 4.23 shows the temperature variation Tamb, Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV/T-a, TPV/T-b, Tavg, 

SC-a, and Tavg, SC-b and air velocity of the PV/T-a and the PV/T-b versus PV-ref (shown in Fig. 3.14 

and Fig. 3.20) as a function of time (10:00 a.m. to 03:00 p.m.). 

 
Fig. 4.23. The variation of Tamb vs. Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, Tavg, SC-a and Tavg, SC-b and air 

velocity of the PV/T-a and PV/T- during the test time, 13 August 2022 (Natural airflow - Case 3). 

It is clear from the figure that the PV-a and PV-b modules show great convergence between their 

respective temperatures, as the temperature dissipation ratio did not exceed 0.17% in their best 

performance, which indicates the little cooling efficiency gained from the EAHE and the 

rectangular shape SC together. The average TPV-a and TPV-b were 56.2°C and 56.3°C on the day of 

the experiment, which experienced the highest SR of 916.6 W/m2 with an average of 812.5 W/m2. 

Fig. 4.24 shows the intensity of SR during the day of the experiment. 
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Fig. 4.24. The variation of solar radiation during the test time, 13 August 2022 (Natural airflow - Case 3). 

The PV-a and PV-a modules, although connected to the same EAHE with different shapes of SC, 

show a very similar temperature, indicating that the shape of the solar chimney does play a limited 

role in improving cooling. It is possible that changing the shape may be more effective in larger 

sizes, but with regard to the available size in the current research, the amount of improvement in 

cooling does not exceed 0.2%. But even though the two modules are connected to EAHE and SC, 

the temperatures of the two modules are still higher than the reference temperature module. The 

average TPV-ref achieved was 54.1°C. The reason is that the airflow generated in the PV/T-a and 

PV/T-b modules is insufficient to cool the modules PV-a and PV-b, as their values were low, as is 

clear in Fig. 4.23. 

The air velocity in PV/T-a is higher than the air velocity in PV/T-b, but it is not much. It is 

increasing by 5%, confirming the rectangular SC's benefit in increasing the airflow velocity 

compared to circular SC, thus cooling the PV module better. However, its value is still less than 

what is required to cool the PV module than PV-ref. 

A decrease in the temperature of the PV module leads to an increase in the power it generates, and 

this was observed by measuring the power generated for each of the three modules. As a result, 

the PV-ref may be more effective at converting SR into electrical power than PV-a and PV-b 

modules. 

Fig. 4.25 shows the average PV power production for the three modules. From the figure, the PV-

ref board generated the highest amount of electrical power compared to PV-a and PV-b, and this 

can be attributed to its lower temperature compared to other modules, even though it is not 

equipped with any cooling and heat dissipation system. The average PPV-ref achieved was 34.8 W. 

The PV-a module generates slightly more power than the PV-b module since it is cooled slightly 

with EAHE-a and rectangular SC-a, which helps to slightly reduce the temperature of the module 

compared to PV-b and thus increases its efficiency. The average PPV-a and 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-b and PV-a modules, respectively. 

Although the PV-b module is integrated with an EAHE and relies on heat generated by the SC 

itself to move the air, it shows a lower power output than the PV-ref and slightly lower than the 

PV-a. 

Thus, it can be seen from Fig. 4.25 that 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. 
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Fig. 4.25. The efficiency and power produced by the PV modules, 13 August 2022 (Natural airflow - 

Case 3). 

Accordingly, 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 I + 0.02385 Tamb + 8.364×10-8 I2 - 4.812×10-5 I Tamb,    R2= 

0.9789 

(4.6) 

The rectangular solar chimney helps move the air and increase speed, enhancing the cooling 

process. This property improves the efficiency of the PV module and maintains its performance. 

The hot air generated by the PV module helps move the air inside the SC, creating a synergistic 

cycle that enhances the performance of both the SC and the PV module. 

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

This experimental work was conducted to determine the effect of EAHE length on PV module 

efficiency, described in subsection 3.3. It lasted on a clear day in August of 2022. This experiment 

is necessary to determine the effect of the length of the integrated EAHE on the generation of cold 

air and the extent of its impact on the operating temperature of the PV module and its capacity and 

efficiency. 

Fig. 4.26 shows the temperature variation Tamb, Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, Tavg, SC-

a, and Tavg, SC-b and air velocity of the PV/T-a and PV/T-b versus the PV-ref (shown in Fig. 3.14 

and Fig. 3.20) as a function of time (10:00 a.m. to 03:00 p.m.). 
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Fig. 4.26. The variation of Tamb vs. Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, Tavg, SC-a and Tavg, SC-b and air 

velocity of the PV/T-a and PV/T- during the test time, 10 August 2022 (Natural airflow - Case 4). 

It is clear from the figure that the PV-a and PV-b modules show great convergence between their 

respective temperatures, as the temperature dissipation ratio did not exceed 0.2% in their best 

performance, which indicates the little cooling efficiency gained from the EAHE and the SC 

together. The average TPV-a and TPV-b were 56.4 °C and 56.3 °C, respectively, on the day of the 

experiment which experienced the highest SR of 918.1 W/m2 with an average of 837.9 W/m2. Fig. 

4.27 shows the intensity of SR during the day of the experiment. 

 
Fig. 4.27. The variation of solar radiation during the test time, 10 August 2022 (Natural airflow - Case 4). 

Although the PV-a and PV-b modules are connected to the different EAHE and the same SC, both 

modules show very similar temperatures, indicating that the EAHE’s length does not play an 

important role in improving overall cooling. It is possible that for larger sizes of hybrid systems, 

changing the length of the EAHE may have a more influential effect. Still, concerning the size 

available in the current research, the amount of cooling improvement does not exceed 0.2%, even 

though the two modules are connected to EAHE and SC. This is not due to a decrease in the 

EAHE’s efficiency. The percentage of difference in cooling between the two EAHE was high (on 

average 12%), as the PV-a module was equipped with air at a lower temperature from the EAHE-

a system, as Tout, EAHE-a was 20.5 oC, which is lower than the temperature of the air surrounding by 

8 oC, while the PV-b module was equipped with relatively higher-temperature air from the EAHE-

b system, as Tout, EAHE-b was 22.9 oC which is lower than the temperature of the air surrounding by 
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6 oC which indicates that high efficiency has been achieved from both EAHE systems (EAHE-a 

and EAHE-b ) about 79.3% and 55% respectively. 

The reason is that the cooler air supplied to the SC, the lower natural airflow velocity occurs 

through the SC, as the amount of airflow velocity inside the SC depends on the difference between 

the average temperature of the air SC and Tamb. Therefore, as cooler air is supplied through the 

EAHE, the Tavg,SC will decrease; thus, the difference between the Tavg,SC and the Tamb will reduce. 

So this leads to a decrease in airflow velocity. This idea supports the fact that the airflow velocity 

in the vair,EAHE-a was 0.325 m/s, less than the vair,EAHE-b (it was 0.373 m/s) due to the carefully 

analyzed reason. Fig. 4.26 shows the airflow velocity in both models. 

Therefore, the temperatures in both modules were still higher than the reference module 

temperature, and the average TPV-ref achieved was 53.6 °C. The reason is that the airflow is 

generated in the modules. TPV-a and TPV-b are insufficient to cool the modules PV-a and PV-b, as 

their values were low, as is evident in Fig. 4.26. 

A decrease in the temperature of the PV module leads to an increase in the power it generates, and 

this was observed by measuring the power generated for each of the three modules. As a result, 

the PV-ref may be more effective at converting SR into electrical power than PV-a and PV-b 

modules. 

Fig. 4.28 shows the average PV power production for the three modules. From the figure, the PV-

ref board generated the highest amount of electrical power compared to PV-a and PV-b, and this 

can be attributed to its lower temperature compared to other modules, even though it is not 

equipped with any cooling and heat dissipation system. The average PPV-ref achieved was 35.9 W. 

The PV/-b module generates slightly more power than the PV-a module since it is cooled 

somewhat with shorter EAHE and higher airflow velocity,  which helps to reduce the module's 

temperature slightly compared to PV-a and thus increases its efficiency. The average PPV-b 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. 

Although the PV-a module is integrated with longer EAHE and relies on heat generated by the SC 

to move the air, it shows a lower power output than the PV-ref and slightly lower than the PV-b. 

Thus, it can be seen from Fig. 4.28 that 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% 

respectively. 

