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Abstract 

The integration of carbon-based nanomaterials with polymer matrices presents a promising route 

toward advancing solar energy harvesting technologies. In this study, nanoparticle-blended polymer 

composite coatings are examined to evaluate the performance of FPSC, utilizing an unconventional 

collector setup and a multiple-carbon-based nanoparticle-blended paint polymer. Nanomaterial 

provides a crucial alternative for enhancing their thermal efficiency. The research findings reveal that 

the deformation of nanomaterials improves the heat efficiency of solar collectors. An experimental 

analysis is conducted to assess how graphene-based, MWCNT-based, and hybrid graphene-MWCNT 

selective blended polymer composite coatings influence the performance of an FPSC's absorber plate. 

Three mixtures were created, varying the concentration of nanoparticles in the carbon-blended black 

paint polymer. The author performs an experimental work on the flat plate solar collector with 

nanoparticle blended polymer and compares it with a conventional flat plate collector. Include the 

following: The possible improvement in the collector efficiency through a hybrid blended polymer 

composite coating was found to be 34.21% at 1.5 LPM and radiation intensity 800 W/m². The reduction 

in entropy generation rate is a minimum of 6% by using graphene-blended polymer composite coating 

at 0.5 LPM and a maximum of 20% by using a hybrid-blended polymer composite coating at 1.5 LPM 

and a radiation intensity of 800 W/m² as compared to water. The exergy efficiency has been enhanced 

by 54.71% at 1.5 LPM and a radiation intensity of 800 W/m². This research work highlights the 

application of carbon-blended black paint polymer blended with the nanomaterials. The research 

finding indicates that the blending of nanomaterials leads to an improvement in the heat transfer 

efficiency of the solar collector. This work underscores the role of hybrid polymer–nanomaterial 

composite coatings in developing next-generation, high-performance solar thermal systems. 
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INTRODUCTION 

The primary aim of using advanced polymer 

composite coatings, particularly those incorporating 

carbon-based nanomaterials such as carbon 

nanotubes and graphene blended with paint 

coatings, in solar energy harvesting systems is to 

enhance their thermal and optical performance 

significantly. These coatings are engineered to 

improve solar absorptivity while minimizing 

thermal losses, thereby maximizing the conversion 

of incident solar radiation into usable heat energy. 

By leveraging the exceptional thermal conductivity, 

stability, and durability of carbon nanomaterials, the 

coatings provide superior heat transfer, long-term 
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operational reliability, and resistance to environmental degradation compared to conventional black 

paints. Ultimately, the use of such advanced coatings aims to increase the efficiency, cost-effectiveness, 

and sustainability of solar energy harvesting systems, making them more viable for large-scale and 

long-term applications. 

 
Advanced polymer composite coatings incorporating carbon nanomaterials, such as carbon 

nanotubes (CNTs) and graphene, demonstrate superior performance compared to conventional 
commercial coatings. Traditional black paints primarily function as absorptive layers but often suffer 
from limited thermal conductivity, poor durability under high temperatures, and gradual degradation 
over time. In contrast, carbon nanomaterial-enhanced coatings offer significantly higher thermal 
conductivity, improved solar absorptivity, and enhanced resistance to environmental and thermal 
stresses. Their nanoscale structure not only increases the surface area for better light trapping but also 
strengthens the coating matrix, resulting in longer service life and stable performance under varying 
operating conditions. Consequently, these advanced coatings outperform existing commercial 
alternatives by providing greater energy conversion efficiency, durability, and cost-effectiveness in 
solar thermal applications. 

 
Carbon nanomaterials, such as carbon nanotubes and graphene, are not biodegradable but can be 

considered eco-efficient when used in small quantities to enhance material performance, as they reduce 
the overall material demand and improve energy efficiency in applications like solar collectors. Paint 
coatings, depending on their formulation, may contain synthetic binders and solvents that pose 
environmental challenges, though water-based and bio-derived paints are emerging as greener options. 
Therefore, while not all polymers, nanomaterials, and coatings are inherently eco-friendly or recyclable, 
research is steadily progressing toward developing sustainable sources and recycling pathways to 
minimize their environmental impact. 

 
Polymers and polymer-based composites offer unique advantages, including a lightweight structure, 

thermal stability, ease of processing, and tunable surface properties. Within this domain, the 
incorporation of carbon-based nanomaterials – particularly carbon nanotubes (CNTs) and graphene – 
into polymeric matrices has emerged as a novel approach to enhance solar collector performance [1]. 
Their extraordinary thermal conductivity, optical absorption, and photo-thermal conversion efficiency 
enable superior heat transfer and retention, making them ideal candidates for modifying absorber 
surfaces. When blended with black paint polymers, these nanomaterials form hybrid coatings that 
improve the properties of the collector surface [2]. 

