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In this paper, the literature will be reviewed, and various research works conducted to improve the thermal performance 

of flat panel solar collectors will be summarized. It will be summarized in more than one way. Firstly, by design using 
different methodologies and methods to improve the efficiency and the thermal performance of the solar collector by 

introducing twisted strips that cause increased mixing. Fluids and Friction for FPSCs. To increase heat transfer as well as 

use porous materials to enhance heat and improve the effectiveness of absorption panels to absorb as much solar radiation 
as possible as well as thermal insulation methods to reduce losses to surrounding areas. And improve the permeability of 

the glass cover. Secondly, the use of nanofluids enhances the performance of flat solar collectors instead of the core fluid, 

and its effect is to improve the thermophysical properties such as thermal conductivity by summarizing previous research 
using mono nanofluids and hybrid nanofluids. Through studies and research related to the use of mono nanofluids, it was 

noted that the best nanofluids are those that use CuO and Al₂O₃ particles due to their ease of availability and high thermal 

conductivity. As for hybrid nanofluids, the best fluids are (CuO + Al₂O₃/water) for the same reason above. As a result of 
design improvements and the use of nanofluids, temperatures up to (75C°) were obtained. 
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1. Introduction 

According to previous studies, the world's tendency to development lead to increases the demand for fossil fuel, consequently environmental 

pollution and global warming increase [1, 2]. Which now concern not only environmental conservation organizations, but the entire world [3]. 

All of these factors encouraged energy-related researchers to look for effective solutions. One of the energy alternatives in this area is the energy 

that comes from the sun. [4]. Solar energy has recently emerged as a means of producing both thermal and electrical energy via solar panels 

and cells. Because it is a non-depleted energy source that is also environmentally friendly [5]. Studies have shown that the fall of the sun's rays 

on the earth for one hour produces enough energy to power the world for a full year [6]. There have recently been extensive research on solving 

the energy problem, and among these studies are studies on solar energy [7]. Solar thermal systems include collectors, which are gadgets that 

turn solar energy into heat   that is transferred by a liquid through a heat exchange process. Heat is absorbed and transferred by this liquid [8]. 

In contrast, according to studies, the incorporation of nanoparticles into these liquids improved heat transfer efficiency, which in turn increased 

the effectiveness of the energy collection systems. [9]. For using as working fluids, the nanofluids are prepared by ultrasonic treatment [10]. 

There are many studies conducted to assist researchers and to address the challenges that will face the development of these collector in the 

future [11]. 

2. Renewable Energy 

is the energy generated from natural sources, which is continuously renewed at a rate greater than its consumption. Such as sunlight, wind 

energy, hydroelectric energy, land energy, and bioenergy. One of its most important features is that it is available in most countries of the world. 

It does not pollute the environment and is economical, since to ensure its continued existence, uncomplicated technologies are used for its 

production and reduce thermal emissions. 
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Nomenclature & Symbols   

FPSC                 Flat Plate Solar Collector CFD                 Computational-Fluid Dynamics 

MWCNT           Multi Walled Nanotube SEHs                Solar Energy Harvesting System    

DW                   Distilled Water Re                        Reynolds Number   

DDW                Double Distillation Water GHE                Greenhouse Gas Emissions 

GNPS               Global Natural Product Social HTF                    Heat Transfer Fluid                                            

EXP                  Eexperimental W      Watt 

NUM                Numerical L    Liter 

MOPSO            Multi-Objective Particle Swarm Optimization Min        Minute 

TAC                Total Annual Cost M      meter 

TIM                  Transparent Insulating Material Nm          Nanometer 

PCM               Phase Change Material A      Area (m²) 
(P/DH) Pitch Ratios φ       Volume Percentage 

(e/DH)            Roughness Height to Diameter Ratios   h        Heat Transfer Coefficient 

SDS                Sodium Dodecyl Sulphate µ       Viscosity 

NPs                   Nanoparticles K        Thermal Conductivity 

FR                   Flow Rate ρ          Fluid Density 

SFPC               Single Flat- Plate Collector C          Specific Heat Capacity 

ASHRAE         Association of American Engineers in Refrigerating, Heating                   

and Air Conditioning 

  

 

▪ Solar energy: They are rays of light and heat that are issued as a result of the interaction in the center of the sun, and reach the surface of 

the Earth in the form of a beam of rays with different wavelengths. What is primarily important is radiation with wavelengths in the range 

(0.25 to 3.0 micrometers). This component of electromagnetic radiation contains the majority of the energy emitted by the Sun, with the 

Earth receiving 174 pet watts of incoming solar energy (solar radiation). About 30% of this radiation is reflected into space, while the rest 

is absorbed by clouds, oceans and landmasses. 

3. Solar Collectors 

A solar collector is a type of heat exchanger that converts solar energy into heat. The basic principle of a solar thermal collector is that when 

sunlight falls on the roof, some of it is absorbed, heating the surface. Which in turn heats the working fluid, which increases thermal efficiency. 

The efficiency of the collector depends not only on the absorption of solar radiation, but also on how it minimizes heat loss and radiation to the 

surroundings. It is one of the types of solar collectors. Firstly Evacuated heat tube heater. Secondly, vacuum tube. Third, the parabolic solar 

collector. Finally, the flat solar collector, which will be dealt with in our current research. 

3.1. Flat plat solar collector (F.P.S.C) 

It is one of the best types of solar collectors. It converts thermal energy emitted from the sun into heat by heating a heat-absorbing plate and 

transferring liquid. It is typically made up of several components, the most important of which are tubes that transfer heat to the liquid that 

flows inside them. They are made of metals that have good heat conduction coefficients, such as copper or aluminium the heat-absorbing plates, 

which are the second component, absorb the heat produced by solar radiation. High heat conductivity metals like copper or aluminium are also 

present in these panels. A selective coating that is in direct contact with the tubes and plates enhances the absorption of solar energy falling on 

the pipes is applied to them. According to the solar collector's design, the tubes come in a variety of shapes. The protecting bottle that lets sun 

radiation to reach the heat-absorbing component is another crucial component. Due to this bottle's feature, cold air cannot enter the absorption 

plate, preventing convection currents from causing heat loss. Because plastic materials are and light permeable more affordable than glass, they 

are sometimes utilized in collector instead of glass. Installation of insulation such as glass wool at the back and sides to stop heat loss; is a 

common choice for this purpose. It is also possible to use liquids like water or oil, and nanomaterial’s can be added to these liquids to improve 

heat conduction efficiency. Water is frequently used due to its abundance, high thermal capacity, and incompressibility. Water, on the other 

hand, has issues because it quickly freezes and oxidizes, causing pipe damage. A (F.P.S.C) scheme is depicted schematically in Fig. 1. 

Ganjehkaviri and Jaffer [12], Two methodologies were used to investigate a flat plate solar collector's design and thermo economic analysis. A 

typical flat-plate collector was chosen as the initial method, and ( MOPSO) stands for multi objective particle swarm optimization.  algorithm 

was used to concurrently enhance total annual cost (TAC) and thermal efficiency. In the second technique, the constructed notion was 

implemented for the FPC by examining the same set of possibilities for the standard FPC's specified decision variables. For the traditional and 

the constructed FPC, design six parameters, as well as system specifications, are chosen. For these two procedures, the Pareto optimum front 

was calculated and compared. In thermal efficiencies greater than (0.54), the constructed Pareto optimum upper outperforms the standard FPC 

results. 

3.2. Literature review for flat plate solar collector (FPSC) design techniques 

Glass cover coating, thickness, high transmittance, emissivity, coated and uncoated glass cover all influence the thermal performance of FPSC. 

The glass cover's thermal properties, such as transmittance, absorbance, and reflectance, have an immediate impact on the collector thermal 

performance. The greater the separation between the glass cover and the absorber plate, the more shadowing the wall creates, lowering the 

coefficient of natural convection. Passive approaches to improve heat transmission performance in solar collectors include the use of tapes 

twisted, wire coils, and foam. The addition of twisted tapes to the fluid improves mixing in the FPC working fluid by generating helical whirl, 

this accelerates the heat transmission process. The presence of the warped tapes grows. friction on the surface of the fluid. Porous materials 

feature pores on their surfaces and thermal conductivity is high; they are utilized in solar collector systems to promote heat transfer and thermal 

performance by increasing low pressure drop and flow mixing. Tadahmun et al [14] conducted Solar water heater experiments with a corrugated 

absorbent surface. The tank's water temperature was 58 °C in the winter and 78 °C in the spring as a result of the test, and the solar collector's 

thermal efficiency was (59, 65, and 67%) at mass flow rates of (0.005, 0.0091, and 0.013 kg/s), respectively. Fig. 2 depicts a cross-section 
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design schematic with the dimensions of the solar water heater integrated. Fig. 3 depicts a solar water heater integrated experimental setup, 

including measuring points. 

 

Fig. 1. Schematic drawing for the flat plate collector [13]; 1) Aluminium frame, 2) Silicone seal, 3) Side wall thermal insulation, 4) Back wall 

thermal insulation, 5) Absorber plate, 6) Copper tubes, 7) Glass cover, 8) Aluminum back 

 

Fig. 2. The integrated solar water heater's diagram cross section with intended dimensions [14] 

 

Fig. 3. The experimental configuration for an integrated solar water heater with measuring points [14] 
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Visa et al. [15] designed a triangular flat-panel solar collector that has a larger heat transfer area than conventional collectors. Through the 

results, the highest thermal efficiency was up to (55%) at radiation intensity (800 and 900 watts / m2). Fig. 4 shows the assembly of a triangular 

sun thermal collector that is flat. 

 

 

Fig. 4. a) Triangle flat solar thermal collector assembly, b) exploded view, and c) collector’s cross-section [15] 

 

Zhou et al. [16] examined when adding TIM with the effect of weather, to boost the flat plate solar collector's efficiency, The authors 

demonstrated how TIM decreased frontal heat loss. The loss of heat from Natural convection occurred. greatly reduced when there was wind 

influence. However, they emphasized that the TIM's transmittance should be higher than 80% because collectors with TIMs below 80% The 

authors concluded that using TIM in cold climates, the results were better due to the higher permeability of the coating, which in turn would 

absorb more incident solar energy, causing poor performance compared to other conventional machines. Fig. 5 shows structure of (F.P.S.C) 

with TIM. 

 

Fig. 5. Structure of the (F.P.S.C) with TIM [16] 

Filipovic et al. [17] Polymeric materials have been used as a way to reduce the overall cost of the complex. In addition, they used polycarbonate 

sheets as absorbent material and a wooden box as the base. However, they found that the performance of the thermal collector is less efficient, 

30% less than the efficiency of a typical FPSC. However, the cost of FPSC has been significantly reduced by the use of polymeric materials 

and wood materials. Fig. 6 shows a 3D model of the box for testing. 

 

Fig. 6. 3D model of the test box [17] 

To solve the problems of high heating and freezing with the collector, Wang et al. [18] use a dual-coupled collector (PCM). When the 

temperature of the water rises a lot, The PCM (high-melting) absorbs heat. and transforms during melting from a solid-state substance to a 
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liquid-state substance on other hand, storing excess heat. Low melting point (PCM) freezes slowly and removes heat at low temperatures, which 

prevents the compound from freezing. The researchers discovered a slight improvement in the (F.P.S.C) thermal performance, Fig. 7. 