 
Fig. 4.28. The efficiency and power produced by the PV modules, 10 August 2022  (Natural airflow - 

Case 4). 
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Accordingly, 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 I + 0.1288 Tamb - 4.726×10-5 I Tamb - 0.001891 Tamb
 2 ,       

R2= 0.9731 

(4.7) 

The EAHE helps supply the cold air, which enhances the cooling process. This property improves 

the efficiency of the PV module and maintains its performance. The hot air generated by the PV 

module helps move the air inside the SC, creating a synergistic cycle that enhances the 

performance of both the SC and the PV module. 

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

This experimental work was carried out to determine the effect of duct depth of PV/T on the 

efficiency of PV modules integrated with EAHE and SC, described in subsection 3.3. It lasted on 

a clear day in August of 2022. This experiment is necessary to determine the effect of the depth of 

the integrated PV/T on removing the heat from the PV modules by generating natural ventilation 

and air circulation and the extent of its impact on the operation temperature of the PV module and 

its capacity and efficiency. 

Fig. 4.29 shows the temperature variation Tamb, Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, Tavg, SC-

a, and Tavg, SC-b and air velocity of the PV/T-a and the PV/T-b versus the reference module (PV-ref) 

(shown in Fig. 3.14 and Fig. 3.20) as a function of time (10:00 a.m. to 03:00 p.m.). 

 

Fig. 4.29. The variation of Tamb vs. Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, and Tavg, SC-a and air velocity 

of the PV/T-a and PV/T- during the test time, 9 August 2022 (Natural airflow - Case 5). 

It is clear from the figure that the PV-a and PV-b modules show great convergence between their 

respective temperatures, as the temperature dissipation ratio did not exceed 1.5%, which indicates 

the limited cooling efficiency gained from the integration of the EAHE and the SC and reduction 

the depth of the PV/T. The average TPV-a and TPV-b were 57.8 °C and 57 °C on the day of the 

experiment, which experienced the highest SR of 945.3 W/m2 with an average of 872.6 W/m2. Fig. 

4.30 shows the intensity of SR during the day of the experiment. 
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Fig. 4.30. The variation of solar radiation during the test time, 9 August 2022 (Natural airflow - Case 5). 

Although the PV-a and PV-b modules are combined with different PV/T depths, they show slightly 

different temperatures, indicating that the PV/T depth can improve cooling, especially in larger 

systems that may be affected more by changing the depths. However, for the depth available in the 

present research, the improvement in cooling amount exceeds 1.5%. 

However, the temperatures of the two modules (PV-a and PV-b) are still higher than the reference 

module temperature. The average TPV-ref achieved was 55.5 °C. The reason is that the airflow 

generated in the PV/T-a and PV/T-b ducts is insufficient to cool the PV-a and PV-b modules, as 

their values were low, as is apparent in Fig. 4.29. 

The air velocity in PV/T-b is higher than that in PV/T-a; it is increasing by 13.5%, which confirms 

the benefit of decreasing the PV/T depth, which leads to an increase in the airflow velocity. 

However, its value is still less than what is required to cool the PV module compared to PV-ref. 

A decrease in the temperature of the PV module leads to an increase in the power it generates, and 

this was observed by measuring the power generated for each of the three modules. As a result, 

the PV-ref may be more effective at converting SR into electrical power than other modules (PV-

a and PV-b). 

Fig. 4.31 shows the average PV power production for the three modules. From the figure, the PV-

ref board generated the highest amount of electrical power compared to PV-a and PV-b, and this 

can be attributed to its lower temperature compared to other modules, even though it is not 

equipped with any cooling and heat dissipation system. The average PPV-ref achieved was 37.1 W. 

The PV-b module generates slightly more power than the PV-a module since it is cooled slightly 

with the decrease in the depth of PV/T-b, which helps to reduce the module's temperature slightly 

compared to PV-b and thus increases its efficiency. The average PPV-a and PPV-b 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. 

Although the PV-a module is integrated with an EAHE and relies on heat generated by the SC to 

move the air, it shows a lower power output than the PV-ref and slightly lower than the PV-b. 

Thus, it can be seen from Fig. 4.31 that 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. 
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Fig. 4.31. The efficiency and power produced by the PV modules, 9 August 2022 (Natural airflow - Case 5). 

Accordingly, 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 I - 0.2162 Tamb - 7.523×10-7 I2 - 6.719×10-5 I Tamb + 

0.004525 Tamb
 2, R2= 0.9617 

(4.8) 

The decrease in PV/T depth helps move the air, increase its speed, and remove the heat from the 

PV module, enhancing the cooling process. This property improves the efficiency of the PV 

module and maintains its performance. The hot air generated by the PV module helps move the 

air inside the SC, creating a synergistic cycle that enhances the performance of both the SC and 

the PV module. 

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

efficiency 

This experimental work was conducted to determine the effect of EAHE system integration on PV 

module efficiency, described in subsection 3.3. It lasted on a clear day in August of 2022. This 

experiment is necessary to determine the effect of integrating the EAHE system on the generation 

of cold air and the extent of its impact on the operating temperature of the photovoltaic module 

and its capacity and efficiency. 

Fig. 4.32 shows the temperature variation Tamb, Tout, EAHE-a, Tout, EAHE-b, TPV-ref, TPV-a, TPV-b, Tavg, SC-

a, and Tavg, SC-b and air velocity of the PV/T-a and the PV/T-b versus the reference module (PV-ref) 

(shown in Fig. 3.14 and Fig. 3.20) as a function of time (10:00 a.m. to 03:00 p.m.). 

It is clear from the figure that the PV-a and PV-b modules show variations between their respective 

temperatures, as the temperature dissipation ratio exceeds 1.8%, which indicates the cooling 

efficiency gained from the SC and providing the air from the surroundings without using the 

EAHE. The average TPV-a and TPV-b were 59.8 °C and 58.8 °C, respectively, on the day of the 

experiment, which experienced the highest SR of 898.2 W/m2 with an average of 812.6 W/m2. Fig. 

4.33 shows the intensity of SR during the day of the experiment. 
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Fig. 4.32. The variation of Tamb vs. Tout, EAHE-a, TPV-ref, TPV-a, TPV-b, and Tavg, SC-a and air velocity of the 

PV/T-a and PV/T- during the test time, 27 August 2022 (Natural airflow - Case 6). 

 

Fig. 4.33. The variation of solar radiation during the test time, 27 August 2022 (Natural airflow - Case 6). 

Although the PV-a module is combined with the EAHE and the SC, the module shows higher 

temperatures than PV-b, which indicates that using the EAHE does not play an essential role in 

improving overall cooling. Depending on the analysis of the results, this is not due to a decrease 

in the EAHE’s efficiency. The PV-a module was equipped with air at a lower temperature from 

the EAHE-a system, as Tout, EAHE-a was 19.8 oC, lower than the air surrounding by 12.9 oC. While 

the PV-b module was equipped with hotter air, the air was extracted from the surroundings, as 

Tamb was 32.7 oC. This indicates that high efficiency has been achieved from the EAHE system 

(its efficiency was about 90.8%). 

The reason is that the cooler air supplied to the SC, the lower natural airflow velocity occurs 

through the SC, as the amount of airflow velocity inside the SC depends on the difference between 

the average temperature of the air inside the SC (Tavg, SC) and Tamb. Therefore, as cooler air is 

supplied through the EAHE, the Tavg,SC will decrease; thus, the difference between the Tavg,SC and 

the Tamb will reduce. This leads to a decrease in airflow velocity. This supports this because the 

airflow velocity in the PV/T-a was 0.2 m/s, less than the PV/T-b (it was 0.54 m/s) due to the 

carefully analyzed reason. Fig. 4.32 shows the airflow velocity in both PV/T. 
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Therefore, the TPV-a and TPV-b were higher than TPV-ref, the average TPV-ref achieved was 57.1 °C. 

The reason is that the airflow is generated in the PV/T. TPV-a and TPV-b are insufficient to cool the 

modules PV-a and PV-b, as their values were low. 

A decrease in the temperature of the PV module leads to an increase in the power it generates, and 

this was observed by measuring the power generated for each of the three modules. As a result, 

the PV-ref may be more effective at converting SR into electrical power than other modules (PV-

a and PV-b). 

Fig. 4.34 shows the average PV power production for the three modules. From the figure, the PV-

ref board generated the highest amount of electrical power compared to PV-a and PV-b, and this 

can be attributed to its lower temperature compared to other modules, even though it is not 

equipped with any cooling and heat dissipation system. The average PPV-ref achieved was 34.1 W. 