 
Solar energy serves as the foundation of life on Earth. The advancement of civilization is closely tied 

to the availability and use of energy. Conventional energy sources, developed over millions of years 
through natural and geological processes, are widely used, have mature technology, and ease of access. 
However, they contribute significantly to environmental pollution through the emission of toxic gases 
and radiation [3]. In contrast, solar energy is a much cleaner alternative and has emerged as one of the 
most dependable renewable energy sources. Additionally, solar collectors can capture the portion of 
solar radiation with the greatest thermal value and convert it into heat, which is transferred to a working 
fluid circulating through tubes. Among these collectors, FPSCs are the most basic and commonly used 
due to their simple design, cost-effectiveness, durability, and low maintenance needs [4]. Several factors 
influence their thermal efficiency, including the position and type of polymers used in the collector 
plate, glazing material properties, spacing, and diameter of riser tubes, flow rate, radiation intensity, 
and insulation thickness. The choice of polymers also plays a critical role in optimizing collector 
performance [5]. 

 
Recently, carbon-blended black paint polymer enhanced with nanoparticles has attracted significant 

research interest for its ability to boost the efficiency of thermal systems. Design optimization of FPSCs 
is crucial, as it allows for system-specific improvements [6]. Any design modification typically 
necessitates further adjustments to align with system requirements. The technology behind FPSCs has 
evolved through consistent research and engineering contributions globally [7]. 
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This summary presents key findings from various researchers: Alvarez et al[8]. used finite element 

modeling to evaluate solar collectors with corrugated channels. They found that serpentine fluid paths 

outperform parallel ones in heat transfer. Rey and Zmeureanu [9] demonstrated that combining systems 

for water heating and space heating reduces building energy demands cost-effectively. Murugan et 

al[10]. integrated centrally finned twisted inserts and corrugated reflectors, achieving an 11.08% 

efficiency boost at a twist ratio of Y = 3. Tewari and Dev [11] tested a modified household solar water 

heater with a non-metallic body and PV module, reporting thermal and exergy gains of 908.9 kWh and 

109.56 kWh, respectively. Allouhi et al[12]. an energy and exergy assessment was performed on a 

forced circulation system integrated with heat pipes, which demonstrated thermal and exergy 

efficiencies of 33% and 4%, respectively, even under winter conditions. Rodriguez-Hidalgo et al[13]. 

tested collectors under variable conditions, identifying wind speed as the most influential performance 

factor. Gunnasegaram et al[14]. showed that double-pass collectors with fins increased efficiency by 

9% in certain flow rate and solar intensity ranges. Tanaka [15] studied reflector angles and found that 

properly inclined reflectors enhanced solar absorption by up to 33%. Cruz-Paragon et al[16]. 

emphasized testing FPSCs under dynamic conditions using simple design modifications and sensors 

rather than complex simulations. Mintsa et al[17]. explored the use of polymer instead of copper in 

collectors and found that a 10 mm air gap significantly improved efficiency. Maldonado et al[18]. 

reported an average global thermal efficiency of 30.2% for FPSCs based on design and operational 

parameters. Mansour [19] investigated square mini-channel collector plates, resulting in a 16.1% 

improvement in heat removal compared to traditional designs. Colangelo et al[20]. demonstrated that 

using Al₂O₃/water nanofluids reduces sedimentation and enhances thermal conductivity by 5.9% and 

heat transfer coefficient by 24%. Wang et al[21]. tested a hybrid collector plate (corrugated top, flat 

bottom) and found it achieved 85.1% efficiency with tilt angle optimization in Guangzhou, China. Visa 

et al[22]. developed a trapezoidal collector capable of housing a multicolored absorber plate, enhancing 

versatility and efficiency. 

 

Nikolic and Lukic [23] their findings showed that the new design significantly increased thermal 

power output, with a peak improvement of 48% compared to conventional collectors. Alvarez et al[24]. 

explored the impact of a corrugated collector surface through experiments and numerical modeling. 

Their results showed that the corrugated model achieved the highest energy yield at 86%, outperforming 

the BBC and Roth-type collectors, which reached 80% and 77.9% respectively. The equivalent collector 

showed 88% efficiency relative to the BBC type and 44% compared to the Roth type, indicating 

excellent performance. Hussain and Harrison [25] examined the role of a back-mounted air channel in 

managing excessive plate temperatures during stagnation (around 170°C). When the channel opened, 

passive airflow under the hot plate reduced the temperature to 120°C, thereby increasing the collector's 

durability. Balaji et al[26]. studied the influence of twisted tubes and internal linings as heat transfer 

enhancers. Unlike earlier approaches, where enhancers were loosely inserted, this method integrated 

the enhancements into the design. The temperature performance increased by factors of 1.172 and 1.112 

for the rod and tube enhancements, respectively, in comparison to the conventional plain tube collector. 