 

 

Fig. 7. The (PCM) collector structure and sensor locations.[18] 

Zhou et al [19] proposed the characteristics of flat PCM solar collector system filled with antifreeze and according to the results, the standard 

FPSC system will freeze when daily temperatures drop below (5°C). The average daily temperature must be between (0 and 5°C) with an anti-

freeze system added to the flat collector to work. To avoid freezing, the collector needed at least 30% of its thermal energy to be trapped by the 

PCM. In addition, they claimed that a 15mm thick PCM module was a reasonable choice to make the most of the PCM. Fig. 8 illustration of 

heat transfer patterns in PA-FPSC. 

           

Fig. 8. The influence of phase-change temperature on optimal heat transfer coefficient between (PCM) layer and pipes.[19] 

Balaji et al [20] study the improving of heat transfer by using a rod and tube. Because the rod has a higher heat capacity than the tube (72% 

efficiency achieved), the authors claimed that using it was preferable to using it. These thermal enhancers function more effectively, on average, 

at lower Reynolds numbers. In solar water systems to improve heat capacity or heat transfer area, and increase heat transfer speed, and used the 

porous material (with high thermal conductivity) and porosity. Fig. 9 shows an The thermal performance booster from an experimental 

standpoint. 

 

 

Fig. 9. Expermintal view of thermal performance enhancer [20] 
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Kanimozhi et al. [21] experimentally studied when a porous medium was used to increase the thermal performance of FPSC. The porous 

medium was gravel, and the agitator was an aluminum metal plate. The researchers concluded that using an agitator and porous media would 

improve the heat transfer area. When the pressure decreases, the thermal efficiency increases to (63.8%), and when the porous medium is not 

used in the system, the efficiency percentage reaches (56.6%). Fan et al. [22] designed a unique V-shaped multi-channel corrugated absorber 

VFPSC and compared it with paper and TFPSC. The efficiency results of VFPSCT were higher than those of TFPSC, as its efficiency reached 

(69.1%), while the efficiency of TFPSC reached (58.6%). The thermal efficiency of the collector also increases with increasing mass flow rate 

(Fig. 10). 

 

Fig. 10. Sketch of the (VFPC) optical model [22] 

Felipe et al. [23] conducted a work on a collector that uses tabulators (longitudinal vortex generators) to maintain turbulence in the flow while 

using the rectangular winglet and delta winglet shapes to improve heat transmission in an FPSC. When using a (vortex generator with 

rectangular) wings at an attack angle was 45° with 750 W/m2 produced maximum heat transfer efficiency however, problems with significant 

pressure drop persisted. Fig. 11 shown the computational domain with a delta wing and a rectangle wing Vortex generator types. 

 

Fig. 11. computational domain with a delta wing and a rectangle wing Vortex generator types [23] 

 

K.Balaji et al [24] did a practical study by analyzing the effect of rod and inserting the tube type within the axial direction of the tube containing 

the working fluid. As a result, the heat transfer coefficient increased and the rate of heat transfer from the liquid increased significantly. R.W. 

Moss et al. [25] studied the effect of a vacuum absorbent phase on the effect of submerged working fluid flow on efficiency. discovered 3%. 

Increase in collector efficiency compared to standard collector. Fig. 12 shows a cross section of the toroidal profiles. Fig. 13 shows, before the 

glass cover is installed, a drawer-type assembly device. 

 

Fig. 12. Abaqus-modeled toroidal profile cross section [25] 
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Fig. 13. (a) Tray collector before attaching the cover glass, using a stainless steel tray enables the pins to be spot welded in place, (b) 

Completed “symmetrical” enclosure [25] 

M. Ammar et al. [26] Study numerically Parallel interface transparent dielectric materials superimposed on flat solar air collectors. Upon 

numerical analysis (CFD), in the results showed raise in thermal efficiency ratios, which reached (81%). Also, the transparent insulating 

materials and the arrangement of the interface have the advantage of increasing the possibility of thermal conductivity very significantly. Fig. 

14 shows the complex configuration Featuring two TIM-PS and detailed forward losses sandwiched between the absorber plate and the clear 

cover. 

 
(A)                                                                                                (B) 

Fig. 14. A) Collector configuration with two (TIM-PS), B) Sandwiched Vertical (TIM-PS) Configuration [26] 

S.A Sakhaei, MS Valipour. [27] presented an experimental study when using corrugated helical tubes. The ratio (e/DH) ranges between (0.05 

- 0.7%). According to the results, the experimental ratio had the highest efficiency (61.59%) when (e/DH) was equal to 0.15 and P/DH was 

equal to 0.3). Fig. 15. Corrugated risers are shown. It also provides a wide range of options to adjust the height and number. Arrangement and 

porosity to achieve optimal results. R. Kansara et al. [28] installed the inner fins and porous media in the fluid working airflow path of a flat-

solar panel collector to block air and make turbulence because the air could absorb the heat trapped in the porous media. The thermal efficiency 

increased compared to the bare passage. LLC Sakhaei, and M. Valipour [29] studied the use of spiral collector fluid passage and phase change 

materials in a flat solar collector to store excess energy. They found an increase in the value of the heat removal factor so that the turbulence in 

the flow is due to the spiral undulation of the inner surface of the pipe passages, and as a result they obtained an increase in the efficiency ratio 

by (39.8 %). Table 1 summary of previous works on problems and solutions to raise the efficiency of (F.P.S.C). 

 

Fig. 15. Corrugated risers; a) inside view of the corrugated tube, b) outside- riser tube view, c) inside- riser, d) definition of geometry [27] 

a b 
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Table 1. Previous works of problems and solutions to increase the efficiency of the (F.P.S.C) 

Researcher Type of study the problem the solution Findings and remark 

Tadahmun et al [14] EXP 
Low absorption of solar 

radiation 

Use a wavy, 

absorbent surface 

The thermal efficiency of the solar 

collector increased by (59, 65, 

67%) at mass flow rates (0.005, 

0.0091). and 0.013 kg/s) 

respectively 

Visa et al [15] NUM Lack of thermal space 

Design a flat, 

triangular solar 

collector that has a 

larger heat transfer 

area 

The results showed that the highest 

thermal efficiency reached (55%) at 

radiation intensity (800 and 900 

watts/m2). 

Zhou et al [16] EXP 
Low ambient temperature and 

high winds 
Use TIM 

TIM reduces frontal heat loss. Heat 

loss occurred from natural 

convection. 

Filipovi'c et al. [17] EXP Economic cost 

Using polycarbonate 

sheets as absorber 

and wooden box as 

base 

The thermal collector performed 

less efficiently, with its efficiency 

dropping to 30% less than a typical 

FPSC. 

Wang et al. [18] EXP 
The working fluid outlet 

temperature is low 

Use a dual-coupled 

collector (PCM). 

The researchers discovered a slight 

improvement in the (F.P.S.C) 

thermal performance 

Zhou et al [19] EXP The working fluid freezes. 
Use a PCM filled 

with antifreeze 

They claimed that a 15mm thick 

PCM module was a reasonable 

choice to get the most out of the 

PCM 

Balaji et al [20] EXP Reduced heat transfer 
Use an applicator and 

tube 

Achieving thermal efficiency of 

72% 

Kanimozhi et al. 

[21] 
EXP Low thermal efficiency 

Use a porous medium 

and agitator 

Thermal efficiency rises to 

(63.8%), and when the porous 

medium is not used in the system, 

the efficiency rate reaches (56.6%). 

Fan et al. [22] EXP Low thermal efficiency 

Using a unique letter-

shaped multi-channel 

wave absorption 

device V 

The percentage of increase in 

thermal efficiency reached (69.1%), 

while the FPSC efficiency reached 

(58.6%). 

Felipe et al. [23] EXP 
Disturbance in flow and lack 

of heat transfer 

The use of 

longitudinal vortex 

generators and the 

use of rectangular 

airfoils and delta 

airfoils 

When using wings (rectangular 

vortex generator) with an angle of 

attack of 45° with 750 W/m2, 

maximum heat transfer efficiency 

is achieved, however, pressure drop 

problems persist 

K.Balaji et al [24] EXP Low heat transfer coefficient 

Use the rod and insert 

the tube type inside 

the axial direction of 

the tube containing 

the working fluid 

The heat transfer coefficient 

increased and the rate of heat 

transfer from the liquid increased 

significantly. 

R.W. Moss et al. 

[25] 
EXP Low thermal efficiency Vacuum absorber 

3% increase  In the efficiency of 

the collector compared to the 

standard collector 

m. Ammar et al. 

[26] 
NUM Lost heat 

Addition of 

transparent insulating 

materials with 

parallel and 

overlapping 

interfaces 

An increase in thermal efficiency 

rates, reaching 81%. 

S.A Sakhaei, MS 

Valipour. [27] 
EXP Low thermal efficiency 

Use corrugated spiral 

tubes. 

Thermal efficiency increased to 

(61.59%) 

R. Kansara et al. 

[28] 
EXP Low thermal efficiency 

Fitting the inner fins 

and porous media in 

the path of the 

airflow 

Thermal efficiency increased 

compared to the bare corridor. 

LLC Sakhaei, and 

M. Valipour [29] 
EXP Store excess energy. 

Use of spiral 

collector liquid 

passage and phase 

change materials 

An increase in the efficiency ratio 

by (39.8). %). 



Mohammed A. A. et. al, Journal of Techniques, Vol. 6, No. 1, 2024 
 

60 

4. Nanofluid 

Nanofluid technology is regarded as one of the most important developing technologies in thermal engineering today, drawing major research 

efforts. The primary goal of nanotechnology is to obtain better properties thermal of the base fluid of Working fluids to create devices generating 

high heat flow for effective thermal dissipation [30]. The ground nanoparticles is added to the base liquid to form the nanofluid. Metals (Cu, 

Ag, Au), nitride ceramics SiN and AlN, SiC and CuO, Al₂O₃ and TiC, and SiO₂ and TiO₂ are all examples of nitride ceramics. are examples of 

nanoparticle materials. The major parameters are working fluid viscosity (µ), thermal conductivity (K), fluid density (ρ), and specific heat 

capacity (C). influencing heat transfer in fluids containing nanoparticles [31]. When preparing nanofluids, several factors such as the volume 

and weight in terms of volumetric concentration ratio of nanoparticles in terms of nanoparticles, the amount of the working fluid must be 

considered, the method of good mixing, and the surfactants. All of these elements contribute to the base fluid's stability. In a conventional fluid, 

it is one of the most important requirements for producing a usable nanofluid. To achieve a consistent, stable suspension, several techniques 

are used in general, Ultrasonic equipment, pH control, and the addition of stabilizers are all included [32, 33]. Nanoparticles suspended in 

liquids cling together due to the van der Waal force. This force keeps the nanoparticles from sinking to the bottom of the liquid., preventing a 

homogeneous mixture from forming. Because the nanofluid thermal conductivity is greatly improved because of their stability, chemical or 

physical treatments Surface modification of suspended particles, addition of surfactant, or application of considerable force to suspended particle 

assemblies are examples of such modifications. Should be used to solve the problem of nanoparticles instability [34]. In general using 

nanofluids, As the temperature rises, the thermal conductivity (K) rises with it.. When the heat transferred between the nanofluid and the 

absorbent plate increased, the convective and radiant losses decreased. Due to the mixing of nanoparticles with the base liquid, the optical 

absorption capacity increased. After using the nanoparticles, in comparison to water, the nanofluid's absorption coefficient increased. 