The PV-b module generates slightly more power than the PV-a module since it is cooled somewhat 

with higher airflow velocity, which helps to reduce the module's temperature slightly compared to 

PV-a and thus increases its efficiency. The average PPV-a and PPV-b were 33.5 W and 33.7 W, 

respectively. The increase in energy produced by PV-ref modules was 1.7% and 1% higher 

compared to PV-b and PV-a modules. 

Although the PV-b module is integrated with SC only and relies on heat generated by the SC itself 

to move the air, it shows a lower power output than the PV-ref and slightly higher than the PV-a. 

Thus, it can be seen from Fig. 4.34 that 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 15.7%, 15.4%, and 15.5%, 

respectively. 

 

Fig. 4.34. The efficiency and power produced by the PV modules, 27 August 2022 (Natural airflow - 

Case 6). 

 

Accordingly, 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 I + 5.233 Tamb - 0.001332 I2 - 0.01941 I Tamb + 7.847×10-7 

I3 + 2.384×10-5 I2 Tamb - 1.481×10-10 I4 - 9.713×10-9 I3 Tamb, R2= 0.8699 

(4.9) 
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4.5. The performance of the PV module depends on the forced ventilation 

4.5.1. Investigation of the effect of forced air (0.5 m/s) and EAHE on the PV module 

efficiency 

This experimental work was conducted to determine the effect of forced air with velocity 0.5 m/s 

and EAHE on the PV module efficiency, described in subsection 3.3. It lasted on a clear day in 

August of 2022. This experiment is necessary to determine the effect of forced air by a fan with a 

velocity of 0.5 m/s, integration with EAHE, and using the solar chimney on the generation of cold 

air and the extent of its effect on the operating temperature of the PV module and thus its capacity 

and efficiency. 

Fig. 4.35 shows the temperature variation Tamb, Tout, EAHE-a, TPV-ref, TPV-a, TPV-b, Tavg, SC-a, and Tavg, 

SC-b and air velocity of the PV/T-a and the PV/T-b versus the reference module (PV-ref) (shown in 

Fig. 3.14 and Fig. 3.21) as a function of time (10:00 a.m. to 3:00 p.m.). 

 
Fig. 4.35. The variation of Tamb vs. Tout, EAHE-a, TPV-ref, TPV-a, TPV-b, and Tavg, SC-a and air velocity of the 

PV/T-a and PV/T- during the test time (Forced airflow - Case 1). 

It is clear from the figure that the PV-a and PV-b modules show great convergence between their 

respective temperatures, as the temperature dissipation ratio did not exceed 0.6%, which indicates 

the little cooling efficiency gained from the fan, the EAHE, and the SC. The average TPV-a and TPV-

b were 59.3 °C and 59.7 °C, respectively, on the day of the experiment which experienced the 

highest SR of 976.2 W/m2 with an average of 879.3 W/m2. Fig. 4.36 shows the intensity of SR 

during the day of the experiment. 

Although the PV-a module is connected to the fan, EAHE, and the SC, it shows slightly lower 

temperatures than the PV-b module, which indicates that the use of the EAHE does not play an 

essential role in improving cooling overall in this case. Using the EAHE may have a more 

compelling effect on larger sizes of hybrid systems. This is not due to a decrease in the EAHE’s 

efficiency. The PV-a module was equipped with air at a lower temperature from the EAHE-a 

system, as Tout, EAHE-a was 20.7 oC, lower than the air surrounding by 11 oC. While the PV-b module 

was equipped with hotter air, the air was extracted from the surroundings, as Tamb was 31.7 oC. 

This indicates that high efficiency has been achieved from the EAHE system (its efficiency was 

about 82.1%). 
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Fig. 4.36. The variation of solar radiation during the test time (Forced airflow - Case 1). 

Although the airflow velocity in PV/T-a was 0.51 m/s, which is less than the velocity in PV/T-b 

(0.6 m/s), what was observed was that the temperature of PV-a was lower than PV-b and the reason 

is that the cold air supplied from the EAHE compared to air supplied from the ambient. This leads 

to the conclusion that it is possible to benefit from integrating the EAHE with the PV module to 

cool it and improve its efficiency if sufficient velocity is available. 

What is worth noting here is that the airflow velocity specified by the fan is 0.5 m/s, but what was 

observed is that airflow velocity is higher than the selected speed in the PV/T-a and the PV/T-b. 

The reason is that there is an additional velocity that the SC generated because the average 

temperatures of the SC were higher than the ambient air temperatures during the experiment 

period, especially the PV/T-b, which is apparent in Fig. 3.35, which led to an increase in airflow 

velocity inside it. As for the PV/T-a model, an additional airflow was generated for up to 11:15 

AM, and after this time, the airflow velocity remained relatively stable until the end of the 

experiment, which is also evident in the figure. 

Therefore, the temperatures in both modules were still higher than the reference module 

temperature, and the average TPV-ref achieved was 58.1 °C. The reason is that the airflow is 

generated in the modules. TPV-a and TPV-b are insufficient to cool the PV-a and PV-b modules, as 

their values were low, as shown in Fig. 4.35. 

A decrease in the temperature of the PV module leads to an increase in the power it generates, and 

this was observed by measuring the power generated for each of the three modules. As a result, 

the PV-ref may be more effective at converting SR into electrical power than other modules (PV-

a and PV-b). 

Fig. 4.36 shows the average PV power production for the three modules. From the figure, the PV-

ref board generated the highest amount of electrical power compared to PV-a and PV-b, and this 

can be attributed to its lower temperature compared to other modules, even though it is not 

equipped with any cooling and heat dissipation system. The average PPV-ref achieved was 36.6 W. 

The PV-b module generates slightly more power than the PV-a module since it is cooled somewhat 

with higher airflow velocity, which helps reduce the module's temperature slightly compared to 

PV-a and thus increases its efficiency. The average PPV-a and PPV-b were 36.4 W and 36.3 W, 

respectively. The increase in energy produced by PV modules was 0.8% and 1% higher compared 

to PV-a and PV-b modules, respectively. 

Although the PV-a module is integrated with SC and EAHE, it relies on heat generated by the SC 

itself and the fan to move the air, and it shows a lower power output than the PV-ref and slightly 

higher than the PV-b. 
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Thus, it can be seen from Fig. 4.37 that 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 15.6%, 15.5%, and 15.4%, 

respectively. 

 
Fig. 4.37. The efficiency and power produced by the PV modules (Forced airflow - Case 1). 

4.5.2. Investigation of the effect of forced air (1 m/s) and EAHE on the PV module efficiency 

This experimental work was conducted to determine the effect of forced air with a velocity of 1 

m/s and EAHE on the PV module efficiency, described in subsection 3.3. It lasted on a clear day 

in August of 2022. This experiment is necessary to determine the effect of forced air by a fan with 

a velocity of 1 m/s, integration with EAHE, and using the solar chimney on the generation of cold 

air and the extent of its effect on the operating temperature of the PV module and thus its capacity 

and efficiency. 

Fig. 4.38 shows the temperature variation Tamb, Tout, EAHE-a, TPV-ref, TPV-a, TPV-b, Tavg, SC-a, and Tavg, 

SC-b and air velocity of the PV/T-a and PV/T-b versus PV-ref (shown in Fig. 3.14 and Fig. 3.21) as 

a function of time (10:00 a.m. to 03:00 p.m.). 

 
Fig. 4.38. The variation of Tamb vs. Tout, EAHE-a, TPV-ref, TPV-a, TPV-b, and Tavg, SC-a and air velocity of the 

PV/T-a and PV/T- during the test tie (Forced airflow - Case 2). 

It is clear from the figure that the PV-a and PV-b modules show convergence between their 

respective temperatures, as the temperature dissipation ratio did not exceed 2%, which indicates 

the cooling efficiency gained from the fan, the EAHE, and the SC together. The average TPV-a and 
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TPV-b were 57.9 °C and 59.7 °C, respectively, on the day of the experiment which experienced the 

highest SR of 976.2 W/m2 with an average of 889.6 W/m2. Fig. 4.39 shows the intensity of solar 

radiation during the day of the experiment. 

 
Fig. 4.39. The variation of solar radiation during the test time (Forced airflow - Case 2). 

Due to the PV-a module being connected to the fan, EAHE, and the SC, the module shows lower 

temperatures than PV-b, which indicates that the EAHE play an important role in improving 

overall cooling. Using the EAHE may have a more practical effect for larger sizes of hybrid 

systems. The reason for this is due to the efficiency of the EAHE itself. The PV-a module was 

equipped with air at a lower temperature from the EAHE-a system, as Tout, EAHE-a was 21 oC, which 

is lower than the temperature of the air surrounding by 11.9 oC. While the PV-b module was 

equipped with hotter air, the air was extracted from the surroundings, as Tamb was 32.9 oC. This 

indicates that high efficiency has been achieved from the EAHE system (its efficiency was about 

81%). 