Facao et al[27]. optimized fluid flow in FPSCs by modifying riser and header configurations. In the Z-

shaped design, a more uniform flow distribution was achieved, boosting thermal efficiency [28]. Based 

on experiments, the author recommended a larger outlet header diameter than the inlet to accommodate 

the increased fluid volume at higher temperatures. Hassanzadeh et al[29]. introduce the optical and 

thermal efficiencies reached 64.5% and 50% respectively, at a concentration ratio of 200, achieving a 

stagnation temperature of 378°C – all without the need for mechanical tracking. Saedodin et al[30]. and 

Pavlovic et al[31]. compared spiral and conical cavity receivers in solar concentrators, based on both 

experimental and simulation data, and revealed that conical cavities significantly outperformed spiral 

ones, achieving a 40.45% increase in thermal efficiency at 200°C and a 42.06% improvement in exergy 

efficiency. 

 

Testing of the flat plate solar collector design was conducted by ASHRAE guidelines (1993–1997). 

To ensure consistent testing conditions, experiments were carried out indoors using a solar simulator. 
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The simulator was equipped with eight halogen lamps, each capable of producing up to 400 watts of 

light intensity [32]. Control knobs have been used for controlling flow rate and intensity. The 
experiment was conducted to analyze the thermal performance of an FPSC under controlled 

environmental conditions. The collector was mounted at a fixed tilt angle corresponding to the local 
latitude to optimize solar energy absorption [33]. Water served as the working fluid and was 

continuously circulated through the collector via a pump at a fixed flow rate. Before data collection, the 
system was allowed to reach a steady-state condition. Temperature sensors were placed at the inlet and 

outlet of the collector to measure the fluid temperatures [34]. Ambient temperature was also monitored 
using appropriate meteorological instruments. Data were recorded at regular intervals over several 

hours during peak sunlight conditions [35]. The collected data were later used to calculate the collector’s 
efficiency and analyze the thermal behavior under varying irradiance and ambient conditions. 

 

Aligned with the research scope of polymer composites and energy-related applications, such 

nanocomposite coatings contribute to enhanced thermal conductivity, improved surface selectivity, and 

reduced radiative losses. Furthermore, the structural compatibility and strong interfacial interactions 

between polymers and nanomaterials ensure stable performance under fluctuating solar radiation and 

environmental conditions [36]. This synergy not only advances the thermal performance of FPSCs but 

also significantly improves energy and exergy efficiencies, thereby strengthening their role in 

renewable energy systems. The experimental investigation was conducted using a standard flat plate 

solar collector designed to evaluate thermal performance under controlled environmental conditions 

[37]. The collector features a black-coated absorber plate enclosed within a transparent glass cover to 

minimize convective and radiative heat losses. A network of copper tubes, bonded to the absorber plate, 

circulates water as the working fluid [38]. Insulated pipes are used to connect the storage tank to the 

collector, with a centrifugal pump, which pressurized water flow throughout the system. Temperature 

changes are tracked using thermocouples positioned at key points like the collector's inlet and outlet, 

the surrounding air, and the absorber plate's surface [39]. A pyranometer is used to measure solar 

radiation intensity, while a flow meter records the volumetric flow rate of the working fluid. Data 

acquisition is handled using a digital temperature logger and a real-time monitoring system [40]. The 

procedure involves initiating the experiment during peak solar hours (typically between 10:00 AM and 

2:00 PM). Initially, baseline readings are recorded before starting the circulation pump. As the fluid 

passes through the heated absorber plate, its temperature rises, and the corresponding outlet temperature 

data is logged at regular intervals. The experiment continues until steady-state conditions are achieved. 

Collected data is then analyzed to calculate useful heat gain, thermal efficiency, and heat loss 

coefficients [41]. 

 

The present work focuses on the thermal performance and EEE improvement of a solar energy 

harvesting system employing carbon-based nanomaterial blended with black paint polymer. By 

leveraging the multifunctional capabilities of polymer nanocomposites, the study aims to develop a 

sustainable, durable, and highly efficient absorber surface coating, bridging the gap between polymer 

science and renewable energy applications [42]. 

