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Abstract: A flat plate solar collector (FPSC) was analytically studied, with functionalized graphene
nanoplatelets (f-GNPs) as its working fluid. Four samples (wt % nanofluids) were prepared in
different base fluids such as ethylene glycol (EG), distilled water (DW):EG (70:30), and DW:EG
(50:50). Experimental results (via DW) were used to verify the effectiveness of the analytical model.
Some of the operating conditions were taken into account in this research, including temperatures,
power, and mass flow rates. Experimental techniques were used to elucidate the modified nanofluids’
physicochemical properties, such as its particle sizes, stability, and morphology, involving electron
microscopes (EMs), UV–VIS, and X-ray techniques. Differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) were applied to test the thermal analysis. The findings confirmed
that the use of f-GNPs nanofluids enhanced the performance of the FPSC relative to the use of base
fluids for all testing conditions. The maximum enhancement of the collector’s effectiveness at a
mass flow rate of 1.5 kg min−1 and a weight concentration of 0.1 wt %, increased to 12.69%, 12.60%,
and 12.62% in the case of EG, DW:EG (70:30), and DW:EG (50:50), respectively. The results also
confirmed an improvement in both the heat gain (FR(τα)) and heat loss (FRUL) coefficients for the
f-GNPs nanofluid.

Keywords: flat plate solar collector (FPSC); GNPs; characterization and stability; collector efficiency

1. Introduction

Solar collectors are devices/mediums that convert incident solar energy into thermal
energy via working fluids. There are many solar collectors, and the flat plate solar collector
(FPSC) represents its most basic form, which carries out the energy conversion process via
an absorbing plate [1–4]. An absorbing plate is made of black-colored materials or coated
surfaces, which is to increase the absorption of incident solar rays [5]. The absorbed solar
rays are then converted to heat via heat transfer fluids (HTFs), channeled to the absorbing
plate via a network of collector pipes. Direct absorption solar collectors (DASCs) represent
another type of solar collector where the radiation is absorbed via the heat carried by fluids,
instead of the heat collected on the plate’s surface [6,7].

The physicochemical intricacies of a standard HTF are admittedly inferior to solid
nanoparticles (NPs), which means that rays are translated into heat at lower heat transfer
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rates when using the former [8,9]. The efficiency of FPSCs can be enhanced [10,11] by elim-
inating HTFs from the system and using nanofluids which have superior thermal property.

The literature has several studies involving the use of carbon-based nanofluids as
HTFs within FPSCs. Yousefi et al. [12–14] used a 2 m2 FPSC to determine the impacts
of Al2O3–distilled water (DW), multiwalled carbon nanotubes (MWCNTs)–DW, and pH
variation with MWCNTs–DW in the context of energy efficiency. The nanofluids flowed
at 1–3 L min−1. The greatest improvement in the FPSC’s thermal efficiency was 28.3% at
0.2 wt % Al2O3–DW, with a surfactant [12]. The values of heat gain and loss coefficients
increased by 65.51% and 45.84%, respectively, relative to the DW for the 0.4 wt % MWC-
NTs [13]. The use of 0.2 wt % MWCNTs at a pH value of 3.5 resulted in higher FPSC
thermal performance relative to the use of 0.2 wt % MWCNTs at a pH value of 6.5 [14].
The effects of using 0.2 wt % and 0.4 wt % MWCNTs-DW nanofluids on decreasing the
dimensions of an FPSC were reported in [15], where the size of the FPSC decreased by
~37% with the use of MWCNTs-DW nanofluid compared to that using distilled water
as a base fluid. Said et al. [16] examined different nanofluids (SWCNTs, SiO2, TiO2, and
Al2O3) to improve the effectiveness of FPSCs. SWCNTs-DW performed better than metal
oxide nanofluids. When using SWCNTs–DW, the entropy generation and heat transfer
coefficient decreased by ~4.34% and increased by ~15.33%, respectively, compared to those
by using distilled water. Said et al. [17] increased the energy and exergy efficiencies of the
FPSC–SWCNTs by ~95.12% and ~26.25%, respectively, which were higher than the values
reported when using water (~42.07% and ~8.77%, respectively). The energy efficiency of
an FPSC improved by ~33% via the addition of 0.005 wt % grapheme nanoplatelets (GNPs)
to DI water as HTFs [18]. Ahmadi et al. [19] reported enhanced FPSC efficiency by ~12.19%
and ~18.87% at 0.01 wt % and 0.02 wt % GNPs, respectively. Vincely and Natrajan [20]
outlined an improvement in the GO-DW nanofluids’ thermal efficiency at a rate of 7.3%
relative to that of the base fluid at a weight percent of 0.02 and a mass flow rate of 0.0167
kg s−1. Enhancements in the performance of the FPSC were 23.47%, 16.97%, 12.64%, 8.28%,
5.09%, and 4.08%, corresponding to the MWCNTs-DW, Gr-DW, CuO-DW, Al2O3-DW,
TiO2-DW, and SiO2-DW, respectively [21]. Akram et al. [22] determined the improvement
in the thermal performance of an FPSC to be 78% at a weight percent of 0.1 wt % CGNPs
and a mass flow rate of 0.0260 kg s−1. Alawi et al. [23] analyzed the thermo-performance
of FPSCs with GNPs as HTFs and reported that relative to the DW, the efficiency of the
FPSCs increased by 10.7%, 11.1%, and 13.3% for the PEG-GNPs nanofluid in the case of
multiple mass flow rates. In the case of metal oxides, GNPs, and SWCNTs nanofluids,
the efficiency was directly proportional to the fraction of NPs, as the improved thermal
properties mitigated hydrodynamic losses caused by high viscosity laminar flows [24].
The efficiency of the FPSC was directly proportional to both the weight concentration and
specific surface area (SSA), up to 10.53% relative to that of the increase brought about
by water [25]. Experimental work using hybrid MWCNT + Fe3O4/water nanofluids im-
proved the absorber by 28.09% at 0.3 vol. % at 13:00 h daytime and a Reynolds number of
1413 relative to those using base fluid [26].