What is worth noting here is that the airflow velocity specified by the fan is 1 m/s, but what was 

observed is that airflow velocity higher than the selected speed was measured in the PV/T-b model. 

The reason is that there is an additional speed that the SC generated because the average 

temperatures of the SC were higher than the ambient air temperatures during the experiment 

period, which is clear in Fig. 4.38, which led to an increase in airflow velocity inside it. As for the 

PV/T-a model, no additional airflow was generated, and the airflow velocity remained relatively 

stable during the experiment period, which is also apparent in the figure. 

What is also worth noting is that although the airflow velocity in the PV/T-b model was higher 

than that in the PV/T-a model, the PV-a had a lower temperature than the PV-b and PV-ref, which 

was more efficient. 

Therefore, the temperatures in both modules were lower than TPV-ref, and the average TPV-ref 

achieved was 59.6 °C. The reason is that the airflow is supplied in the modules. TPV-a and TPV-b 

were sufficient to cool the PV-a and PV-b modules, as their values were high, as is clear in Fig. 

4.38. 

A decrease in the temperature of the PV module leads to an increase in the power it generates, and 

this was observed by measuring the power generated for each of the three modules. As a result, 

the PV-ref may be less effective at converting SR into electrical power than the PV-a and the PV-

b modules. 

Fig. 4.40 shows the average PV power production from the three modules. From the figure, the 

PV-ref board generated the lowest amount of electrical power compared to PV-a and PV-b, and 

this can be attributed to its higher temperature compared to other modules because it is not 
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equipped with any cooling and heat dissipation system. The average PPV-ref achieved was 36.7 W. 

The PV-a module generates more power than the PV-b and PV-ref modules since it is cooled 

somewhat with lower airflow velocity and colder air, which helps to reduce the module's 

temperature compared to PV-b and PV-ref, thus increasing its efficiency. The average PPV-a and 

PPV-b were 37.1 W and 36.8 W, respectively. 

Due to the PV-b module being integrated with SC without EAHE, it relies on heat generated by 

the SC and the fan to move the air, which is cooled by ambient air. It shows a higher power output 

than the PV-ref and lower than the PV-a. 

Thus, it can be seen from Fig. 4.40 that PV-a was the most efficient compared to PV-b and PV-

ref. The average efficiency of PV-ref, PV-a, and PV-b achieved were 15.4%, 15.6%, and 15.5% 

respectively. 

 
Fig. 4.40. The efficiency and power produced by the PV modules (Forced airflow - Case 2). 

4.5.3. Investigation of the effect of forced air (1.5 m/s) and EAHE on the PV module 

efficiency 

This experimental work was conducted to determine the effect of forced air with a velocity of 1.5 

m/s and EAHE system on the PV module efficiency, described in subsection 3.3. It lasted on a 

clear day in August of 2022. This experiment is necessary to determine the effect of forced air by 

a fan with a velocity of 1.5 m/s, integration with EAHE, and using the solar chimney on the 

generation of cold air and the extent of its effect on the operating temperature of the PV module 

and thus its capacity and efficiency. 

Fig. 4.41 shows the temperature variation Tamb, Tout, EAHE-a, TPV-ref, TPV-a, TPV-b, Tavg, SC-a, and Tavg, 

SC-b and air velocity of the PV/T-a and the PV/T-b modules versus PV-ref (shown in Fig. 3.14 and 

Fig. 3.21) as a function of time (10:00 a.m. to 03:00 p.m.). 
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Fig. 4.41. The variation of Tamb vs. Tout, EAHE-a, TPV-ref, TPV-a, TPV-b, and Tavg, SC-a and air velocity of the 

PV/T-a and PV/T- during the test tie (Forced airflow - Case 3). 

It is clear from the figure that the PV-a and PV-b modules show great convergence between their 

respective temperatures, as the temperature dissipation ratio did not exceed 1%, which indicates 

the little cooling efficiency gained from the fan, the EAHE, and the SC. The average TPV-a and TPV-

b were 52.7 °C and 53.2 °C, respectively, on the day of the experiment, which experienced the 

highest SR of 898 W/m2 with an average of 822.1 W/m2. Fig. 4.42 shows the intensity of SR during 

the day of the experiment. 

 
Fig. 4.42. The variation of solar radiation during the test time (Forced airflow - Case 3). 

Due to the PV-a module being connected to the fan, the EAHE, and the SC, the module shows 

lower temperatures than PV-b, which indicates that the EAHE play an important role in improving 

overall cooling. Using the EAHE may have a more practical effect for larger sizes of hybrid 

systems. The reason for this is due to the efficiency of the EAHE itself. The PV-a module was 

equipped with air at a lower temperature from the EAHE-a system, as Tout, EAHE-a was 21.5 oC, 

which is lower than the temperature of the air surrounding by 10.5 oC. While the PV-b module 

was equipped with hotter air, the air was extracted from the surroundings, as Tamb was 32.1 oC. 

This indicates that high efficiency has been achieved from the EAHE system (its efficiency was 

about 76.4%). 
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What is worth noting here is that the airflow velocity specified by the fan is 1.5 m/s, but what was 

observed is that airflow velocity higher than the selected speed was measured in the PV-b model. 

The reason is that there is an additional speed that the SC generated because the average 

temperatures of the SC were higher than the ambient air temperatures during the experiment 

period, which is clear in Fig. 4.41, which led to an increase in airflow velocity inside it. As for the 

PV/T-a model, no additional airflow was generated, and the airflow velocity remained relatively 

stable during the experiment period, which is also apparent in the figure. 

What is also worth noting is that although the airflow velocity in the PV/T-b model was higher 

than that in the PV/T-a model, the PV-a had a lower temperature than the PV-b and PV-ref, which 

was more efficient. 

Therefore, the temperatures in both modules were lower than TPV-ref, and the average TPV-ref 

achieved was 56.7 °C. The reason is that the airflow is supplied in the modules. TPV-a and TPV-b 

were sufficient to cool the PV-a and PV-b modules, as their values were high, as is clear in Fig. 

4.41. 

The decrease in the temperature of the PV module leads to an increase in the power generated by 

it, and this was observed by measuring the power generated for each of the three modules. As a 

result, the PV-ref may be less effective at converting SR into electrical power than the PV-a and 

the PV/b modules. 

Fig. 4.43 shows the average PV power production for the three modules. From the figure, the PV-

ref board generated the lowest amount of electrical power compared to PV-a and PV-b, and this 

can be attributed to its higher temperature compared to other modules because it is not equipped 

with any cooling and heat dissipation system. The average PPV-ref achieved was 34.6 W. The PV-a 

module generates more power than the PV-b and PV-ref modules since it is cooled somewhat with 

lower airflow velocity and colder air, which helps to reduce the module's temperature compared 

to PV-b and PV-ref, thus increasing its efficiency. The average PPV-a and PPV-b were 35.4 W and 

35.3 W, respectively. 

Due to the PV-b module being integrated with SC without EAHE, it relies on heat generated by 

the SC and the fan to move the air, which is cooled by ambient air. It shows a higher power output 

than the PV-ref and lower than the PV-a. 

Thus, it can be seen from Fig. 4.43 that PV-a was the most efficient compared to PV-b and PV-

ref. The average efficiency of PV-ref, PV-a, and PV-b achieved were 15.7%, 16.1%, and 16%, 

respectively. 

 
Fig. 4.43. The three modules' average PV power and efficiency (Forced airflow - Case 3). 
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Accordingly, the forced airflow by using the fans 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: 

Ppv-add = Ppv - Ppv-ref = -0.7054 + 1.087 × vfan - 0.02717 Pfan ,     R2= 0.9999 (4.10) 

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 requires finding an alternative way to generate sufficient flow 

without consuming electrical energy while improving the performance of PV modules using a PV-

SC-EAHE hybrid system. 

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

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

It has been observed through the results obtained through the practical experiments of this research 

that the performance of the SC depends greatly on the amount of difference between the average 

air temperature inside the SC and the ambient air temperature; the greater amount of their 

difference leads to more extraordinary the SC performance. The performance of the solar chimney 

was better by increasing the air flow rate through it. 