 

CHARACTERIZATION OF NANO-BLENDED POLYMER 
TGA, XRD, FESEM, and EDAX mapping techniques are used to characterize the nanoparticles, and 

the TGA results are shown in Figure 1 (a), 3 (a), and 5 (a). From the results, it is clear that the polymer 

of MWCNT and paint is sustained up to a temperature of 281.07°C, the polymer of graphene and paint 

is sustained up to a temperature of 283.39°C, and the polymer of Hybrid paint is sustained up to a 

temperature of 283.86°C. After that, there is degradation of the paint polymer starts. XRD results are 

illustrated in Figure 1 (b), 3 (b), and 5 (b). MWCNT particles exhibit prominent peaks at 2θ = 25.7°, 

indicating MWCNT presence. Graphene particles exhibit prominent peaks at 2θ = 26.6°, indicating 

their presence, and Hybrid particles exhibit prominent peaks at 2θ = 26° & 26.6°, indicating their 

presence. 
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Figure 1. (a) TGA Mapping of MWCNT blended polymer composite coating, (b) XRD mapping of 

MWCNT blended polymer composite coating. 
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Figure 2. FESEM with EDX mapping of MWCNT blended polymer composite coating. 
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Figure 3. (a) TGA Mapping of graphene blended polymer composite coating, (b) XRD mapping of 

graphene blended polymer composite coating.  
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Figure 4. FESEM with EDX mapping of graphene blended polymer composite coating. 
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Figure 5. (a) TGA mapping of hybrid blended polymer composite coating, (b) XRD mapping of hybrid 

blended polymer composite coating.  
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Figure 6. FESEM with EDX mapping of hybrid nano-blended polymer composite coating. 
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The morphology and particle size were analyzed using FESEM, and EDAX was employed to assess 
the elemental composition, as shown in Figures 2, 4, and 6. The analysis showed tube-like structures 
typical of MWCNT, exhibiting an average diameter ranging from 10–15 nm. Aspect ratio falls between 
100–5000 or even higher in some cases. Energy-dispersive X-ray spectroscopy (EDAX) further verified 
the carbon composition (C, Si, and S) of the nanoparticles. Additionally, hexagonal honeycomb lattice 
structures characteristic of graphene was identified, with particle diameters averaging between 5–10 
nm and an aspect ratio of 3000. The EDAX results confirmed the availability of carbon, Si, and S, and 
the hybrid carbon nanoparticles exhibited tubular and hexagonal honeycomb structures, with diameters 
averaging between 5 and 15 nm. EDAX results confirmed the predominant presence of carbon within 
the nanoparticles [43]. 
 

PREPARATION OF NANO-BLENDED POLYMER COMPOSITE COATING 
Nanoparticle-blended polymer composite coating deposition on a solar collector is a process designed 

to enhance the efficiency of solar energy absorption, improve thermal conductivity, and reduce 
reflectivity. The polymer typically consists of nanoparticles engineered to have favorable optical and 
thermal properties. 
 

Mixing nanoparticles (MWCNT and Graphene) with carbon-blended black paint polymer using a 
magnetic stirrer involves several key steps to ensure proper dispersion and a homogenous mixture. 

 
Carefully weigh the desired amount of nanoparticle powder based on the target concentration in the 

final paint polymer mixture. Add the weighed Nanoparticle to a small amount of the chosen compatible 
solvent in a separate beaker. Use a probe sonicator to sonicate the Nanoparticle-solvent mixture for a 
specific duration (2–3 hours) at an appropriate power level. Once sonication is complete, put the beaker 
on the magnetic stirrer and introduce a stir bar. Stir at a moderate speed (500 rpm) for an extended 
period to further aid dispersion and prevent re-agglomeration. Slowly add the pre-dispersed 
nanoparticles to the carbon-blended black paint polymer in the main container. The addition should be 
gradual while stirring to ensure even distribution. Place the container with the carbon-blended black 
paint polymer and Nanoparticle mixture on the magnetic stirrer. Add a clean stir bar. Adjust the stirring 
speed of the magnetic stirrer to a level that creates a good vortex without causing excessive splashing 
or air incorporation. Allow the mixture to stir for a sufficient amount of time to achieve a homogenous 
dispersion of Nanoparticles throughout the paint. Shown in Figure 7, once a homogenous mixture is 
achieved, store the Nanoparticle-enhanced carbon-blended black paint polymer in an airtight container 
to prevent drying or settling. 

 

 
Figure 7. Preparation of a hybrid blended paint polymer composite coating. 
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The desired properties of the final paint polymer will dictate the concentration of nanoparticles 
needed. Higher concentrations can lead to enhanced conductivity, mechanical strength, or barrier 
properties, but might also affect the paint's polymer application characteristics and viscosity. 
Aerosolized nanoparticle solution is sprayed onto the surface using airbrushes. 