Studies on suspending GNPs in distilled water and ethylene glycol lack the primary
literature. Therefore, this paper aims twofold with an experimental part and an analytical
part. Different tools were used in the experimental section, such as differential scanning
calorimetry (DSC), thermogravimetric analysis (TGA), UV–VIS, zeta potential, particle
size, HR-TEM, SEM, and energy-dispersive X-ray spectroscopy (EDX) to examine the
functionalized graphene nanoplatelets. The analytical section included a variety of oper-
ating conditions on three base fluids: the weight percentages of functionalized graphene
nanoplatelets (f-GNPs), mass flow rates, input temperatures, and input rates (of heat). A
deeper understanding of these parameters’ effects would help significantly enhance the
operational efficiency of FPSCs.
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2. Methodology

This work is divided into two distinct phases: the experimental phase comprising of
preparing f-GNPs nanofluids, the determination of the density and specific heat capacity of
the NPs, the evaluation of the long-term stability of the nanofluids using multiple character-
ization techniques such as UV–Vis, zeta potential, NP analysis, electron microscopy (SEM
and HR-TEM), and EDX analysis. This work’s theoretical phase consisted of mathematical
modeling via MATLAB for quantifying the thermal performance of base fluids infused
with f-GNPs.

Firstly, the theoretical model was verified using experiments with DW [23] and an
average error of ±3.53% was obtained (see Figure 1). The analytical approach (theoretical
analyses) involved utilizing different base fluids containing f-GNPs for comparative analy-
sis. Three base fluids were used in the mathematical model, which were ethylene glycol
(EG), DW:EG (70:30), and DW:EG (50:50).

Figure 1. Validation of the present theoretical model with the data available in the literature [23].

2.1. Preparation Method and Characterization

The image of the covalent-treated graphene nanoplatelets (f-GNPs) is shown in
Figure 2. A high-power ultrasonication probe (Sonics Vibra Cell, Ningbo Kesheng Ul-
trasonic Equipment Co., Ltd., Ningbo, China) having a 20 kHz frequency power supply,
a 1200 W output power, and bath ultrasonication (Powersonic, Digital Ultrasonic, UB-
410) was used for the preparation of nanofluids. In addition, an industrial hot plate
(HTS-1003 Hotplate Stirrer, LMS) was essentially needed for the synthesis process. The
light absorbance of a suspension by UV–VIS spectroscopy represented a quantitative
characterization of colloidal stability. The UV–VIS used in this work was a Shimadzu UV-
spectrometer, operating within 190–3300 nm (UV-750, Lambda PerkinElmer, Waltham, MA,
USA). The thermal properties were tested with a thermogravimetric analyzer in the range
of 30 ◦C to 900 ◦C using PerkinElmer (TGA 4000, Waltham, MA, USA). Litesizer 500-Anton
Paar was used for zeta potential and particle size determination following the principle
of electrophoretic light scattering (ELS). The nanomaterials’ surface structure and mor-
phology were determined using the Tescan Analytics (SEM; VEGA3) and high-resolution
transmission electron microscopy system (HR-TEM; JEM-2100F), respectively.
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Figure 2. Schematic of the functionalization process and fabrication of nanofluids.