During the experimental cases described in sections (4.4 and 4.5), the temperature of the air 

entering the SC is usually low because the EAHE has cooled this air before entering PV/T, which 

leads to its temperature being relatively low before entering the SC, which leads to its efficiency 

is low, which requires increasing the air temperature before entering the SC and after leaving the 

PV/T. This can be done by installing a SAC after the PV/T and before the SC. The air will be 

heated after leaving the PV/T and crossing the PV module and before it reaches the SC, which 

leads to heating and increasing the efficiency of the SC and thus increasing the air flow rate, which 

leads to generating sufficient flow to cool the PV module integrated with the new hybrid system 

(PV-SC-EAHE) Thus, increasing the efficiency of the system as a whole. 

The temperature of the heated air before entering the SC depends on the size and efficiency of the 

SAC itself. Therefore, in this research, the hybrid system will be simulated using the new 

MATLAB simulation model by simulating the conditions surrounding the study location in 

Gödöllő. 

A SAC will be tested by selecting several sizes as a function of the dimensions of the PV module 

itself to be cooled, meaning the width of the SAC will be adopted with a width equal to the width 

of the PV module, which is 0.4 m in this research, and the length of the SAC will be tested as a 

function of the length of the PV module, i.e., multiples of PV module length itself. These multiples 

will be (1 to 10) times the length of the PV module. The purpose is to determine which of these 

SAC sizes is sufficient to heat the air before it enters the SC and through which sufficient airflow 

is generated to draw the cooled air from the EAHE necessary to cool the PV module and thus 

increase its efficiency. 

The experimental data collected in Gödöllő simulated for this research. The ambient air 

temperature, solar radiation, and soil temperature (at a depth of 2 m in the Gödöllő), the EAHE 

length (10 m), and the same specifications of the PV module and the used were chosen. The system 

was described in subsection 3.3. and Fig. 3.22. 

Fig. 4.44 shows the relationship between the length of the SAC and the airflow rate through the 

SC as a result of using the SAC. It is clear from the figure that the airflow velocity is directly 

proportional to the length of the SAC, meaning that as the length of the SAC increases, the airflow 
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rate increases. It is subject to Eq. (4.11). 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 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 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, 

generated a speed of 0.84 m/s to draw air from the EAHE at a low temperature of 20.8 °C, while 

the ambient air temperature was not less than 30 °C. 

 
Fig. 4.44. The airflow velocity generated in the combined-assisted solar collector system is a function of 

the length of the PV module. 

 𝑣𝑎𝑖𝑟 = 0.0599 𝐿𝑐𝑜𝑙𝑙 + 0.4564  ,     𝑅2 = 0.9819 (4.11) 

Fig. 4.45 shows the relationship between the length of the SAC compared to the generated power 

and the temperature of the PV module. It is clear from the figure that 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 size of the collector was equal to the size 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 solar panel's temperature 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 Eqs. (4.12) and (4.13) respectively. 

 𝑃𝑃𝑉 = 37.335 𝐿𝑐𝑜𝑙𝑙
0.0077  ,     𝑅2 = 0.9822 (4.12) 

 𝑇𝑃𝑉 = 0.0226 𝐿𝑐𝑜𝑙𝑙
2 − 0.5569 𝐿𝑐𝑜𝑙𝑙 + 59.326   ,     𝑅2 = 0.9983 (4.13) 

 

y = 0.0599x + 0.4564

R² = 0.9819

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1 2 3 4 5 6 7 8 9 10

A
ir

fl
o
w

 v
el

o
ci

ty
 (

m
/s

)

Collector length (PV module length)

vair Linear (vair)



 

105 
 

 
Fig. 4.45. The average PV power production by the PV modules and their temperatures. 

4.6.2. The effect of solar air collectors on the efficiency of the photovoltaic module in 

different climates 

SAC is seeing a rapid increase in interest as an effective way to improve the efficiency of PV 

modules integrated into solar energy systems. This investigation aims to evaluate the effect of SAC 

in different climates, where the system is tested in a hot climate (Najaf, Iraq) and a colder climate 

(Gödöllő, Hungary). The effect of SAC on the efficiency of the PV module integrated with the 

EAHE and the SC was studied in different climates. 

Through this study, the change in naturally generated velocities when integrating the hybrid system 

(PV-SC-EAHE) with (SAC) was studied in the two different climates, as well as analyzing the 

effect of this on reducing the temperature of the PV module and thus evaluating its impact on the 

energy produced and efficiency of the PV module. 

Fig. 4.46 shows the monthly naturally generated airflow velocity from combining PV-SC-EAHE 

with SAC at both study locations. SAC in Al-Najaf appears to naturally increase airflow velocity 

in the hot region, especially in the hot months of the year. As is the case for Gödöllő, SAC also 

shows an effect of increasing airflow velocity. However, the velocity generated in the hot location 

was more significant than Gödöllő by 20%, as the generated velocity reached its maximum of 1.1 

m/s in Al-Najaf and 0.95 m/s in Gödöllő. The following equation is put into effect to the airflow 

velocities in order to perform the estimation: 

vair = 0.2762 + 0.005205 I - 0.0423 Tamb - 1.158×10-5 I2 + 0.0001367 I V + 

8.533×10-9 I3 -1.166×10-7 I2 Tamb ,      R2= 0.9627 

(4.14) 
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Fig. 4.46. The monthly naturally generated airflow velocity in Al-Najaf and Gödöllő. 

Fig. 4.47 shows the temperatures of the integrated PV module compared to the reference PV 

module for both study locations. It is observed that PV module temperatures in Al-Najaf are 

generally higher compared to Gödöllő. The integrated PV module shows lower temperatures 

compared to the reference PV module in Al-Najaf and Gödöllő in all months. But what is 

noticeable is that the amount of cooling in Al-Najaf was higher and better than in Gödöllő. 

 
Fig. 4.47. The monthly temperatures of the integrated PV module compared to the reference PV module 

for Al-Najaf and Gödöllő. 

The use of SAC shows an improvement in the power generated by the PV module compared to 

the reference module in most months. As well as the power produced in the Gödöllő also seems to 

have a positive effect on the power of the PV module. However, the increase in power in the hot 

region is greater than in the colder region by 49%, where the average generated power in the hot 

region reached 24.6 W. In contrast, the highest gain in the colder region was 16.5 W., as shown in 

Fig. 4.48. 
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Fig. 4.48. The monthly power of the integrated PV module compared to the reference PV module for Al-

Najaf and Gödöllő. 

The effect of SAC is shown to improve the efficiency of the PV module compared to the reference 

PV module, especially in the hotter months. 

In the cold region, SAC also shows a positive effect on efficiency, especially in hot months. 

However, what was observed is that the improvement in efficiency was better in the hot area than 

in the colder area, especially in the hot months, where the percentage increase in efficiency reached 

2%, as shown in Fig. 4.49. 

 
Fig. 4.49. The monthly efficiency of the integrated PV module in Al-Najaf and Gödöllő. 

Thus, SAC shows a positive effect in reducing the temperatures of the PV module and improving 

its performance in hot conditions. SAC can also positively impact Gödöllő by improving the power 

and efficiency of the PV module. Increased airflow velocity with SAC indicates additional benefits 

that contribute to improving system performance. 

Based on the results, studying the integration of SAC with PV modules in more scenarios and 

climatic conditions is preferable. Additional studies may be needed to determine the effect of solar 

air collectors on the extent of energy produced in the long term. The economic and environmental 

aspects of using solar air collectors in PV systems should be considered.  
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5. CONCLUSION AND SUGGESTIONS 

The efficiency of the photovoltaic (PV) module integrated with the solar chimney (SC) and earth-

air heat exchanger (EAHE) has been studied experimentally and in simulation. This research filled 

the knowledge gap by studying a new system that combines these three systems (SC, PV, and 

EAHE) to estimate the effect of the integration between SC and EAHE on the efficiency of the PV 

module. This study was conducted in two locations with different climates, Najaf in Iraq (hot and 

dry climate) and Gödöllő in Hungary (cold climate). This study presented a new 

MATLAB/Simulink model to predict soil temperature distribution and design combined or 

individual EAHE, SC, and PV systems. The soil's thermo-physical properties and temperature 

gradient were studied, and the EAHE's performance for the two modes (cooling and heating) was 

also studied. This study provided a comprehensive comparison between four different types of 

EAHE. The experiments were extended using the developed MATLAB program to demonstrate 

the role of integrating renewable energy sources. It provides important data for researchers and 

engineers to choose the best system that suits their needs. It is concluded that the new hybrid 

system combined with solar air collector (SAC) and SC has the best performance. In light of the 

results reached, the following conclusions can be drawn: 

• New laboratory and theoretical simulation approaches assess multilayer soil thermo-physical 

characteristics based on moisture content and density. 