 
EXPERIMENTAL ANALYSIS 

Experimental setup 

The experimental setup includes the digital interface that displays real-time data, including water 
flow rate, inlet, outlet, storage tank, ambient air, and plate surface temperatures. Flow rates were 
measured using a water flow meter equipped with a mini turbine wheel sensor, which provides high 
precision (1% full-scale deviation) within a range of 0.5–25 liters per minute. For temperature 
monitoring, Class A sensors were employed, capable of measuring from −2     to 650°C with an 
accuracy of ±0.20°C. The intensity of solar radiation was measured with a pyranometer capable of 
detecting up to 2100 W/m² and having a precision of ±0.10 W/m². The flow diagram of experimental 
setup is shown in figure 8. The experimental study tested flow rates of 0.5, 0.75, 1.0, 1.25, 1.5, and 1.75 
LPM and inclination angles of 45°. The objective was to optimize flat plate collector (FPC) performance 
in regions with solar radiation levels of 600, 800, and 1020 W/m². Detailed FPC specifications are 
provided in Table 1. 

 
A Flat Plate Solar Collector (FPSC) consists of several key components. The absorber plate is a flat, 

thermally conductive surface, typically made from copper, to which fins or tubes are attached for 
efficient heat transfer. The cover plate is made of toughened glass, chosen for its high transmissivity to 
solar radiation and strong absorptivity, while also serving to reduce convective heat losses. To reduce 
heat losses, insulating materials like glass wool and aluminum foil are applied to the rear and side 
surfaces of the collector. The entire assembly is enclosed within a casing that protects internal 
components from dust, moisture, and other environmental elements, shown in Figure 10. 

 
Schematic of Working Apparatus 

In our experimental setup, a single flow line was used with demineralized (DM) water serving as the 
conventional working fluid. A rotameter regulated the flow rate, and the water temperature at the inlet 
was controlled via a heater-chiller system operated by a solenoid valve. Figure 9 illustrates the 
experimental apparatus employed to evaluate the performance of the improved collector design in 
comparison to the conventional one. To ensure consistent conditions, testing was primarily conducted 
indoors using a solar simulator integrated with the apparatus. The simulator can be detached, making it 
possible to evaluate performance under natural sunlight. 

 

Table 1. The detailed specification of FPC (experimental setup). 

Specification Value Unit 

Collector Dimensions (L × W × H) 53.2 × 43.3 × 8.5 cm³ 

Absorber Surface Area 0.2 m² 

Internal water Tank capacity 50 L 

External water tanks Capacity 80 L 

Water flow range 0.25 to 25 LPM 

Sensor (Thermometers) 200 °C to 600 °C °C 

Radiation 0 to 2000 W/m2 

Glazing Layers 1 – 

   e’s   ac     20 mm. 

Outer Diameter of Collector Tubes 13 Mm 

Inner Diameter of Collector Tubes 10 Mm 

Tube Center-to-Center Distance 3.5 Mm 

Back Insulation Thickness 2.5 mm. 

Thermal Conductivity of Back Insulation 0.047 W/m·K 
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Figure 8. Experimental setup flow diagram. 

 

Figure 11 shows the design of solar collectors, including parallel tube configurations, each with 

identical collector area, tube diameter, and tube length. Figures 11 provide detailed specifications of the 

parallel tube collector designs. 

 

MATHEMATICAL FORMULATION EQUATIONS 

This section outlines the core mathematical equations used to calculate different efficiencies and 

performance metrics. The study primarily aims to improve efficiency, with a particular focus on the 

solar collector's ability to convert incoming sunlight into usable thermal energy – a critical measure of 

its effectiveness. Key factors influencing this efficiency include glazing transmittance, absorber plate 

absorptance, and solar radiation intensity. The central goal of the research is to optimize this 

performance metric. Thermal efficiency, which compares the useful energy output to the total solar 

energy incident on the collector surface, is the most precise indicator of a collector's performance. 

Equation (1) [35, 44] can be used to determine the overall heat loss coefficient. 

 

  
Figure 9. Experimental apparatus. Figure 10. Parallel tube flat plate collector. 
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Figure 11. Design Specifications for the Parallel Collector Tube. 

 

The overall heat loss coefficient ( ), calculated using Equation (1) as referenced in [24]. 

L t b eU U U U= + +  (1) 

The maximum loss coefficient using Klein's correlation formula [45]. 
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The heat loss coefficient typically falls within the range of 0.4 to 0.7 W/m²·K. s [46]. In a similar manner, the 

following relationship can be used to determine the heat loss coefficient from the edges of the collector: 

Ae
U Ue b

Ac

 
=   

   (4) 

𝐹𝐻𝑅 =
𝑚𝑐𝑝̇ [𝑇𝑜− 𝑇𝑖] 

𝐴𝑐𝑜[𝐼𝑡𝑖𝜏𝑜𝛼𝑜−𝑈𝐿𝑐⋅(𝑇𝑖− 𝑇𝑎𝑏)]
  (5) 

The effective heat gain,(Qug) is defined through the following equation. 