Consequently, the coefficient of convective heat transfer will improve. Hence a small size solar collector may be used when using nanofluids. 

The significant increase in viscosity, makes the physical properties better, Furthermore, because to the nanoparticles' enormous surface area in 

comparison to volume, rises the heat transmission between the nanoparticles and the base fluid. Good thermal diffusion will be occur then 

improving in heat transfer will be resulted. 

4.1. Literature review for addition of nanomaterial’s to the base fluid 

4.1. Mono nanofluid 

These are materials to which nanoparticles of only one type are added during the manufacture of these materials. As a result, the nanomaterial 

showed significant improvement in the thermal conductivity properties of the material. Types of materials include nanoparticles (Cu, Ag, Au, 

ceramic nitride (AlN), (SiN.), oxide ceramics (Al₂O₃) and (CuO), carbide ceramics (SiC) and (TiC), (TiO₂) and (ZnO). Genk et al [35] use 

Al₂O₃ nanoparticles and mix them with distilled water as a base fluid for use as nanofluids in flat plate solar collectors (FPSCs). They reached 

experimental results using water and three volume concentrations 1%, 2% and 3%. With a mass flow rate of 0.004 to 0.06 kg/s, an increase in 

external flow temperature (7.20%) and an increase in efficiency was obtained at a low critical flow rate of 0.016 kg/s. Mirzai et al [36] employed 

a nanofluid made up of (Al2O3 / water) particles in a (F.P.C), with (0.1%) volumetric concentration and size a particle (20 nm), and flow rates 

of (1, 2, and 4 l/min). The outcomes of the experiments when the nanofluid was utilized, the compound's thermal characteristics and thermal 

efficiency enhanced in comparison to water. The outcomes of the experiments showed that at a flow rate of 2 l/min, The collector's efficiency 

increased by 23.6 %. Kelish et al [37] experimented using nanofluid that is titanium dioxide TiO₂/H₂O nanoparticles in (FPSC). volumetric 

concentration (2% vol). It was found that the highest efficiency of nanofluids is (48.67%) and the highest efficiency of pure water is (36.20%). 

Verma et al [38] presented a study using FPSC and nanofluids added to it. It consists of (MgO, CuO, and MWCNTs) with different 

concentrations ranging from (0.25 - 2.0%) and with a flow rate ranging between (0.5-2.0 l / min). As a result, the effectiveness of the system is 

improved. With a volumetric concentration of 0.75-1.0% and a mass flow rate (0.025-0.03 kg/s), the efficiency was better. When using a nano 

liquid containing (particles) MgO at a rate of (25.1%), while the percentage of water efficiency was (16.28%). Tong et al. [39] studied a 

comparison of two flat solar collectors and two nanofluids (Al₂O₃ and CuO) with a volumetric concentration (1%), and a good value for thermal 

efficiency was obtained. Energy efficiency, entropy generation, energy efficiency, and external energy destruction were calculated and 

compared. When the nanofluid (Al₂O₃) was used as the working fluid in the FPSC, the efficiency was 21.9% greater than when using water. To 

water, the use of Al₂O₃ and CuO nanofluid in (FPS.C) lead to improved thermal efficiency. When 1.0 Vol% (Al₂O₃ nanofluid., (FPS.C) was 

used, the optimum performance was achieved. Chowdhury et al [40] investigated when I used and tested a nanofluid (ZnO / ethylene glycol: 

distilled water) to enhance (FPSC) efficiency when it worked at volumetric flow rates ranging from (30 l/hr to 150 l/hr) and with a volumetric 

concentration ranging from (0.2-1 Vol%) Results indicate. The highest thermal efficiency that can be obtained is (69.24%) at 60 l/ inch) for a 

volumetric concentration of (1% ZnO), which was higher by (19.2%) than using the base liquid. Rajput et al [41] studied to improve the 

efficiency of a solar collector and investigated the effect of nanofluid (Al₂O₃) on it and used sodium dodecyl sulfate (SDS) to disperse 

nanoparticles. The concentrations used in the nanofluid (Al₂O₃) ranged between (0.1 and 0.3 %vol). And with varying mass flow rates ranging 

from (1 to 3 l/min). The thermal conductivity values were between (0.610 to 0.622 W/m.k). The results were good, as the thermal the collector's 

efficiency has improved. by (21.32%) when the volume fraction (Al₂O₃) has grown from (0.1% to 0.3%). Maouassi et al. [42] investigated 

numerically the effect of nanofluid particles (SiO₂) to increase the collector's efficiency of (FPSC) type of forced convection. The effect of 

nanofluid (SiO₂) was compared with the working fluid (water) at four volumetric concentrations (1, 3, 5 and 10%) with the (Re). ranges from 

(25 to 900). The indication the higher the nanoparticle concentration, the better the results.  concentration and the (Re), the greater the rates of 

heat transfer, which promotes an increase in the efficiency of the collector. Hawash et al [43] examined the effect of nanofluids (alumina) 

through different volume concentrations ranging from (0.1-3% vol). Through experimental and numerical findings, and after examining the 

distilled water and nanofluids (alumina), the experimental and numerical findings when using the (ANSYS 17) program showed an increase in 

the collector's thermal efficiency when increasing the percentage of the alumina nanofluid. The numerical outcomes also showed that when the 

volumetric concentration (0.5% vol) was a good improvement in the efficiency of (FPCS), and any further raise in volumetric concentrations 

This will have a detrimental influence on thermal efficiency. Krishna et al. [44] used Software-Ansys (Fluent) to simulate (FPSC) in which 

different nanofluids (Al₂O₃ and CuO) are used to determine which one improves the efficiency of the collector the most. The probe was 

performed at different concentrations (flow rates and volume) as well. The results indicated a significant increase in energy as well as a rise in 

useful heat, which led to an increase in the thermal efficiency of the collector. Al-Jabri et al [45] presented an experimental study when they 

prepared deionized aqueous nanofluids (SiO₂) to investigate the performance of (FPSC) by adding a channel filled with porous metal foam. The 

nanofluid volume concentrations varied (0.2%, 0.4%, and 0.6% vol). Combined efficiency improvement by (8.1%). As a result, when using 
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nanofluids and porous media, an undesirable increase in pressure drop was found. Ziyadanogullari et al. [46] Studied by an experimental 

examination performed on (FPSC). Various nanofluids were prepared by adding particles of the following materials (Al₂O₃, CuO, and TiO₂) at 

volumetric concentrations in the volume range (0.2, 0.4, 0.8%) with distilled water, and at a volumetric flow rate of (250) liters/hour. The results 

showed that when using nanofluids, the performance improved at the efficiency of the solar collector. Bazdidi-Tehrani et.al. [47] presented a 

numerical study to study the effect of a nanofluid consisting of (titanium dioxide) particles with water by forced turbulent convection. Through 

(flat polygonal solar collector). Rigid (flat) sheets were simulated during the movement of nanofluids through regular and polygonal channels. 

The results showed a significant improvement in increasing the efficiency of (FPSC) with increasing the size of nanoparticles, and the rate of 

increase in the efficiency of the polygonal channel was higher by (10%) than the efficiency of the regular channel. The nanofluidic CuO/water 

has a higher thermal efficiency than the nanofluid (TiO₂/water). Y did. Khatib et al [48] presented an experimental study when I use a nanofluid 

consisting of particles (boehmite and alumina) with a flat solar collector so that the flow is turbulent concerning the nanofluid. A hexagonal 

sectional tube was used in the FPSC and compared to the core tube. The mass flow rate ranged from (0.25 to 1 kg/sec), and the volumetric 

concentration was in the range (0-4% volume), and the tube shape was (circular and hexagonal). The results showed that the hexagonal tube 

was effective. Increases thermal efficiency better than circular outlet. Hussein et al [49] studied the influence of the physical properties of a 

nanofluid consisting of (TiO₂)/(CF-MWCNTs/DW) through which the efficiency of (FPSC) is verified. The experimental results indicated that 

the use of TiO₂/CF-MWCNTs improved the efficiency of the collector by (9% and 26%) at the lowest temperature. heat and temperature rise 

respectively, compared with distilled water (DW). The results also indicated that when working with a volumetric concentration (0.1% by 

weight) and a flow rate of (4 l/min), a significant increase in (FPSC) (84%) was observed. Compared to the traditional working fluid. 

Kyatsirirwat et al [50] An evaluation study when using silver and water nanofluids to study the performance of (FPSC). Where the silver 

particles were concentrated with distilled water at (1000) and (10000 ppm), and the results showed an increase in thermal conductivity and a 

higher rate of heat transfer compared to the results at (1000 ppm). Chaji et al [51] presented a study when using (Triton-X100) and (Cetyl-

Trimethyl-lammonium Bromide) to maintain surface tension with nanoparticles (TiO₂) with water. The results indicated that when a surfactant 

was added, foam was formed in the nanofluid, which reduced the efficiency, and as a result, they stopped using the surfactant. Vijayakumar et 

al [52] studied the effect of nanofluids with variable mass flow rates and weight fractions, with a single wall (1 nm). They analyzed the data 

and discovered that the single-walled carbon nanotubes and aqueous nanofluids achieved an efficiency (39%), which was judged to be within 

a respectable efficiency range. Said et al [53] Evaluation of efficiency when examining the thermophysical properties of ethylene glycol and 

aqueous nanofluids, as well as aqueous alumina nanofluids. According to the results of characterization of different volumetric concentrations 

of nanofluids for both solutions, the stability of nanofluids (alumina/water) is more efficient than that of nanofluids (ethylene glycol/water). 

Colangelo et al [54] studied the effect of different nanoparticles to test the stability of nanofluids such as (aluminium, zinc and iron oxide). 

Because of the nanofluid's superior stability, aluminum oxide was chosen over the other two. Two distinct tubes (FPSC) were constructed using 

transparent tubes of vertical and ascending dimensions (22 mm and 10 mm, respectively) placed at an angle. At the concentration (3% alumina 

nanoparticles), the thermal conductivity increased by 6.7%, while the convective heat transfer coefficient (h) increased by 25%. Michael et al 

[55] investigated the use of (CuO / distilled water) in the operation of a (FPSC). In addition, volumetric quantities in the range (0.05% CuO). 

When forced circulation was replaced by spontaneous circulation, the efficiency increased by (6.3%). Youssef et al [56] used an experimental 

study when using multiple layers of carbon nanotubes to achieve volumetric concentrations ranging between (0.2% and 0.40%), while Triton-

X100 was used as a surfactant (a substance that reduces surface tension of liquids) and nanofluids aqueous as a surfactant (a substance that 

reduces the surface tension of liquids) and aqueous nanofluids. Fluid heat transfer in (FPSC). The results showed that the surfactant helped 

stabilize the nanofluids for up to 10 days with higher efficiency; Thus, the performance of the solar collector is improved. The efficiency of the 

solar collector with a concentration of 0.4% has been greatly enhanced by the multi-layers of carbon nanotubes. Table 2 summarizes previous 

work using nanofluids in FPSC using a mono nanofluid. 