• The MATLAB simulation approach for planning and predicting PV-SC-EAHE system 

performance worldwide is dependable and promising. It matches the measured data of 93.6%. 

• The MS-pipe EAHE has the lowest pressure losses of the four varieties, requiring the least air 

fan power (AFP= 0.014 W), while the TS-pipe EAHE requires the most, 1.071 W. 

• S-pipe and TS-pipe EAHE have the highest cooling potential (897.9 W) and the multi-pipe has 

the lowest (683.7 W). 

• SC boosts the airflow velocity by 5.2 times when integrated with PV modules and EAHE.  

• A rectangular SC enhances the airflow velocity by 5% over a circular SC and the dark SC has 

1% higher airflow velocity than the white SC. 

• EAHE length affects natural airflow. Airflow velocity is 14.7% higher in 5 m EAHE than in 10 

m ones. 

• In EAHE with the narrower PV/T depth (0.04 m), the tube airflow velocity was 1.2 times that 

of the wider PV/T depth (0.06 m). 

• The SC with PV module generates 252.3% faster airflow than the SC with PV module and 

EAHE. 

• The PV module cannot be cooled by the SC's natural airflow velocity alone in the PV-SC-

EAHE system. Integration of a SAC before the SC and after the PV/T is required. 

• Integrating a SAC with a PV-SC-EAHE system ten times the PV module's size increases PV 

module efficiency by 2.2%. 

• The airflow velocity created by the PV-SC-EAHE system in Al-Najaf is 20% faster than the 

airflow velocity generated by the PV-SC-EAHE system in Gödöllő. 

• In summer, the difference between ambient air and soil temperatures at 2 m was 10.3 °C in 

Gödöllő and 8.7 °C in Al-Najaf. In winter, the difference was 11.5 °C in Gödöllő and 6.7 °C in 

Al-Najaf. 

• Al-Najaf soil temperature is stable year-round at 5 m depth. The soil-air temperature difference 

is 16.2 oC in summer and 11.4 oC in winter. 
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• EAHE in Gödöllő can achieve 71% and 70.1% cooling and heating efficiency. It lowered 

summer temperatures by 11 oC and heated the winter temperatures by 6.5 oC. 

These theses can be expanded by examining more variables and exploring their effects on system 

performance, such as studying the possibility of integrating the solar dryer with the new hybrid 

system to dry agricultural products by taking advantage of the hot air generated and flowing 

naturally. Study the possibility of utilizing the EAHE for cooling and heating at night while the 

solar systems are not working. Research deeper into maximizing natural flow by introducing 

developments in the PV/T structure, SAC, SC, and EAHE. There may be opportunities to explore 

using additional renewable energy sources or integrate the solar system with energy storage. 

Studying the impact of the system in different locations around the world would be an extension 

of the research. It would be helpful to conduct an economic analysis to evaluate the long-term cost 

and benefits of the PV-SC-EAHE system. 
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6. 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 

I discovered that the multi-layer soil affects the efficiency of the EAHE. Based on the experimental 

results, I 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 m2/s and 4.3171E-07 m2/s. It is subject to the following equation, RDT,out 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. 

RDT,out = 0.0002389 × Lpipe
 3 - 0.01877 × Lpipe

 2 + 0.5089 × Lpipe - 0.09124,    R2= 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: 

𝑤𝑒𝑞 = (
(𝑀𝑇)𝑏𝑒 − (𝑀𝑇)𝑎𝑓

(𝑀𝑇)𝑏𝑒
× 100) 

𝜌𝑒𝑞,𝑤𝑒𝑡 = (
(𝑀𝑇)𝑏𝑒
(𝑉𝑇)𝑏𝑒

) 

𝜌𝑒𝑞,𝑑𝑟𝑦 = (
(𝑀𝑇)𝑎𝑓
(𝑉𝑇)𝑎𝑓

) 

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: 

𝑤𝑒𝑞 = (𝑤1 ×
𝑡1
𝑡𝑇
+𝑤2 ×

𝑡2
𝑡𝑇
+𝑤3 ×

𝑡3
𝑡𝑇
+ 𝑤4 ×

𝑡4
𝑡𝑇
+ 𝑤5 ×

𝑡5
𝑡𝑇
+. . . . . + 𝑤𝑛 ×

𝑡𝑛
𝑡𝑇
) 

𝜌𝑒𝑞,𝑤𝑒𝑡 = (
(𝑀1 +𝑀2 +𝑀3 +𝑀4 +𝑀5+. . . . . + 𝑀𝑛)𝑏𝑒
(𝑉1 + 𝑉2 + 𝑉3 + 𝑉4 + 𝑉5+. . . . . + 𝑉𝑛)𝑏𝑒

) 

𝜌𝑒𝑞,𝑑𝑟𝑦 = (
(𝑀1 +𝑀2 +𝑀3 +𝑀4 +𝑀5+. . . . . + 𝑀𝑛)𝑎𝑓
(𝑉1 + 𝑉2 + 𝑉3 + 𝑉4 + 𝑉5+. . . . . + 𝑉𝑛)𝑎𝑓

) 

2. Performance assessment of the integrated solar energy system with earth-air heat exchanger 

system.  

I 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 
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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. 

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 I 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 I - 0.06196 Tamb +1.005×10-6 I2 + 7.783×10-5 I Tamb - 0.0002501 Tamb
 

2, R2= 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 I + 0.02385 Tamb + 8.364×10-8 I2 - 4.812×10-5 I Tamb,    R2= 

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 Tamb - 7.523×10-7 I2 - 6.719×10-5 I Tamb + 0.004525 Tamb
 2,

 R2= 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: 
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vair = -228.3 + 0.9259 I + 5.233 Tamb - 0.001332 I2 - 0.01941 I Tamb + 7.847×10-7 I3 + 

2.384×10-5 I2 Tamb - 1.481×10-10 I4 - 9.713×10-9 I3 Tamb, R2= 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 I + 0.1288 Tamb - 4.726×10-5 I Tamb - 0.001891 Tamb
 2 ,       R2= 

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 

Gödöllő. The following equation is put into effect to the airflow velocities in order to perform 

the estimation: 

vair = 0.2762 + 0.005205 I - 0.0423 Tamb - 1.158×10-5 I2 + 0.0001367 I V + 8.533×10-9 I3 -

1.166×10-7 I2 Tamb ,      R2= 0.9627 

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: 

Ppv-add = Ppv - Ppv-ref = -0.7054 + 1.087 × vfan - 0.02717 Pfan ,     R2= 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. 

I 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, I 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 𝐿𝑐𝑜𝑙𝑙 + 0.4564 ,     𝑅2 = 0.9819 
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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 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 = 37.335 𝐿𝑐𝑜𝑙𝑙
0.0077  ,     𝑅2 = 0.9822  

 𝑇𝑃𝑉 = 0.0226 𝐿𝑐𝑜𝑙𝑙
2 − 0.5569 𝐿𝑐𝑜𝑙𝑙 + 59.326 ,     𝑅2 = 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 = 1.853×104 sin(0.002276 Tin +6.218), R2=1 (For S-EAHE and TS-EAHE)  

CP = 1.295×104 sin(0.002528 Tin +6.211), R2=1 (For M-EAHE)  

CP = 1.383×104 sin(0.002467 Tin +6.213), R2=1 (For MS-EAHE)  
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7. SUMMARY 

THE EFFECT OF INTEGRATING AN EARTH-AIR HEAT EXCHANGER ON 

PHOTOVOLTAIC MODULE EFFICIENCY IN COMBINATION WITH A SOLAR CHIMNEY 

In summary, experimental investigations and software simulations using the MATLAB model 

developed in this work evaluated the combined Photovoltaic (PV) module Earth-Air Heat 

Exchanger (EAHE) system and solar chimney (SC) efficiency under extreme cold and hot 

conditions in Hungary and Iraq. In Gödöllő, Hungary (latitude 47.593434N, longitude 

19.364198E), two hybrid systems with PV modules, SC, and EAHE and one without (reference 

system) were developed and tested to achieve this goal. 

All reference and hybrid models have been built thoughtfully to achieve the accuracy required to 

draw results and conclusions. Experimental results and software simulations indicate that the best 

case obtained from each experiment was a combination of EAHE, PV/T, SC, and solar air collector 

(SAC), which was investigated and compared to a reference PV module. The experiments were 

expanded using the developed MATLAB program to demonstrate the role of integrating renewable 

energy sources, considering several aspects. 