𝑄𝑢𝑔 = 𝐹𝐻𝑅𝐴𝑐𝑜[𝐼𝑡𝑖𝜏𝑜𝛼𝑜 − 𝑈𝐿𝑐 ⋅ (𝑇𝑖 − 𝑇𝑎𝑏)]   (6) 

Under steady-state conditions, the thermal efficiency of the flat plate collector, denoted as ηFPis defined by the 

following equation. 

𝜂𝐹𝑃 =  
𝑚𝑐𝑝̇ [𝑇𝑜− 𝑇𝑖]

𝐼𝐴𝑐𝑜
  (7) 

Exergy Efficiency (ηEXfp) is calculated using the following equation. 
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Entropy generation (𝑠𝑓𝑝𝑔𝑒𝑛) is determined using the equation. 
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 (9) 

EXPERIMENTAL UNCERTAINTIES 
The uncertainties encountered during parameter measurements are summarized in Table 2.  

( ) ( ) ( )
1

22 2 2
........................

1 2
W x x x

n
= + + +
 
     (10) 

 

Table 2. The ambiguities in the measurements of the experimental parameters. 

Variable Uncertainty value (%) 

Water inlet temperature ±0.18 

Water outlet temperature ±0.21 

Inlet temperature of hot water ±0.19 

Hot Water outlet temperature ±0.22 

Mass flow rate ±2.9 

 

FINDINGS AND ANALYSIS 

To check the thermal efficiency of FPSC employs water as the working medium. Later, thermal 

performance evaluation of FPSC has been carried out using graphene-based nano blended polymer 

composite coating and MWCNT-based nano blended polymer composite coating in FPSC. The 

operating parameters considered for evaluation of thermal performance of FPSC are mass flow rate 

varying from 0.5 LPM to 1.75 LPM and solar intensity from 600 W/m², 800 W/m², and 1020 W/m². 

Experimental tests and performance evaluations were conducted to identify the ideal flow rate and the 

influence of nanoparticle concentration in paint polymer composite coating on improving solar collector 

efficiency. Key factors were chosen according to energy balance principles (first law), entropy 

generation (second law), and exergy efficiency. These variables were examined through experimental 

testing and compared with simulation results. To minimize environmental fluctuations, the tests were 

conducted indoors under controlled conditions using an artificial sunlight simulator. 

 

The thermal efficiency of the collector improves with the flow of fluid and the angle of the collector's 

absorbing surface. The study adhered to ASHRAE guidelines (1993–2003) during experimentation 

[47]. As illustrated in Figure 12, the collector's instantaneous efficiency correlates with the reduced 

temperature parameter. The efficiency distribution approximates a straight-line trend, where the slope 

of the curve increases progressively when the polymer composite coating changes from a conventional 

carbon-blended black paint polymer composite coating to a hybrid nanoparticle-enhanced carbon-

blended black paint polymer composite coating. 

 

The impact of flow rate, inclination angle, and hybrid nanoparticle blended polymer composite 

coatings (MWCNTs + Graphene + Paint) on the PTC's instantaneous efficiency is shown in Figure 13. 

The plots for different nanoparticle-blended polymer composite coatings with paint show that efficiency 

increases in the following order: carbon-blended black paint polymer, graphene, MWCNT, and hybrid 

nanoparticle-blended polymer. 
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Figure 12. Instantaneous efficiency versus reduced temperature parameter. 
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Figure 13. Instantaneous efficiency of the collector for FPC at various flow rates and A 45° inclination 

angle & radiation 600, 800, and 1020. 

 

As illustrated in Figure 13, the instantaneous efficiency of the solar collector is dependent on the 

mass flow rate. As the mass flow rate grows, the efficiency enhances, with the most significant 

improvement observed at 1.5 LPM. However, at higher flow rates, instantaneous efficiency decreases 

because of the reduced temperature difference between the outlet and inlet fluid. Additionally, pressure 

drops escalate with increasing flow rates, further lowering thermal efficiency. The experimental 

findings are examined in three stages. In the first phase, PTC is evaluated for carbon-blended black 

paint polymer, graphene, MWCNT, and hybrid nano-blended polymer concentrations across flow rates 

of 0.5, 0.75, 1.0, 1.25, 1.5, and 1.75 LPM at a 45° angle. The most significant enhancement for carbon-

blended black paint polymer to graphene, MWCNT, and hybrid nanoparticle blended polymer was 

11.72%, 16.36%, and 33.76%, at an inclination angle of 45° with a flow rate of 1.5 LPM and 600 W/m² 

radiation. The enhancement for carbon-blended black paint polymer to graphene, MWCNT, and hybrid 

nanoparticle blended polymer was 15.72%, 21.68%, and 34.21%, at an inclination angle of 45° with a 

flow rate of 1.5 LPM and 800 W/m² radiations. 
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Figure 14. Instantaneous collector efficiency (IE) variation with the radiation intensity at mass flow 

rate 0.5, 0.75, 1, 1.25, 1.5, and 1.75. 