Table 2. Previous work use of nanofluids in (F.P.S.C) using a mono nanofluid 

Researcher 
Type of 

Study 
Base fluid type 

Type 

Nanoparticles 

Size 

(nm) 

Concentratio

n 

Solar 

Collector Area 

Findings and 

remark 

A.M .Genc .et 

al [35] 
Exp Water Al2O3 

10-

30nm 

1%, 2% and 

3%  wt 
1.993m² 

the thermal 

efficiency improved 

by (83.90%). 

M. Mirzaei,et 

al. [36] 
Exp Water Al2O3 20nm 0.1% wt% 1,88m² 

The efficiency has 

increased by 

(23.6%) 

F. Kiliç et al 

[37] 
Exp. Water TiO2 44 nm 2 wt% 1.82m² 

The efficiency was 

improved to 

(48.67%) 

S.K. Verma et 

al. [38] 
Exp. 

MWCNTs with 

water 
CuO and MgO 42 nm 

0.25% to 

2.0%wt 
2m² 

The efficiency 

improved by 

(21.9%) 

Y. Tong et al. 

[39] 
Exp. Water Al₂O₃ and CuO  0.5%-15 wt 2m²  

S. Choudhary et 

al [40]. 
Exp. 

Ethylene 

glycol:Deionized 

water. 

ZnO 35 nm 0.2%-1%wt 2.1m² 

Maximum 

Thermal efficiency 

was (69.24%), 

N.S. Rajput.et al 

[41]. 
Exp distilled water Al₂O₃ 

10-

15nm 
0.1 to 0.3wt% 1.95 m² 

The efficiency of 

(21.32%) at a 

volumetric 

concentration of 

(0.1% to 0.3%). 

A. Maouassi.et 

al. [42] 
Num. Water SiO₂ 

≤ 50 

nm 

1%, 3%, 5% 

and 10%wt 
1.5m² 

The thermal 

efficiency increased 

by (18%) 
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A. A. Hawwash 

et al.[43] 
Num. 

double distilled 

water (DDW) 
Alumina 20 nm 

(0.1%)to 

(3%)wt 
2.25m² 

Efficiency increased 

by (18%). 

Krishna et al. 

[44] 
Nu Water Al₂O₃ and CuO 

1-100 

nm 
0.1-3% wt 2m² 

good improvement 

in the efficiency 

H.J. Jouybari.et 

al [45] 

 

Exp. Water SiO₂/deionized 
20-

30nm 

0.2%, 0.4% 

and 0.6%wt 
 

Thermal efficiency 

was recorded 

(8.1%). 

Ziyadanogullari, 

et al.[46] 
Exp. distilled water 

AI₂O₃, CuO, 

and TiC 

1—

100 

nm 

0.2, 0.4, and 

0.8wt% 
2m² 

When working with 

nanofluids, the 

efficiency increased 

compared to water. 

Bazdidi et al. 

[47] 
Num Water TiO₂ 5nm <5%wt  

Efficiency increases 

at a higher Reynolds 

number 

Y. Khetib et al  

[48] 
Exp Water 

(boehmite and 

alumina) 
 (0-4%wt) 2m² 

the hexagonal pipe 

was effective. 

increases the thermal 

efficiency better than 

the circular outlet 

O.A. Hussein et 

al [49] 
EXP. distilled water 

(CF/MWCNTs) 

and grapheme 
15 nm 0.8%wt 2.07m² 

The thermal 

efficiency increased 

by (85%) 

Kiatsiriroat et al 

[50] 
EXP water Ag (silver) 20nm 0.1 & 1 wt% 0.015m² 

Significantly 

enhance the calorific 

value of the collector 

Chaji et al [51] EXP water TiO₂ 20nm 
0, 0.1, 0.2 & 

0.3 wt% 
0.1m² 

educed efficiency 

than MWCNT 

Vijayakumaar et 

al [52] 
EXP water 

Single walled 

carbon 

nanotube 

1.0nm 
0.4, 0.5 & 

0.6 wt% 
0.34 m² 

A significant 

increase in collector 

efficiency at a 

concentration of 0.5 

vo% 

Said et al [53] EXP 
Water & Ethyl 

Glycol (EG)/ 
Al2O3 13nm 0.05–0.1 vol% N/A 

When using 

nanofluid (water / 

Al2O3) the 

efficiency values are 

enhanced better 

using nanofluid (EG-

water / Al2O3) 

Colangelo et al 

[54] 
EXP water 

Al2O3, ZnO& 

Fe2O3 

45, 

60, & 

30nm 

1.0,2.0and3.0v

ol% 

 

N/A 

The possibility of 

using nanofluid 

(AL2O3/water is 

better than using 

water as a base 

liquid. 

Michael & 

Iniyan et al [55] 
EXP water CuO 

0.3 & 

0.21 

nm 

0.05 vol% 20.8m² 

The results showed 

that utilizing a 

nanofluid 

(CuO/water) boosted 

thermal efficiency 

values much more 

than using water as a 

working fluid. 

Yousefi et al 

[56] 
EXP water 

Multiple 

layered carbon 

nanotube 

10–

30nm 

0.2 & 0.4 

wt.% 
2m² 

At0.4wt good 

increase in 

performance found 

 4.2. Hybrid nanofluids 

Farajzadeh et al [57] investigated the effect of using a hybrid nanofluid consisting of. (Al₂O₃H₂O) with a 20 nm size and a concentration of 

(0.1% vol) and it was mixed with another nanofluid which is (TiO₂HO) size 15 nm and concentration (0.1% vol), and the experimental results 

indicated that the thermal efficiency increased by 19% and 21%, and 26%, respectively, compared to water. The collector's thermal efficiency 

improves by (5%) if the concentration is of the mixture was increased in a range (0.1% to 0.2% vol) as shown by the numerical results. (CFD) 

High agreement with the experimental results. Farhana et al [58] conducted a comparison study of three nanofluids (Al₂O₃, ZnO, TiO₂,) and 

three hybrid nanofluids (Al₂O₃ + TiO₂, TiO₂ + Al2O₃ + ZnO, ZnO) to study their effect on the flat plate complex. At a constant concentration 

(0.1% by volume), 3D modeling was performed in three models (model A, B, and C). Model B obtained the best increase for both nanofluids 

and hybrid nanofluids with 48% and 16%, respectively. Jawea et al [59] studied the result of employing a hybrid nanofluid formed (CuO and 

Al2O₃/ distilled water) on (FPSC). Where the (Re) was about (700 and 2300), and at a concentration of (0.1% vol). Thermal efficiency increased, 
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according to the findings. when using hybrid and nanofluids 3.86% and 4.23%, respectively, when compared to water. Engy et al. [60] 

experimentally examined the effect of using hybrid nanofluids (MWCNTs with Al₂O₃, TiO₂, SiO₂ and CuO) in FPSC. Use four volume 

concentrations of each type of nanofluid (0.5%, 0.025%, 0.01%, and 0.005%) and three different flow rates (1.5, 2.5, and 3.3 L/m), each 

concentration requiring a different approach. The results showed that the hybrid (MWCNT/Al₂O₃) was effective. Thermal efficiency enhanced 

by (26%, 29%, 18%) depending on the flow rates respectively. Kuwar et al [61] studied empirically when each focus required a different 

approach. The researchers investigated the effect of hybrid nanofluids (Cu/MWCNTs) on the performance of the flat collector unit (HSE). The 

results showed that the MWCNT (Al₂O₃) hybrid was effective. The results were demonstrated using three types of different volumetric flow 

rates (0.5, 1.0, and 1.5 l/m²) and three values of solar radiation intensity (400, 600, and 700 W/m2), in addition to three inclination angles of 

the collector (25°, 30° and 35°). The results showed a significant increase in the lighting efficiency by (68.7%) at the flow rate (1.5 l/min), 

radiation intensity (400 W/m²), and at an inclination angle (25°). Zafar et al [62] investigated the use of (Fe₃O4)/water hybrid nanofluids (using 

MWCNT) to examine FPSC performance. The results showed an increase in the thermal conductivity coefficient by (26.3%) through the use 

of different flow rates and concentrations. The pressure decreased by (18.9%). From a numerical point of view, and based on the experimental 

results, the comparison was in good agreement. Sujit et al [63] examined the performance investigation of a (F.P.S.C) Action by hybrid 

nanofluids (CuO and MgO with /MWCNTs). Volumetric concentrations in varying proportions range from (0.25% to 2.0% vol) and volumetric 

flow rate range (0.5 l/min) to (2 l/min). The findings demonstrated an increase in thermal efficiency of (25.1%) for the hybrid nanoliquid (CuO). 

Its results were better than the hybrid nanoliquid (MgO) in comparison to water. The PEG number also increased, which is an indicator based 

on quality. Omar et al [64] evaluated the efficiency of a (FPSC) with the possibility of using hybrid nanoparticles (CF-GNPs with (h.B.N) / 

distilled water) by using volumetric flow rates of (2 l / min and 3 l / min), and (4 l / min) in multiple volumetric concentrations The findings 

suggest that thermal efficiency can be improved. until it reached (85%). s. Montaser et al [65]. The effect of (Al₂O₃/CuO) was studied as the 

hybrid nanoparticles were suspended in a mixture of ethylene glycol/water (25:75 wt). For nanofluids, the particle size percentages (0.5%, 1%, 

1.5%, and 2%) were studied. The results showed that increasing the weight by nanoparticles enhanced the compound's effectiveness by 45%. 

Prakasam et al. [66] investigated the feasibility of evaluating the performance of (F.P.S.C) Hybrid and single nanofluids (Fe2O4, ZnO/water 

distilled) are used. The results showed that using water distilled (ZnO-F e2O4) hybrid nanofluids with a particle concentration of (0.5%) 

improved the outcomes. The thermal performance of the solar collector rose by (6.6%) In comparison to water. whereas the usage of Fe₂O4 / 

aqueous nanofluids raised solar collector thermal performance by (7.83%). Hussein et al [67] Studied Numerical Performance (F.P.S.C). 

Modeling and simulation by CFD software of a variety of hybrid nanofluids. And volumetric concentrations in the range (1-5%) and with 

different Reynolds numbers, and the results showed an increase in the efficiency rate of (8.79%) at the volumetric concentration (5% by volume) 

and (Re) of (4000). Vednath et al [68] studied the effect of using hybrid nanofluids (CuO + Al₂O₃/distilled water) for a solar collector (HTF). 

Solar collectors (FPS.C) are much more efficient than using nanoscale liquid solar collectors. When working with a hybrid nanofluid in an 

(FPSC), the temperature of the thermal energy storage system was improved when using a corrosion-resistant steel enclosure up to (87C°). 