This study created new laboratory and theoretical simulation approaches to evaluate multi-layer 

soil thermo-physical properties based on moisture content and densities. This study's MATLAB 

simulation model for PV-SC-EAHE system design and global performance estimation is 

dependable and promising. With a 6.4% difference, it matches the measured data. MS-tubed 

EAHE have the lowest pressure losses of the four varieties, requiring the least air fan power (AFP 

= 0.014 W). TS-tubed EAHE have the biggest pressure losses and need the most AFP power, 

approximately 1,07 W. The multi-tube type has the lowest cooling potential of 683.7 W, whereas 

EAHE MS-tubes have the most at 897.9 W. Combining SC, PV module, and EAHE boosts airflow 

velocity inside the tube by 5.2 times. EAHE's length affects natural airflow, as proven. EAHE-5 

m generates 14.7% quicker airflow than EAHE-10 m. 

Experimentally, a rectangular SC increases the airflow velocity inside an EAHE tube to 5% 

compared to using a circular SC. The airflow velocity in the dark SC (black) has a limited increase 

of 1% compared to the white SC. As a result of experimental tests, the airflow velocity inside the 

tube of EAHE combined with a narrower PV/T was 1.2 times that of EAHE combined with a wider 

PV/T. 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. 

It has been shown through experiments that the airflow velocity naturally generated by the SC 

(without additional SAC) combined with the PV-SC-EAHE system is not sufficient to cool the PV 

module regardless of the temperature supplied by the EAHE, which requires adding SAC before 

SC and after PV/T. Accordingly, the SAC was integrated with the PV-SC-EAHE system with an 

area 10 times the area of the PV module, which led to an improvement in the efficiency of the PV 

module by 2.2%. Based on the simulation results, the natural airflow was 20% faster in the hot 

location (Al-Najaf) than in the colder location (Gödöllő). The generated velocity reached a 

maximum of 1.1 m/s in the hot location and 0.95 m/s in the colder location. 

In Gödöllő, the summertime temperature differential between the air and the soil at a depth of 2 

m was 10.3 °C, while in Al-Najaf, it was 8.7 °C. Gödöllő, on the other hand, had a wintertime 

temperature differential of 11.5 °C and Al-Najaf, 6.7 °C. Within Al-Najaf, the soil temperature 

remained mostly consistent at a depth of 5 m all year round. There is a temperature differential of 

almost 16.2 °C in the summer and 11.4 °C in the winter between the soil and the surrounding air. 

According to practical testing, the installation of EAHE in Gödöllő can reach at least 71% 

efficiency in cooling mode and 70.1% efficiency in heating mode. In summer, it lowered the 

temperature by 11 °C; in winter, it raised it by 6.5 °C. 
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8. ÖSSZEFOGLALÁS (SUMMARY IN HUNGARIAN) 

A FÖLD-LEVEGŐ HŐCSERÉLŐ BEÉPÍTÉSÉNEK HATÁSA A FOTOVOLTAIKUS 

MODUL HATÉKONYSÁGÁRA, NAPKÉMÉNNYEL KOMBINÁLVA 

Doktori munkában kifejlesztett MATLAB modell segítségével kísérleti vizsgálatokat és szoftveres 

szimulációkat végeztem a kombinált PV-modul, a levegő-föld hőcserélő (EAHE) rendszer és a 

napkémény (SC) hatékonyságának értékelésére, Magyarországon extrém hideg körülmények 

között és Irakban extrém meleg körülmények között. A cél elérése érdekében több hibrid rendszert 

építettem és teszteltem, ezek közül kettőt integráltan (egy-egy PV-modullal, SC-vel és EAHE-vel, 

a másikat SC és EAHE nélkül (referencia rendszer)), Magyarországon, Gödölő éghajlati viszonyai 

között (47,593434N szélesség, 19,364198E hosszúság). 

Valamennyi referencia- és hibrid modell olyan átgondolt módon készült, hogy elérje az 

eredmények és következtetések levonásához szükséges pontosságot. A kísérleti eredmények és a 

szoftveres szimulációk azt mutatták, hogy az egyes kísérletekben kapott legjobb eset az EAHE, 

PV/T, SC és napkollektor (SAC) kombinációja volt, amelyet egy referencia PV-modullal 

vizsgáltam és hasonlítottam össze. A kísérleteket a kifejlesztett MATLAB programmal 

bővítettem, hogy bemutassam a megújuló energiaforrások együttes integrálásának szerepét, több 

szempontot is figyelembe véve. 

A tanulmány révén új laboratóriumi és elméleti szimulációs módszereket dolgoztam ki a 

többrétegű talajok termofizikai tulajdonságainak becslésére a nedvességtartalom és a sűrűség 

alapján. Az e tanulmány keretében kifejlesztett MATLAB szimulációs modell a PV-SC-EAHE 

rendszer teljesítményének megtervezésére és becslésére világszerte megbízhatónak és nagyon 

ígéretesnek tekinthető. Jól egyezik a mért adatokkal, az eltérések átlagosan körülbelül 6,41%-osak. 

Az MS-csöves EAHE-kről kimutattam, hogy a négy típus közül a legkisebb nyomásveszteséggel 

rendelkeznek, ami a működéshez szükséges legkisebb kiegészítő ventilátorteljesítményt 

eredményezi (kb. AFP=0,014 W). A TS-csöves EAHE-knél a legnagyobb a nyomásveszteség, így 

a legnagyobb AFP-teljesítményre van szükség. Ráadásul körülbelül 1,1 W-tal. Az MS csöves 

EAHE-k rendelkeznek a legnagyobb hűtési potenciállal, 897,9 W-tal, a többcsöves típus pedig a 

legalacsonyabb hűtési potenciállal, 683,7 W-tal. Az SC kombinálása a PV-modullal és az EAHE-

kkel akár 5,2-szeresére növeli a légáramlási sebességet az EAHE-k csövén belül, mintha nem 

kombinálnánk őket. Bebizonyosodott, hogy az EAHE-n belüli természetes légáramlást 

befolyásolja annak hossza. A rövidebb EAHE-kben (EAHE-5 m) keletkező légáramlási sebesség 

14,7%-kal nagyobb, mint a hosszabb EAHE-kben (EAHE-10 m). 

Kísérleti úton bizonyítást nyert, hogy a téglalap alakú SC 5%-kal növeli a légáramlási sebességet 

az EAHE-s csőben, szemben a kör alakú SC használatával. A légáramlási sebesség a sötét SC-ben 

(fekete) korlátozottan, 1%-kal nőtt a fehér SC-hez képest. A kísérleti vizsgálatok eredményeként 

a szűkebb PV/T-vel kombinált EAHE-k csövében a légáramlási sebesség 1,2-szöröse volt a 

szélesebb PV/T-vel kombinált EAHE-kénak. A PV-modullal kombinált SC által generált 

légáramlási sebesség 252,3%-kal nagyobb, mint a PV-modullal és EAHE-kkel kombinált SC által 

generált légáramlási sebesség. 

Kísérletek során bebizonyosodott, hogy a PV-SC-EAHE rendszerrel kombinált SC által 

természetesen generált légáramlási sebesség nem elegendő a PV-modul hűtéséhez, függetlenül az 

EAHE által biztosított hőmérséklettől. Ez a tény szükségessé teszi a SAC hozzáadását az SC előtt 

és a PV/T után. Ennek megfelelően a SAC-ot a PV-SC-EAHE rendszerbe integráltam a PV-modul 

területének 10-szeresével, ami a PV-modul hatékonyságának 2,2%-os javulását eredményezte. A 

szimulációs eredmények alapján a természetes légáramlás 20%-kal gyorsabb volt a meleg helyen 

(Al-Najaf), mint a hideg helyen (Gödöllő). A generált maximális sebesség a meleg helyen 1,1 m/s, 

a hideg helyen pedig 0,95 m/s volt. 
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A talaj hőmérsékleti gradiensének mérésére végzett kísérletek alapján a környezeti levegő és a 

talaj hőmérséklete közötti különbség 2 m mélységben nyáron elérte Gödöllőn a 10,3 °C-ot és Al-

Najaf-ban a 8,7 °C-ot. Ezzel szemben télen Gödöllőn 11,5 °C-os, Al-Najaf-ban pedig 6,7 °C-os 

különbséget mértem. Al-Najaf-ban a talaj hőmérséklete 5 m mélységben az év minden hónapjában 

gyakorlatilag állandó volt. A talaj és a környezeti levegő közötti hőmérséklet-különbség nyáron 

több mint 16,2 °C, télen pedig 11,4 °C volt. A gyakorlati kísérletek eredményeként az EAHE-k 

telepítése Gödöllőn nem kevesebb, mint 71%-os, illetve 70,1%-os hatékonyságot érhet el hűtési 

és fűtési üzemmódban. Nyáron 11 °C-os hőmérsékletcsökkenést, télen pedig 6,5 °C-os 

hőmérsékletnövekedést ért el. 
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A3: The mathematical procedures used to formulate the parameters of the PV/T model 

In this appendix, we detail the mathematical procedures used to formulate all of the parameters of 

the PV/T model explicitly. 