 

The improvement in carbon-blended black paint polymer to MWCNT, graphene, and hybrid 

nanoparticle blended polymer was 13.75%, 18.63%, and 31.95%, respectively, at a 45° inclination 

angle, 1.5 LPM flow rate, and 1020 W/m² radiation. The findings from this experiment indicate that 

applying a hybrid nanomaterial blended polymer enhances the solar collector's performance. As the 

flow rate increases, the instantaneous collector efficiency rises to 1.5 LPM, after which it begins to 

decline. 

 

Figure 14 depicts how the instantaneous efficiency of the PTC varies at a flow rate of 0.5 LPM. The 

highest efficiency (34.29%) was achieved using a hybrid nanomaterial blended polymer under 800 

W/m² solar intensity, showing a 30.38% improvement over the lowest efficiency recorded with water 

and carbon-blended black paint polymer at 600 W/m². Similarly, at a flow rate of 0.75 LPM, the peak 

efficiency reached 36.67% for the hybrid nanomaterial blended polymer at 800 W/m², which was 

29.94% higher than the minimum efficiency observed with water and carbon-blended black paint 

polymer under 600 W/m² irradiation. 
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Figure 14 depicts how the instantaneous efficiency of the PTC varies at a flow rate of 1 LPM. The 

highest efficiency (44.89%) was achieved using a hybrid nanomaterial blended polymer under 800 

W/m² solar intensity, showing a 36.36% improvement over the lowest efficiency recorded with water 

and carbon-blended black paint polymer at 600 W/m². Similarly, at a flow rate of 1.25 LPM, the peak 

efficiency reached 48.55% for the hybrid nanomaterial blended polymer at 800 W/m², which was 

39.95% higher than the minimum efficiency observed with water and carbon-blended black paint 

polymer blended polymer under 600 W/m² irradiation. 

 

Figure 14 depicts how the instantaneous efficiency of the PTC varies at a flow rate of 1.5 LPM. The 

highest efficiency (52.45%) was achieved using a hybrid nanomaterial blended polymer under 800 

W/m² solar intensity, showing a 41.37% improvement over the lowest efficiency recorded with water 

and carbon-blended black paint polymer at 600 W/m². Similarly, at a flow rate of 1.75 LPM, the peak 

efficiency reached 50.67% for the hybrid nanomaterial blended polymer at 800 W/m², which was 

40.08% higher than the minimum efficiency observed with water and carbon-blended black paint 

polymer under 600 W/m² irradiation. 

 

A peak improvement of 41.37% was recorded with the use of a hybrid nanomaterial blended polymer 

on the PTC, compared to the carbon-blended black paint polymer, under conditions of 1.5 LPM flow 

rate, 800 W/m² solar intensity, and a 45° tilt angle. 
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Figure 15. Variation In entropy generation (S) with flow rate (FR) At intensities Of 600, 800, and 1020. 

 

Evaluating entropy generation is necessary for analyzing the exergetic performance of solar thermal 

systems and plays a notable role in the design and optimization of high-performance thermal setups. A 

key goal in improving the exergetic efficiency of a solar collector is minimizing entropy production. 

Enhancing thermal system performance is primarily driven by the need to lower entropy generation. As 

illustrated in Fig. 15, the rate of entropy generation depends on the mass flow rate as well as the 

nanomaterial-blended polymer used. It increases with higher mass flow rates. For parabolic trough 

collectors (PTCs), systems using hybrid nano-blended polymers exhibit lower entropy generation 

compared to those with conventional carbon-blended black paint polymers. Specifically, a 20% 

decrease in entropy production is achieved with hybrid nano-blended polymers at a flow rate of 1.5 

LPM and solar radiation intensity of 800 W/m². This is attributed to the superior radiation absorption 

and heat transfer capabilities of hybrid nanoparticles. 
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Figure 16. Exergy efficiency (hex) variation with the interaction of flow rate (FR) at intensities (I) 600, 

800, and 1020. 

 

Entropy and exergy are interconnected in a mutually beneficial way, though inversely related. Exergy 

indicates how effectively a thermal system converts available energy into usable work. As shown in 

Figure 16, exergy efficiency tends to decrease as the mass flow rate increases, but improves with the 

use of hybrid nanomaterial-coated water. 