Qingang Xiong et al [69] employed hybrid (Ag-Al₂O₃) nanoparticles. At lower (Re), the use of the hybrid nanofluid reduced the heat transfer 

rate while marginally raising the supply temperature. Zafar Saeed and others [70] An experimental study of the effect of (MWCNT + Fe2O4) 

aqueous hybrid nanofluids to study the thermal performance of (FPSC). Different nanofluid concentrations and flow rates are used. A significant 

increase in the heat transfer coefficient (26.3%) was recorded, with a slight friction leading to a decrease in pressure. (18.9%). Okonkwo et al. 

[71] investigated experimentally and numerically a (FPSC) operating with (Al₂O₃ and alumina-iron/water) hybrid nanofluids at nanoparticle 

concentrations of (0.05%, 0.1%, and 0.2%). The findings revealed that using alumina-water at a concentration of (0.1%) improved the 

compound's thermal efficiency by (2.16%). Yassin K. et al [72] numerically studied the possibility of using a hybrid nano-solution composite 

of TIG and (DWCNTs-TiO2)/aqueous (HNF). And in different volume concentrations with values ranging from (1 to 3% vol) and Reynolds 

numbers from (7000-28000). The results indicate an increase. The efficiency and thermal energy were obtained by (22.19% and 23.26%) for 

(PR = 4 and PR = 1) respectively. Kedri J. et al [73] investigated experimentally when hybrid nanofluids containing CuO nanoparticles and 

MgO nanoparticles were used. Flat Plate Solar Water Heater (FPSH) with concentrations of (0.2%, 0.1% CuO) and (0.1% MgO). With two 

varying flow rates (0.0167 kg/s and 0.0334 kg/s). According to the results, the flow rate of the hybrid nanofluids (0.0167 kg/s) led to an increase 

in the efficiency of (F.P.S.H) by (43.3%).Kuwar Mausam et al [74] investigated the impact of using Cu-MWCNTs/aqueous hybrid nanofluid 

with Three varying flow rates (0.5 l/min and 1.0 l/min, and 1.5 l/min), intensities (400, 600, and 700 W/m²), and tilt angles (25°, 30°, and 35°). 

The hybrid nanofluid improved the SEHs' performance, with a maximum instantaneous efficiency of 68.7% at a flow rate of (1.5 l/min), a 

density of (400 W/m²), and a (25°) inclination angle. Zafar Saeed et al. [75] studied the use of (MWCNT + Fe₃O4) nanofluid/aqueous hybrid 

nanofluid to test thermal efficiency a (FPSC). The Reynolds number of nanoparticles varies depending on their concentration. The highest 

thermal efficiency of 63.84% was achieved at the Reynolds number (1413) and (0.3 vol%). Engy E. et al [76] investigated the use of aqueous 

nanofluids such as MWCNTs, Al₂O₃, TiO₂, SiO₂, and CuO with four volumetric concentration ratios (0.5%, 0.025%, 0.01%), 0.005%) with 

three rates. For each concentration, the mass flow is different. The MWCNT/Al2O3 (50:50%) hybrid increased efficiency by (26, 29, and 18%) 

for (1.5, 2.5, and 3.3 l/min) respectively. B. Saleh et al. [77] studied experimentally so that they modeled the flow of multi-walled nanotubes 

(hybrid Fe₃O4 + carbon nanotubes) in flat solar collectors experimentally. The experiments were conducted at volumetric flow rates ranging 

from (0.1 l/min to 0.75 l/min) and concentrations ranging from (0.05% to 0.3%). The compound has enhanced its thermal efficiency by (28.09% 

at 0.3% vol). Table 3 summarizes previous work using nanofluids in FPSC using hybrid nanofluids. 

Table 3. Previous work has been done on the use of nanofluids in (F.P.S.C) using a hybrid nanofluids 

Researcher 
Type 

of study 

Base fluid 

type 

Type 

Nanoparticles 

Size 

(nm) 
Concentration 

Solar 

collector 

Area 

Findings and remark 

E. Farajzadeh 

et al. [57] 
Exp. Water Al2O3 and TiO2 

20nm 

and 

15nm 

Both (0.1wt%) 1.85m² 

the Nano scale 

concentration (0.1%) 

improved the thermal 

efficiency by 

(19% and 21% and 26%) 

K. Farhana et 

al. [58] 

 

Num. Water 

Al₂O₃ and TiO₂ 

and ZnO with 

hybrid nanofluids 

(Al2O3/TiO2) and 

 0.1wt% 1.94m² 

increasing the maximum 

pressure in the second 

model of 

about (48% and 16%) 
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(TiO2/ZnO) and 

(ZnO / Al2O3). 

Jawea et al. 

[59] 
EXP Water 

water/copper-

aluminum hybrid 
35nm 0.1% 2m² 

An improvement was 

observed in the efficiency 

ratio. 

Engy et al. 

[60] 
EXP. Water MWCNT/Al2O3  

0.5%, 0.025%, 

0.01%, 0.005% 
2.1m² 

The efficiency improved 

by (26%, 29%, 18%) 

Liters/minute). 

Respectively 

Kuwar et al. 

[61] 
Num. Water 

Cu-

MWCNTs/water 
  2m² 

Thermal performance 

improvement when using 

nanofluid as working 

fluid. 

Zafar et al. 

[62] 
Num. Water MWCNT + Fe3O4  

various 

nanofluid 

concentrations 

3m² 

The results show that 

increasing the heat transfer 

coefficient by (26.3%) 

increases thermal 

efficiency. 

Sujit et al. 

[63] 
EXP water 

CuO and MgO 

with MWCNTs 
 

from 0.25% to 

2.0% wt 
2m² 

The thermal efficiency of 

CuO hybrid was better 

than that of MgO 

Omar et al. 

[64] 
EXP water 

CF-GNPs 

nanoplatelets / 

hexagonal boron 

nitride (h-BN) 

Differ

ent 

size 

different 

concentrations 

 

2m² 

Thermal efficiency ratios 

improved by (85%) as a 

result of the findings. 

Montasser S 

et al. [65] 
EXP water Al2O3/CuO 

0.5-2 

nm 
25-75 (wt) 2m² 

The results showed an 

increase in thermal 

efficiency values by 45%. 

Prakasam et 

al. [66] 
NUM water 

Fe2O4/water and 

Zn-Fe2O4/water 

 

 0.5wt 2m² 

The results show that 

employing (Zn-Fe2O4) 

nanofluid / aqueous hybrid 

nanofluids at a 

concentration of (0.5vo%) 

produces the optimum 

thermal efficiency. 

Hossein Nabi 

et al.2022[67] 
NUM water 

SWCNT-CuO / 

H₂O 
 1-5 wt 2m² 

The largest concentration 

effect occurred at 

Reynolds number 4000 at 

5% concentration, 

resulting in an 8.79% 

increase in HTC. 

Vednath et al. 

[68] 
EXP water 

CuO + 

Al₂O₃/water 

 

Differ

ent 

size 

different 

concentrations 

 

2m² 

The findings suggest that a 

(CuO + Al2O3/water 

distilled hybrid nanofluid 

can be used to evaluate the 

efficiency of a flat plate 

solar collector. The 

temperature of the 

stainless steel container's 

thermal energy storage 

system was raised to 

(87 °C). 

Qingang 

Xiong et al. 

[69] 

NUM water Ag-Al₂O₃ hybrid 

Differ

ent 

size 

different 

concentrations 

 

2m² 

The usage of the hybrid 

nanofluid at lower Re 

lowered the heat transfer 

rate while slightly 

boosting the supply 

temperature. 

Zafar Said et 

al. [70] 

EXP 

and 

NUM 

water 
MWCNT + Fe₃O4 

 

Differ

ent 

size 

different 

concentrations 

 

2m² 

Significant increase in heat 

transfer coefficient 

(26.3%), with minimal 

loss in pressure drop 

owing to friction (18.9%). 

Eric C. 

Okonkwo et 

al. [71] 

EXP 

and 

NUM 

water 

alumina and 

alumina-

iron/water 

 

 

0.05%, 0.1% 

and 0.2% 

 

2.1m² 

The use of alumina-water 

at a concentration of 

(0.1%) resulted in a 

(2.16%) increase in 

thermal efficiency. 
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Yassin Khetib 

et al. [72] 

EXP 

and 

NUM 

water 

DWCNTs-

TiO2/water 

 

 
1 to 3wt 

 
2m² 

The results reveal that 

when Re grows, so does 

the average Nusselt 

number (Nuave). 

Kedri 

Janardhana et 

al. [73] 

EXP water 

CuO 

+ MgO 

 

 0.1wt 2.1m² 

According to the findings, 

With a flow velocity of 

(0.0167 kg/s), the hybrid 

nanofluid boosted 

(F.P.S.H ) efficiency by 

(43.3%.) 

Kuwar 

Mausam et al 

[74] 

NUM water 
Cu-MWCNTs 

 

Differ

ent 

size 

different 

concentrations 

 

2m² 

The hybrid nanofluid 

boosted the performance 

of the SEHs 

Zafar Said et 

al. 2022[75] 
EXP water MWCNT + Fe2O4 

Differ

ent 

size 

different 

concentrations 

 

2m² 

The maximum thermal 

efficiency of 63.84% was 

achieved. 

Engy Elshazly 

et al. [76] 
EXP water 

MWCNTs, Al2O3, 

TiO2, SiO2 and 

CuO 

 

0.5%, 0.025%, 

0.01%, 0.005% 

 

2.1m² 

The results showed an 

efficiency increasing 

by26%, 29%, and 18% 

LessonB. 

Saleh et alx. 

[77] 

EXP water 

walled carbon 

nanotubes + 

Fe2O4 

 
0.05% to 0.3% 

 
2m² 

The collector achieved 

better thermal efficiency. 

Intissar 

Harrabi et al. 

[78] 

NUM water 

(MgO and CuO 

/multi-walled) 

oxide–nanofluidic 

carbon 

nanoparticles 

 

0.2v% and 

0.6v% 

 

2.1m² 

The findings revealed that 

employing nanofluids 

improved the collector's 

performance by 5.14%. 

5. Results and Discussion 

By studying the literature related to the research of flat solar collectors, it is possible to obtain many methods that contributed to obtaining good 

results to increase the efficiency rates of the solar collectors. The most important of them are: 

▪ When designing a flat plate solar collector, the climatic conditions in which the solar collector will operate must be taken into account 

▪ To design the collector, pipes with high thermal conductivity must be used, preferably made of copper or aluminum. 

▪ The use of mono nanofluids and hybrid nanofluids improves the thermal performance of flat plate solar collectors. It has been observed 

that the best nanofluids are those using (CuO and Al₂O₃) particles due to their easy availability as well as their high thermal conductivity. 

▪ It has been observed that hybrid fluids have higher efficiency than homogeneous fluids, but they also have some disadvantages, including 

that their preparation method is complex and their cost is high. 

▪ Nanomaterials affect the efficiency of pumps, so that when they are added to liquids, their viscosity increases, causing a decrease in pump 

pressure. 

▪ Thermal efficiency increases through proper dispersion of nanoparticles to properly absorb sunlight. 

The addition of nanoparticles to the base fluid increases the thermal efficiency due to the increased surface area of the working fluid. In 

summary, most of the research presented found that using nanotechnology in solar collectors as a working fluid has significant benefits. 