Here is the formula for the temperature of solar cells: 

 𝑇𝐶𝐸𝐿𝐿 =
(𝛼𝜏)𝐸𝐹𝐹 ⋅ 𝐼 + 𝑈𝑡 ⋅ 𝑇𝐴𝑀𝐵 + 𝑈𝑇 ⋅ 𝑇𝐵𝑆

𝑈𝑡 + 𝑈𝑇
 (9.1) 

Where: 

 (𝛼𝜏)𝐸𝐹𝐹 = 𝜏𝐺 ⋅ (𝛼𝐶𝐸𝐿 ⋅ 𝑝 + (1 − 𝑝) ⋅ 𝛼𝑇 + 𝑝 ⋅ 𝜂𝐶𝐸𝐿). (9.2) 

Suppose we plug the values into Eqs. (9.1) and (9.2), we get the following expression for the Tedlar 

back surface temperature: 

 𝑇𝐵𝑆 =
ℎ𝑃1 ⋅ (𝛼𝜏)𝐸𝐹𝐹 ⋅ 𝐼 + 𝑈𝐴 ⋅ 𝑇𝐴𝑀𝐵 + ℎ𝑓 ⋅ 𝑇𝐴𝐼𝑅 + ħ𝑅𝑈𝐷−𝐷𝑈𝐶𝑇 ⋅ 𝑇𝑓

𝑈𝑎𝑇 + ℎ𝑓 + ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇
 (9.3) 

Where: 

 ℎ𝑝1 =
𝑈𝑇

𝑈𝑡 + 𝑈𝑇
 , 𝑈𝑡𝑇 =

𝑈𝑡 ⋅ 𝑈𝑇
𝑈𝑡 + 𝑈𝑇

  

The subsequent linear differential equation is found by combining Eqs (9.1), (9.2), and (9.3): 

 
𝑑𝑇𝐴𝑅
𝑑𝑥

+ 𝑇𝐴𝐼𝑅 ⋅ 𝜗 = 𝜁 (9.4) 

Where: 

 

𝜗 =
(ℎ𝑝3)

𝑚𝐴𝐼𝑅̇ ⋅ 𝐶𝐴𝐼𝑅
⋅ 𝑏 

 

𝜍 = [𝑇𝐴𝐼𝑅 ⋅ (𝑈𝑡𝑓 + 𝑈𝑏0) + ℎ𝑃1 ⋅ ℎ𝑃2 ⋅ (𝛼𝜏)𝐸𝐹𝐹 ⋅ 𝐼 − 𝑇𝑙 ⋅ (ℎ𝑃4 + 𝑈𝑏0)]

⋅
𝑏

𝑚̇𝐴𝐼𝑅 ⋅ 𝐶𝐴𝐼𝑅
 

 

ℎ𝑃2 =
(ℎ𝑓 + ℎ𝐴𝑅𝐷−𝐷𝑈𝐶𝑇)

(ℎ𝑓 + ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇 + 𝑈𝑡𝑇)
 

 

ℎ𝑃3 =
𝑈𝑡𝑇 ⋅ ℎ𝑓

(ℎ𝑓 + ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇 + 𝑈𝑡𝑇)
 

 

ℎ𝑃4 =
𝑈𝑡𝑇 ⋅ ℎ𝑅𝑈𝐷−𝐷𝑈𝐶𝑇

(ℎ𝑓 + ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇 + 𝑈𝑡𝑇)
 

 

𝑈𝑡𝑓 =
𝑈𝑡𝑇 ⋅ (ℎ𝑓 + ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇)

(ℎ𝑓 + ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇 + 𝑈𝑡𝑇)
 

 

 

Because of the boundary constraints at x=0, we get: TAIR(x) = TAIR_IN=TAMB, the equation as 

follow: 

 𝑇𝐴𝐼𝑅(𝑥) =
𝜁

𝜗
+ (𝑇𝐴𝑅−𝐼𝑁 −

𝜁

𝜗
) ⋅ 𝑒−𝜗𝑥 (9.5) 
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By plugging x=LPV=LPV/T, DUCT into Eq. (9.5), we may determine the air temperature as it exits the 

duct (at a distance LPV from the entrance). 

The following is the formula for calculating the average fluid temperature across the length of the 

PV module that is being considered: 

 

𝑇𝐴𝐼𝑅
¯

=
1

𝐿𝑃𝑉
∫  
𝐿𝑃𝑉

0

𝑇𝐴𝐼𝑅(𝑥) ⋅ 𝑑𝑥

=
𝜍

𝜗
+

1

𝜗 ⋅ 𝐿𝑃𝑉
⋅ (𝑇𝐴𝐼𝑅−𝐼𝑁 −

𝜍

𝜗
) ⋅ (1 − 𝑒−𝜗⋅𝐿𝑃𝑉) 

(9.6) 

The value of TI (temperature of the insulation upper surface) is used in the formulas for air 

temperature obtained in Eqs. (9.5) and (9.6). 

 

 

A4: The heat transfer coefficients that are defined for use in the model equations 

This is how the heat transfer coefficients that are defined for use in the model equations are 

defined: 

 ℎ𝐶𝑂𝑁𝑉,𝑈𝑃𝑃 = 2.8 + 3 ⋅ 𝑉𝑤 (9.1) 

 ℎ𝐶𝑂𝑁𝑌,𝑈𝑁𝐷 = 2.8 + 3 ⋅ 𝑉𝐴𝐼𝑅−𝑈𝑁𝐷𝐸𝑅−𝐼 (9.2) 

 ℎ𝑅𝐴𝐷 = 𝜀𝐺 ⋅ 𝜎 ⋅ (𝑇𝑆𝐾𝑌 + 𝑇𝐶𝐸𝐿𝐿) ⋅ (𝑇𝑆𝐾𝑌
2 + 𝑇𝐶𝐸𝐿𝐿

2 ) (9.3) 

One method for determining the radiative heat transfer coefficient within the PV/T duct is to use 

the formula for two infinitely long, grey, opaque, parallel plates with the same finite width opposite 

each other (Starace et al., 1998). The emissivity of the aluminum sheet insulation on top was 

determined to be 0.1, whereas that of the PV module's rear surface was fixed at 0.87. 

 

ℎ𝑅𝐴𝐷−𝐷𝑈𝐶𝑇 = (
1

1
𝜀𝐵𝑆

+
1
𝜀𝑙
− 1

) ⋅ 𝜎 ⋅ (𝑇𝐵𝑆 + 𝑇𝐼) ⋅  (𝑇𝐵𝑆
2 + 𝑇𝐼

2) (9.4) 

 𝑇𝑆𝑋𝑌 = 𝑇𝐴𝑀𝐵 − 6 (9.5) 

 
𝑈𝑏0 =

1

(
𝐿𝐼
𝐾𝐼
+

1
ℎ𝐶𝑂𝑁𝑉,𝑈𝑁𝐷

)
 

(9.6) 

 
𝑈𝑡 =

1

(
𝐿𝐺
𝐾𝐺
+

1
ℎ𝐶𝑂𝑁𝑉,𝑈𝑃𝑃 + ℎ𝑅𝐴𝐷

)
 

(9.7) 

 
𝑈𝑇 =

1

(
𝐿𝐶𝐸𝐼𝐿
𝐾𝐶𝐸𝐼𝐿

+
𝐿𝑇
𝐾𝑇
)
 

(9.8) 

The relative difference is a special case of the percentage form of relative change calculated from 

the absolute change between the experimental (measured) and theoretical (accepted) values and 

divided by the theoretical (accepted) value (Bevington et al., 1993)(Mandel, 2012). 

𝑅𝐷 =
|𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 − 𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙|

|𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙|
× 100% (9.9) 
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A5: Practical steps for digging the trench and laying the PVC pipes for installing the EAHE 

 
Fig. 9.1. Practical steps for digging the trench and laying the PVC pipes for installing the EAHE. 
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