 

 
Figure 17. Comparison of thermal efficiency for solar intensity and mass flow rate at different 

nanomaterial blended polymer composite coatings. 
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This inverse relationship occurs because higher flow rates generate more entropy, reducing exergy 
efficiency. A peak exergy efficiency improvement of 54.71% was observed in the PTC system using 
hybrid nanoparticle blended polymers at a flow rate of 1.5 LPM under 800 W/m² solar radiation. 

 
CONCLUSION 

In the above study, the effect of radiation intensity from 600–1020 W/m²K and the effect on the 
thermal efficiency of solar collectors due to the collector polymer composite coatings of MWCNT and 
paint, graphene, and paint, and MWCNT and graphene and paint has been studied. The correlation for 
the thermal efficiency of graphene and MWCNT mix paint polymer composite coating has been 
developed in terms of operating parameters, i.e., temperature and mass flow rate. Based on the 
enhancement in thermal efficiency by MWCNT and graphene, the prepared nano-blended polymer 
composite coating has been used to enhance the thermal performance of FPSC. The notable 
improvement in the thermal performance for all MWCNT and paint, graphene, and paint, and MWCNT 
and graphene and paint samples has been reported for temperature, radiation intensity, and mass flow 
rate, and hence, all three polymer composite coatings can be used as a collector blended polymer 
composite coating in several thermal appliances. 

 
The thermal efficiency of MWCNT and paint, graphene, and paint, and MWCNT and graphene 

blended paint polymer composite coating enhances gradually with mass flow rate from 0.5 LPM to 1.5 
LPM, and further on increasing the mass flow rate from 1.5–1.75, TC starts decreasing due to the fast 
flow rate of water and less absorbability of sun radiation. The highest improvement in thermal 
conductivity was observed under specific conditions of 1.5 liters per minute flow rate, a 45° inclination, 
and a power density of 800 W/m²; a hybrid nanoparticle blended polymer composite coating improved 
thermal efficiency by 34.21% compared to a traditional carbon-blended black paint polymer composite 
coating. For all mass flow rates between 0.5 LPM to 1.5 LPM, the thermal efficiency of MWCNT and 
paint, graphene, and paint, and MWCNT and graphene and paint increases progressively with radiation 
intensity and is found to be at its maximum at 800 W/m²K. The maximum enhancement in the collector 
efficiency through hybrid blended polymer composite coating was found to be 34.21% at 1.5 LPM and 
radiation intensity of 800 W/m²K. 

 
The correlation has been developed for the thermal efficiency of all three nano-blended polymer 

composite coatings in terms of temperature and mass flow rate. A comparison between the experimental 
and predicted results shows a deviation of ±2%, which falls within the acceptable range for all tested 
mass flow rates (0.5–1.5 LPM) and radiation intensities (600–1020 W/m²). All three nano-blended 
polymer composite coatings have been used as a collector polymer composite coating in FPSC. The 
thermal analysis shows that all three nano-blended polymer composite coatings enhance the thermal 
performance when used as a collector polymer composite coating in FPSC. 

 
The reduction in entropy generation rate is a minimum of 6% by using graphene-blended polymer at 

0.5 LPM and a maximum of 20% by using hybrid-blended polymer at 1.5 LPM and a radiation intensity 
of 800 W/m²K as compared to water. The exergy efficiency has been enhanced by 54.71% at 1.5 LPM 
and radiation intensity of 800 W/m²K. Comparative analysis of MWCNT and paint, graphene, and paint, 
and MWCNT and graphene blended paint polymer has been carried out, from which it can be easily 
seen that all nano-blended polymer gives better thermal performance enhancement when used as 
collector polymers in FPSC. 
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NOMENCLATURE 

EDAX: - “Energy dispersive X-ray analysis” 

FESEM:- “Field emission scanning electron microscope” 

FPSC:- “Flat plate solar collectors” 
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MWCNT: - “Multi-Wall Carbon Nanotubes” 

XRD: - “X-ray diffraction” 

Subscripts 
Ac: Collector surface area 

Cp   l   ’s s ec   c  eat ca ac t  

FR: Heat removal efficiency factor 

Q: Total energy incident on the solar collector 

Qu: Net heat energy absorbed by the fluid 

Tab: Ambient (surrounding) temperature 

Tin: Fluid temperature at the inlet 

Tout: Fluid temperature at the outlet 

 

Symbols 
V: Rate of volumetric flow 

T: Temperature level 

K: Heat conductivity coefficient 

m: Rate of mass flow 

Greek Symbols 
β (beta): Tilt angle of the collector 

η (eta): Instantaneous thermal efficiency 

ηFPC: Efficiency of the flat plate collector 

ηSiu.: Correlation-based efficiency 

ηexp.: Experimentally measured efficiency 
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