Sometimes they use a single nanofluid, and other times they use a hybrid nanofluid. Thermal efficiency has been greatly influenced by 

nanotechnology. It has been noted that hybrid fluids have higher efficiency than homogeneous fluids, but they also have some disadvantages, 

including that their preparation method is complex and their cost is high. Therefore, the thermophysical properties must be determined before 

choosing the nanofluid, because it helps in examining thermal conductivity. For example, it is one of the thermal properties of nanofluid. The 

thermal conductivity must be chosen so that it increases with increasing temperatures, and the appropriate flow rate must also be determined. 

As well as the concentration of nanoparticles, the appropriate concentration must be obtained, and the method of preparation has a major role 

in fluidity of fluid transfer and increased heat transfer. The reliability of nanofluids has a critical thermal performance behavior, so it should not 

agglomerate or precipitate. The angle of inclination for the solar collector has a direct effect on the work of the solar collector. The more the 

inclination angle is appropriate, the better the collector will receive the sun's rays, which leads to improving the efficiency of the collector. 

Finally, most studies focus on moment-to-moment evaluation, and long-term studies should be emphasized. 

5. Conclusions 

Flat plat solar collectors have gone through many stages of development through the design and operation processes. This paper discusses those 

stages, as flat plat solar collectors are expected to play an important role shortly to meet the global needs for thermal energy and achieve further 

progress in the development of flat plat solar collectors. Taking into account the following suggestions 

▪ Conducting studies by changing the dimensions and measurements of the collectors, such as the thickness and length of the pipes, as well 

as the type of metals used in their manufacture. 

▪ Developing the ability of insulating materials to reduce heat loss. 

▪ Use basic fluids other than water, such as engine oil. 

▪ Thermal efficiency is greatly improved when nanofluids are used. It is possible to study the use of nanoparticle volume concentrations at 

higher values without affecting pump operation. 
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▪ The use of nanotechnology is not limited to working fluids only, as it can be used in the manufacture of glass covers and coatings for 

absorbing panels to contribute to absorbing more heat. 

▪ The use of Brownian tubes, especially with nanofluids, because they prevent the agglomeration of nanoparticles, which has a positive 

effect on thermal efficiency. 

▪ Wider use of hybrid nanoparticles due to their high heat transfer efficiency. 

▪ Development of hybridization of copper oxide and aluminum oxide nanostructures due to their high thermal conductivity coefficient. 

▪ The optimal choice of pH because of its positive effect on increasing the thermal efficiency of the flat plat solar collector. 

▪ The possibility of reducing the agglomeration of nanofluids through the use of anti-stress materials through the use of hybrid nanoparticles. 

Acknowledgements 

Thanks, and appreciation to the central library of the Middle Technical University and the library of the Anbar Technical Institute. 

References 

[1] Ozturk I, Aslan A, Kalyoncu H. Energy consumption and economic growth relationship: evidence from panel data for low and middle 

income countries. Energy  police, 38(8), 4422-4428, 2010, https://doi.org/10.1016/j.enpol.2010.03.071. 

[2] Liu Z. Global energy interconnection. Supply Demand Glob Energy Electricity; 4:101–82, 2015, 

https://doi.org/10.1016/j.apenergy.2014.09.081. 

[3] Babier Edward B. A global green new deal. 1st ed. Nairobi, Kenya: UNEP; 2009. www.cambridge.org/9780521132022. 

[4] Karaghouli AA, Renne D, Kazmerski LL. Technical and economic assessment of photovoltaic-driven desalination systems. Renew Energy; 

35(2), 323–8, 2010, https://doi.org/10.1016/j.renene.2009.05.018. 

[5] Philibert. Solar energy perspectives. Paris: International Energy Agency. IEA; 2011. https://doi.org/10.1787/20792581 

[6] Prasad D. Solar power. USA: The Images Publishing Group Pty Ltd & Earthscan; 2005. 

[7] Liu SY, Perng YH, Ho YF. The effect of renewable energy application on taiwan buildings: what are the challenges and strategies for 

solar energy exploitation. Renew Sustain Energy Rev; 28, 92–106, 2013, https://doi.org/10.1016/j.rser.2013.07.018. 

[8] Minardi JE, Chuang HN. Performance of a “Black” liquid flat-plate solar collector. Sol Energy; 17(3), 179–183, 1975, 

https://doi.org/10.1016/0038-092X(75)90057-2. 

[9] Das SK, Choi SU, Yu W, Pradeep T. Nanofluids: science and technology. John Wiley& Sons; 2007. 

[10] Eastman JA, Choi US, Li S, Thompson LJ, Lee S. Enhanced thermal conductivity through the development of nanofluids. Boston, USA: 

Fall Meeting of the Materials Research Society (MRS); 1996. DOI: https://doi.org/10.1557/PROC-457-3. 

[11] Hwang Y, Lee JK, Lee CH, Jung YM, Cheong SI, Lee CG, Ku BC, Jang SP. Stability and thermal conductivity characteristics of 

nanofluids. Thermochim Acta; 455(1–2), 70–74, 2007, https://doi.org/10.1016/j.tca.2006.11.036. 

[12] A. Ganjehkaviri et al. Multi-objective particle swarm optimization of flat plate solar collector using constructal theory Energy (2020). 

https://doi.org/10.1016/j.energy.2019.116846. 

[13] Sarsam, W.S., Kazi, S., Badarudin, A., A review of studies on using nanofluids in flat-plate solar collectors. Sol. Energy 122, 1245-1265, 

2015, https://doi.org/10.1016/j.solener.2015.10.032. 

[14] Yassen, T.A.; Mokhlif, N.; Eleiwi, M. Performance investigation of an integrated solar water heater with corrugated absorber surface for 

domestic use. Renew. Energy, 138, 852–860, 2019, https://doi.org/10.1016/j.renene.2019.01.114. 

[15] Visa, I.; Moldovan, M.; Duta, A. Novel triangle flat plate solar thermal collector for facades integration. Renew. Energy, 143, 252–262, 

2019, https://doi.org/10.1016/j.renene.2019.05.021. 

[16] Zhou, L.; Wang, Y.; Huang, Q. Parametric analysis on the performance of flat plate collector with transparent insulation material. Energy, 

174, 534–542, 2019, https://doi.org/10.1016/j.energy.2019.02.168. 

[17] Filipovi´c, P.; Dovi´c, D.; Ranilovi´c, B.; Horvat, I. Numerical and experimental approach for evaluation of thermal performances of a 

polymer solar collector. Renew. Sustain. Energy Rev., 112, 127–139, 2019, https://doi.org/10.1016/j.rser.2019.05.023. 

[18] Wang, D.; Liu, H.; Liu, Y.; Xu, T.; Wang, Y.; Du, H.; Wang, X.; Liu, J. Frost and High-temperature resistance performance of a novel 

dual-phase change material flat plate solar collector. Sol. Energy Mater. Sol. Cells, 201, 110086, 2019, 

https://doi.org/10.1016/j.solmat.2019.110086. 

[19] Zhou, F.; Ji, J.; Yuan, W.; Zhao, X.; Huang, S. Study on the PCM flat-plate solar collector system with antifreeze characteristics. Int. J. 

Heat Mass Transf., 129, 357, 2019, https://doi.org/10.1016/j.ijheatmasstransfer.2018.09.114. 

[20] Balaji, K.; Kumar, B.; Sakthivadivel, D.; Vigneswaran, V.; Iniyan, S. Experimental investigation on flat plate solar collector using 

frictionally engaged thermal performance enhancer in the absorber tube. Renew. Energ. https://doi.org/10.1016/j.renene.2019.04.078. 

[21] Kanimozhi, B.; Shinde, Y.N.; Bedford, S.P.; Kanth, K.S.; Kumar, S.V. Experimental Analysis of Solar Water Heater Using Porous 

Medium with Agitator. Mater. Today Proc., 16, 1204–1211, 2019, https://doi.org/10.1016/j.matpr.2019.05.215. 

[22] Fan, M.; You, S.; Gao, X.; Zhang, H.; Li, B.; Zheng, W.; Sun, L.; Zhou, T. A comparative study on the performance of liquid flat-plate 

solar collector with a new V- corrugated absorber. Energy Convers. Manag., 184, 235–248, 2019, 

https://doi.org/10.1016/j.enconman.2019.01.044. 

[23] Felipe et al. https://doi.org/10.1016/j.applthermaleng.2019.113790 Received 4 October 2018; Received in revised form 28 April 2019; 

Applied Thermal Engineering 158, 113790 Available online 24 May 2019. 1359-4311/ © 2019 Elsevier Ltd. All rights reserved. 

https://doi.org/10.1016/j.applthermaleng.2019.113790. 

[24] K. Balaji et al. Exergy, economic and environmental analysis of forced circulation flat plate solar collector using heat transfer enhancer in 

riser tube J Clean Prod, (2018). https://doi.org/10.1016/j.jclepro.2017.10.093. 

[25] R.W. Moss et al. Design and fabrication of a hydroformed absorber for an evacuated flat plate solar collector Appl Therm Eng (2018). 

https://doi.org/10.1016/j.applthermaleng.2018.04.033. 

[26] M. Ammar et al. Performance optimization of flat plate solar collector through the integration of different slats arrangements made of 

transparent insulation material Sustain Energy Technol Assessments(2021). https://doi.org/10.1016/j.seta.2021.101237. 

[27] S.A. Sakhaei et al. Thermal performance analysis of a flat plate solar collector by utilizing helically corrugated risers: an experimental 

https://doi.org/10.1016/j.enpol.2010.03.071
https://doi.org/10.1016/j.apenergy.2014.09.081
https://doi.org/10.1016/j.renene.2009.05.018
https://doi.org/10.1787/20792581
https://doi.org/10.1016/j.rser.2013.07.018
https://doi.org/10.1016/0038-092X(75)90057-2
https://doi.org/10.1557/PROC-457-3
https://doi.org/10.1016/j.tca.2006.11.036
https://doi.org/10.1016/j.energy.2019.116846
https://doi.org/10.1016/j.solener.2015.10.032
https://doi.org/10.1016/j.renene.2019.01.114
https://doi.org/10.1016/j.renene.2019.05.021
https://doi.org/10.1016/j.energy.2019.02.168
https://doi.org/10.1016/j.rser.2019.05.023
https://doi.org/10.1016/j.solmat.2019.110086
https://doi.org/10.1016/j.ijheatmasstransfer.2018.09.114
https://doi.org/10.1016/j.renene.2019.04.078
https://doi.org/10.1016/j.matpr.2019.05.215
https://doi.org/10.1016/j.enconman.2019.01.044
https://doi.org/10.1016/j.applthermaleng.2019.113790
https://doi.org/10.1016/j.jclepro.2017.10.093
https://doi.org/10.1016/j.applthermaleng.2018.04.033
https://doi.org/10.1016/j.seta.2021.101237


Mohammed A. A. et. al, Journal of Techniques, Vol. 6, No. 1, 2024 
 

67 

study Sol Energy (2020). https://doi.org/10.1016/j.solener.2020.06.023. 

[28] R. Kansara et al. Performance assessment of flat-plate solar collector with internal fins and porous media through an integrated approach 

of CFD and experimentation Int J Therm Sci (2021). https://doi.org/10.1016/j.ijthermalsci.2021.106932. 

[29] S.A. Sakhaei et al. Thermal behavior of a flat plate solar collector with simultaneous use of helically heat collecting tubes and phase change 

materials Sustain Energy Technol Assessments, (2021). https://doi.org/10.1016/j.seta.2021.101279. 

[30] A. Mwesigye, T. B.Ochende and J.P. Meyer, “Multi-objective and thermodynamic optimization of a parabolic trough receiver with 

perforated plate inserts”, Applied Thermal Engineering, 77, 42–56, 2015, https://doi.org/10.1016/j.applthermaleng.2014.12.018. 

[31] Sh. Ghadirijafarbeigloo, A. Zamzamian and M. Yaghoubic, “3-D numerical simulation of heat transfer and turbulent flow in a receiver 

tube of solar parabolic trough concentrator with louvered twisted-tape inserts” , Energy Procedia, 49, 373 – 380, 2014, 

https://doi.org/10.1016/j.egypro.2014.03.040. 

[32] D. R.Waghole, R.M.Warkhedkar, V.S. kulkarni and R.K. Shrivastv, “Experimental investigations on heat transfer and friction factor of 

silver nanofliud in absorber/receiver of parabolic trough collector with twisted tape inserts”, Energy Procedia, 45, 558 – 567, 2014, 

https://doi.org/10.1016/j.egypro.2014.01.060. 

[33] S. Salman, A. Kadhum, S. Takriff and B. Mohamad, “Heat transfer enhancement of laminar nanofluids flow in a circular tube fitted with 

parabolic-cut twisted tape inserts” , The Scientific World Journal (2014) 1-7.  https://doi.org/10.1155/2015/180841. 

[34] O.A. Jaramillo a, Monica Borunda , K.M. Velazquez-Lucho d and M. Robles, “Parabolic trough solar collector for low enthalpy processes: 

an analysis of the efficiency enhancement by using twisted tape inserts”, Renewable Energy 93 (2016) 125–141. 

https://doi.org/10.1016/j.renene.2016.02.046. 

[35] [35] Genc A.M., Ezan M.A., Turgut A. Thermal performance of a nanofluid-based flat plate solar collector: A transient numerical study 

Appl Therm Eng, 130 (2018), pp. 395-407, https://doi.org/10.1016/j.applthermaleng.2017.10.166. 

[36] M. Mirzaei, S.M.S. Hosseini, A.M.M. Kashkooli Assessment of Al2O3 nanoparticles for the optimal operation of the flat plate solar 

collector Appl. Therm. Eng., 134 (2018), pp. 68-77, https://doi.org/10.1016/j.applthermaleng.2018.01.104. 

[37] F. Kiliç et al. Effect of titanium dioxide/water nano fluid use on thermal performance of the flat plate solar collector Sol Energy (2018). 

https://doi.org/10.1016/j.solener.2018.02.002. 

[38] S.K. Verma et al. Performance analysis of hybrid nanofluids in flat plate solar collector as an advanced working fluid Sol Energy (2018). 

https://doi.org/10.1016/j.solener.2018.04.017. 

[39] Y. Tong et al. Energy and exergy comparison of a flat-plate solar collector using water, Al2O3 nanofluid, and CuO nanofluid Appl Therm 

Eng (2019). https://doi.org/10.1016/j.applthermaleng.2019.113959. 

[40] S. Choudhary et al. Influence of stable zinc oxide nanofluid on thermal characteristics of flat plate solar collector Renew Energy. (2020). 

https://doi.org/10.1016/j.renene.2020.01.142. 

[41] N.S. Rajput, D.D. Shukla, D. Rajput, S.K. Sharma Performance analysis of flat plate solar collector using Al2O3/distilled water nanofluid: 

An experimental investigation Mater Today: Proc, 10 (2019), pp. 52-59. https://doi.org/10.1016/j.matpr.2019.02.188. 

[42] A. Maouassi, A. Baghidja, S. Daoud, N. Zeraibi, Numerical study of nanofluid heat transfer SiO2 through a solar flat plate collector, Int. 

J. Heat Technol. 35(2017) 619–625. https://doi.org/10.1016/j.matpr.2019.02.188. 

[43] A.A. Hawwash, A.K. Abdel Rahman, S.A. Nada, S. Ookawara, Numerical investigation and experimental verification of performance 

enhancement of flat plate solar collector using nanofluids, Appl. Therm. Eng. 130 (2018) 363–3. 

https://doi.org/10.1016/j.applthermaleng.2017.11.027. 

[44] Y. Krishna,A.Razak, A. Afzal. The CFD analysis of flat plate collector-nanofluid as working medium. in: AIP Conference Proceedings. 

2018. AIP Publishing LLC. https://doi.org/10.1016/j.applthermaleng.2017.11.027. 

[45] H.J. Jouybari, S. Saedodin, A. Zamzamian, M.E. Nimvari, S. Wongwises, Effects of porous material and nanoparticles on the thermal 

performance of a flat plate solar collector: An experimental study, Renewable Energy 114 Part B(2017) 1407–1418. 

https://doi.org/10.1016/j.renene.2017.07.008. 

[46] Ziyadanogullari, N.B.; Yucel, H.; Yildiz, C. Thermal performance enhancement of flat-plate solar collectors by means of three different 

nanofluids. Therm. Sci. Eng. Prog. 2018, 8, 55–65. https://doi.org/10.1016/j.tsep.2018.07.005. 

[47] Bazdidi-Tehrani F., Khabazipur A., Vasefi S.I. Flow and heat transfer analysis of TiO2/water nanofluid in a ribbed flat-plate solar collector. 

Renewable Energy 2018; 122: 406–418. https://doi.org/10.1016/j.renene.2018.01.056. 

[48] Yacine Khetib , Hala M. Abo-Dief , Abdullah K. Alanazi , S. Mohammad Sajadi , Rasool Kalbasi , Mohsen Sharifpur   Effect of 

nanoparticles shape on turbulent nanofluids flow within a solar collector by using hexagonal cross-section tubes Sustainable Energy 

Technologies and Assessments Volume 51, June 2022, 101843. 

[49] Omar A. Hussein, Mugdad Hamid Rajab, Omer A. Alawi, Mayadah W. Falah, Ali 

H. Abdelrazek, Waqar Ahmed, Mahmoud Eltaweel, Raad Z. Homod, Zaher Mundher Yaseen “Multiwalled carbon nanotubes-titanium 

dioxide nanocomposite for flat plate solar collectors applications” Applied Thermal Engineering, Volume 229, 5 July 2023. 

[50] S. Polvongsri, T. Kiatsiriroat, Enhancement of flat-plate solar collector thermal performance with silver nano-fluid, Paper presented at the 

Second TSME International Conference on Mechanical Engineering, 2011. 

[51] H. Chaji, Y. Ajabshirchi, E. Esmaeilzadeh, S.Z. Heris, M. Hedayatizadeh, M. Kahani, Experimental study on thermal efficiency of flat 

plate solar collector using TiO2-water nanofluids, Modern Appl. Sci. 7 (10), 2013. 

[52] S.C. Vijayakumaar, R.L. Shankar, K. Babu, Effect of CNT-H2O nanofluids on the performance of solar collector – an experimental 

investigation, Paper Presented at the International Conference on Advanced Nanomaterials and Emerging Engineering Technologies, New 

Delhi, India, 2013 https://doi.org/10.1016/j.solener.2015.10.032, 

[53] Z. Said, M.H. Sajid, M.A. Alim, R. Saidur, N.A. Rahim, Experimental investigation of the thermophysical properties of Al2O3-nanofluid 

and its effect on a flat plate collector, Int. Commun. Heat Mass Transfer 48 (2013) 99–107, 

https://doi.org/10.1016/j.icheatmasstransfer.2013.09.005. 

[54] G. Colangelo, E. Favale, A. Risi, D. Laforgia, A new solution for reduced sedimentation flat panel solar collector using nanofluids, Appl. 

Energy 111(2013), https://doi.org/10.1016/j.apenergy.2013.04.069 80–93. 

[55] J. J. Michael, S. Iniyan, Performance of copper oxide/water nanofluids in a flat plate solar water heater under natural and forced 

circulations, Energy Convers. Manage. 95 (2015) 160–169. https://doi.org/10.1016/j.enconman.2015.02.017. 

[56] T. Yousefi, E. Shojaeizadeh, F. Veysi, S. Zinadini, An experimental investigation on the effect of ph variation of MWCNT-H2O nanofluids 

on the efficiency of a flat plate solar collector, Sol. Energy 86 (2) (2012) 771–779. https://doi.org/10.1016/j.solener.2011.12.003. 

https://doi.org/10.1016/j.solener.2020.06.023
https://doi.org/10.1016/j.ijthermalsci.2021.106932
https://doi.org/10.1016/j.seta.2021.101279
https://doi.org/10.1016/j.applthermaleng.2014.12.018
https://doi.org/10.1016/j.egypro.2014.03.040
https://doi.org/10.1016/j.egypro.2014.01.060
https://doi.org/10.1155/2015/180841
https://doi.org/10.1016/j.renene.2016.02.046
https://doi.org/10.1016/j.applthermaleng.2017.10.166
https://doi.org/10.1016/j.applthermaleng.2018.01.104
https://doi.org/10.1016/j.solener.2018.02.002
https://doi.org/10.1016/j.solener.2018.04.017
https://doi.org/10.1016/j.applthermaleng.2019.113959
https://doi.org/10.1016/j.renene.2020.01.142
https://doi.org/10.1016/j.matpr.2019.02.188
https://doi.org/10.1016/j.matpr.2019.02.188
https://doi.org/10.1016/j.applthermaleng.2017.11.027
https://doi.org/10.1016/j.applthermaleng.2017.11.027
https://doi.org/10.1016/j.renene.2017.07.008
https://doi.org/10.1016/j.tsep.2018.07.005
https://doi.org/10.1016/j.renene.2018.01.056
https://www.sciencedirect.com/author/23092177300/mohsen-sharifpur
https://www.sciencedirect.com/journal/sustainable-energy-technologies-and-assessments
https://www.sciencedirect.com/journal/sustainable-energy-technologies-and-assessments
https://www.sciencedirect.com/journal/sustainable-energy-technologies-and-assessments/vol/51/suppl/C
https://www.sciencedirect.com/journal/applied-thermal-engineering
https://www.sciencedirect.com/journal/applied-thermal-engineering/vol/229/suppl/C
https://doi.org/10.1016/j.solener.2015.10.032
https://doi.org/10.1016/j.icheatmasstransfer.2013.09.005
https://doi.org/10.1016/j.apenergy.2013.04.069
https://doi.org/10.1016/j.enconman.2015.02.017
https://doi.org/10.1016/j.solener.2011.12.003


Mohammed A. A. et. al, Journal of Techniques, Vol. 6, No. 1, 2024 
 

68 

[57] E. Farajzadeh, S. Movahed, R. Hosseini, Experimental and numerical investigations on the effect of Al2O3/TiO2H2O nanofluids on 

thermal efficiency of the flat plate solar collector, Renewable Energy 118 (2018). https://doi.org/10.1016/j.renene.2017.10.102. 

[58] K. Farhana, K. Kadirgama, M.M. Noor, M.M. Rahman, D. Ramasamy, A.S.F. Mahamude, CFD modelling of different properties of 

nanofluids in header and riser tube of flat plate solar collector, IOP Conf. Series: Mater. Sci. Eng. 469 (2019) 012041, DOI 10.1088/1757-

899X/469/1/012041.  

[59] Jawed Mustafa, Saeed Alqaed , Mohsen Sharifpur  Evaluation of energy efficiency, visualized energy, and production of environmental 

pollutants of a solar flat plate collector containing hybrid nanofluid, 2022. https://doi.org/10.1016/j.seta.2022.102399. 

[60] Engy Elshazly , Ahmed A. Abdel-Rehim , Iman El-Mahallawi   4E study of experimental thermal performance enhancement of flat plate 

solar collectors using MWCNT, Al2O3, and hybrid MWCNT/ Al2O3 nanofluids. Results in Engineering Volume 16, December 2022, 

100723. 

[61] Kuwar Mausam , Ashutosh Pare , Subrata Kumar Ghosh , A.K. Tiwari   Thermal performance analysis of hybrid-nanofluid based flat plate 

collector using Grey relational analysis (GRA): An approach for sustainable energy harvesting. Thermal Science and Engineering 

ProgressVolume 37, 1 January 2023, 101609 https://doi.org/10.1016/j.tsep.2022.101609. 

[62] Zafar Said , Prabhakar Sharma , L. Syam Sundar , Changhe Li , Duy Cuong Tran, Nguyen Dang Khoa Pham , Xuan 

Phuong Nguyen  Improving the thermal efficiency of a solar flat plate collector using MWCNT-Fe3O4/ water hybrid nanofluids and 

ensemble machine learning Case Studies in Thermal Engineering Volume 40, December 2022, 102448. 

[63] Sujit Kumar Verma, Arun Kumar TiwarI, Sandeep Tiwari, Performance analysis of hybrid nanofluids in flat plate solar collector as an 

advanced working fluid. Solar Energy167 (2018) 231–241. https://doi.org/10.1016/j.solener.2018.04.017. 

[64] Omar A. Hussein, Khairul Habib, Ali S. Muhsan, R. Saidur, Omer A. Alawi, Thamir K. Ibrahim; Thermal performance enhancement of a 

flat plate solar collector using hybrid nanofluid, Solar Energy Volume 204, 1 July 2020, Pages 208-222, 

https://doi.org/10.1016/j.solener.2020.04.034. 

[65] Montasser S. Tahat, Ali Cemal Benim; Experimental Analysis on Thermophysical Properties of Al2O3/CuO Hybrid Nano Fluid with its 

Effects on Flat Plate Solar Collector, Defect and Diffusion Forum, (Volume 374), 148-156, 

https://doi.org/10.4028/www.scientific.net/DDF.374.148. 

[66] Prakasam Michael, Mohammed Almeshaal, Thottipalayam Vellingiri Arjunan; Utilization of zinc-ferrite/water hybrid nanofluids on 

thermal performance of a flat plate solar collector—a thermal modeling approach, Environmental Science and Pollution Research volume 

29, pages78848–78861 (2022),Published: 14 June 2022. 

[67] Hossein Nabi,  Mohsen Pourfallah, Mosayeb Gholinia, Omid Jahanian; Increasing heat transfer in flat plate solar collectors using various 

forms of turbulence-inducing elements and CNTs-CuO hybrid nanofluids, Case Studies in Thermal Engineering Volume 33, May 2022, 

101909, https://doi.org/10.1016/j.csite.2022.101909. 

[68] Vednath P Kalbande, Pramod V Walke, Kishor Rambhad, Yogesh Nandanwar and Man Mohan; Performance evaluation of energy storage 

system coupled with flat plate solar collector using hybrid nanofluid of CuO+Al2O3/water, Journal of Physics: Conference Series, Volume 

1913, DOI 10.1088/1742-6596/1913/1/012067. 

[69] Qingang Xiong , Tahar Tayebi , Mohsen Izadi , Abuzar Abid Siddiqui , Tehmina Ambreen , Larry K.B. Li ; Numerical analysis of porous 

flat plate solar collector under thermal radiation and hybrid nanoparticles using two-phase model, Sustainable Energy Technologies and 

AssessmentsVolume 47, October 2021, 101404, https://doi.org/10.1016/j.seta.2021.101404. 

[70] Zafar Said , Prabhakar Sharma , L. Syam Sundar ,  Duy Cuong Tran , Nguyen Dang Khoa Pham , Xuan Phuong Nguyen; Improving the 

thermal efficiency of a solar flat plate collector using MWCNT-Fe3O4/water hybrid nanofluids and ensemble machine learning, Case 

Studies in Thermal EngineeringVolume 40, December 2022, 102448, https://doi.org/10.1016/j.csite.2022.102448. 

[71] Eric C. Okonkwo , Ifeoluwa Wole-Osho , Doga Kavaz , Muhammad Abid , Tareq Al-Ansari ; Thermodynamic evaluation and 

optimization of a flat plate collector operating with alumina and iron mono and hybrid nanofluids; Sustainable Energy Technologies and 

Assessments Volume 37, February 2020, 100636, https://doi.org/10.1016/j.seta.2020.100636. 

[72] Yacine Khetib , Ali Alzaed , Ahamd Tahmasebi ,  Goshtasp Cheraghian; Influence of using innovative turbulators on the exergy and 

energy efficacy of flat plate solar collector with DWCNTs-TiO2/water nanofluid; Sustainable Energy Technologies and Assessments 

Volume 51, June 2022, 101855; https://doi.org/10.1016/j.seta.2021.101855. 

[73] Kedri Janardhana , A Sivakumar , G. Jerome Nithin Gladson , C. Ramesh , A. Syed Musthafa , R. Gopinathan ; Study on the performance 

of a flat plate solar water heater using a hybrid nanofluid; materials today Volume 69, Part 3, 2022, Pages 1145-1149. 

[74] Kuwar Mausam , Ashutosh Pare , Subrata Kumar Ghosh , A.K. Tiwari ; Thermal performance analysis of hybrid-nanofluid based flat 

plate collector using Grey relational analysis (GRA): An approach for sustainable energy harvesting; Thermal Science and Engineering 

ProgressVolume 37, 1 January 2023, 101609, https://doi.org/10.1016/j.tsep.2022.101609. 

[75] Zafar Said , Prabhakar Sharma , L. Syam Sundar , Van Giao Nguyen , Viet Dung Tran , Van Vang Le; Using Bayesian optimization and 

ensemble boosted regression trees for optimizing thermal performance of solar flat plate collector under thermosyphon condition 

employing MWCNT-Fe3O4/water hybrid nanofluids; Sustainable Energy Technologies and AssessmentsVolume 53, Part C, October 

2022, 102708, https://doi.org/10.1016/j.seta.2022.102708. 

[76] Engy Elshazly , Ahmed A. Abdel-Rehim , Iman El-Mahallawi ; 4E study of experimental thermal performance enhancement of flat plate 

solar collectors using MWCNT, Al2O3, and hybrid MWCNT/ Al2O3 nanofluids; Results in Engineering Volume 16, December 2022, 

100723, https://doi.org/10.1016/j.rineng.2022.100723. 

[77] LessonB. Saleh, Lingala Syam Sundar; Thermal Efficiency, Heat Transfer, and Friction Factor Analyses of MWCNT + Fe3O4/Water 

Hybrid Nanofluids in a Solar Flat Plate Collector under Thermosyphon Condition;  https://doi.org/10.3390/pr9010180. 

[78] Intissar Harrabi, Mohamed Hamdi & Majdi Hazami; Potential of simple and hybrid nanofluid enhancement in performances of a flat plate 

solar water heater under a typical North-African climate (Tunisia); Environmental Science and Pollution Research volume 30, 

pages35366–35383 (2023), 

[79] L.S. Sundar, A. Kirubeil, V. Punnaiah, M.K. Singh, A.C.M. Sousa Effectiveness analysis of solar flat plate collector with Al2O3 water 

nanofluids and with longitudinal strip inserts. https://doi.org/10.1016/j.ijheatmasstransfer.2018.08.025. 

[80] V. Bianco, F. Scarpa, L.A. Tagliafico, Numerical analysis of the Al2O3-water nanofluid forced laminar convection in an asymmetric 

heated channel for application in flat plate PV/T collector, Renewable Energy. 116 (Part A), 9–21, 2018, 

https://doi.org/10.1016/j.renene.2017.09.067.  

https://doi.org/10.1016/j.renene.2017.10.102
https://www.sciencedirect.com/author/23092177300/mohsen-sharifpur
https://doi.org/10.1016/j.seta.2022.102399
https://www.sciencedirect.com/journal/results-in-engineering
https://www.sciencedirect.com/journal/results-in-engineering/vol/16/suppl/C
https://www.sciencedirect.com/journal/thermal-science-and-engineering-progress
https://www.sciencedirect.com/journal/thermal-science-and-engineering-progress
https://www.sciencedirect.com/journal/thermal-science-and-engineering-progress/vol/37/suppl/C
https://doi.org/10.1016/j.tsep.2022.101609
https://www.sciencedirect.com/journal/case-studies-in-thermal-engineering
https://www.sciencedirect.com/journal/case-studies-in-thermal-engineering/vol/40/suppl/C
https://doi.org/10.1016/j.solener.2018.04.017
https://www.sciencedirect.com/journal/solar-energy
https://www.sciencedirect.com/journal/solar-energy/vol/204/suppl/C
https://doi.org/10.1016/j.solener.2020.04.034
https://www.scientific.net/DDF
https://doi.org/10.4028/www.scientific.net/DDF.374.148
https://link.springer.com/article/10.1007/s11356-022-21261-3#article-info
https://www.sciencedirect.com/journal/case-studies-in-thermal-engineering
https://www.sciencedirect.com/journal/case-studies-in-thermal-engineering/vol/33/suppl/C
https://doi.org/10.1016/j.csite.2022.101909
https://www.sciencedirect.com/journal/sustainable-energy-technologies-and-assessments
https://www.sciencedirect.com/journal/sustainable-energy-technologies-and-assessments
https://doi.org/10.1016/j.seta.2021.101404
https://www.sciencedirect.com/journal/case-studies-in-thermal-engineering/vol/40/suppl/C
https://doi.org/10.1016/j.csite.2022.102448
https://doi.org/10.1016/j.seta.2020.100636
https://www.sciencedirect.com/journal/sustainable-energy-technologies-and-assessments/vol/51/suppl/C
https://doi.org/10.1016/j.seta.2021.101855
https://www.sciencedirect.com/journal/materials-today-proceedings/vol/69/part/P3
https://doi.org/10.1016/j.tsep.2022.101609
https://doi.org/10.1016/j.seta.2022.102708
https://www.sciencedirect.com/journal/results-in-engineering/vol/16/suppl/C
https://doi.org/10.1016/j.rineng.2022.100723
https://doi.org/10.3390/pr9010180
https://doi.org/10.1016/j.ijheatmasstransfer.2018.08.025
https://doi.org/10.1016/j.renene.2017.09.067