2.2. Density and Specific Heat Capacity Measurements

The densities and specific heats of the samples were measured and detailed as below:

(i). Solid NPs: DM40-density meter (Mettler Toledo, Columbus, OH, USA) to determine
densities and Linseis’ differential scanning calorimeter (1000-/C) to determine specific
heats with a temperature range of −50 ◦C to 550 ◦C;

(ii). Base fluids: densities and specific heats were obtained from the National Institute of
Standards and Technology (NIST);

(iii). f-GNPs nanofluids: densities and specific heats were determined using the equations
reported by Pak and Cho [27].

2.3. Theoretical Approach and MATLAB

The model constructed for determining the energy efficiency of the FPSC infused with
nanofluids used the Hottel–Whillier principles reported by Duffie and Beckman [5], which
was also slightly modified to align it with the objectives of this work (refer to Table 1).
Some of the assumptions made when constructing the model were that it was designed to
elucidate the performance of the FPSCs while keeping their fundamental values intact. The
model was also designed to simulate the nanofluid-based FPSC in MATLAB, as outlined
in Figure 3. However, in the mathematical/analytical model, only one of the tubes was
assumed to experience a uniform fluid flow via all of the riser pipes within the parallel
channel system.

Table 1. Specifications of the solar collector.

Specifications Dimension

Collector occupied area 0.6810 m2

Absorber area 0.4645 m2

Header tube outer diameter 22.2 mm
Header tube inner diameter 20.9 mm

Riser tube outer diameter 12.7 mm
Riser tube inner diameter 11.6 mm

Transmittance–absorptance product 0.8772
Tilt angle 30◦
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Figure 3. Flowchart of the theoretical model to simulate the nanofluid-based flat plate solar collector (FPSC) in MATLAB.

2.4. Data Processing

The total collector heat loss encompasses the top heat loss via a glass cover and a back
as well as the edge heat loss via the back and edge insulations. The losses were measured
at a similar mean plate temperature (Tpm). The total heat loss from the collector was written
as follows [5,28]:

Qloss = UL Ac
(
Tpm − Ta

)
, (1)

Qloss = Qt + Qb + Qe, (2)

where UL is the total loss coefficient of the collector, Ac is the area of the collector, and(
Tpm − Ta

)
is the temperature gradient between the mean plate and its surrounding atmo-

sphere and the subscripts (t, b, and e) represent the top, back, and edge, respectively.
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The following empirical equation can be used for manual and analytical calculations
to determine the top collector loss coefficient (Ut), [5]:

Ut =

∣∣∣∣∣∣∣∣
N

cc
Tpm

[
(Tpm−Ta)

N− f f

]ee +
1

hw

∣∣∣∣∣∣∣∣
−1

+
σ
(
Tpm − Ta

)
∗
(

T2
pm + T2

a

)
1

εap+0.00591Nhw
+

2N+ f f−1+0.133εap
εg

− N
, (3)

where ff is written as (1 − 0.089hwind + 0.1166h2
windεp) (1 + 0.078661N), CC is described as

520 × (1 − 0.000051 ϕ2), ee is written as 0.430 (1 − 100/Tpm), and N, σ, εg, εap, and hw are
the number of glasses, the Stefan–Boltzmann constant, the emittance of glass, the emittance
of the absorber plate, and the wind-heat transfer coefficient, respectively.

The following equations can be used to determine the back and edge heat losses [5,28]:

Qb =
kb
Lb

Ab
(
Tpm − Ta

)
, (4)

Qe =
ke

Le
Ae

(
Tpm − Ta

)
, (5)

where kb, Lb, and Ab are the thermal conductivity, thickness, and back insulation area,
respectively, while ke, Le, and Ae are the thermal conductivity, thickness, and area of edge
insulation, respectively.

The following equation can be used to determine the useful energy (Qu) [29–31]:

Qu =
.

mCp(To − Ti), (6)

where Cp is the specific heat capacity of the HTFs.
The specific heat and density of the nanofluid can be determined using

Equations (7) and (8) [27,32]:

Cpn f =
(1− ϕ)ρb f Cpb f + ϕρnpCpnp

(1− ϕ)ρb f + ϕρnp
, (7)

ρn f = (1− ϕ)ρb f + ϕρnp, (8)

where the subscripts (nf, bf, and np) represent the nanofluid, base fluid, and NPs, respectively.
Another indication for the rate of useful energy gained by the difference between the

absorbed power and heat losses of the FPSC is as following [29–31]:

Qu = FR Ac(GT(τα)−UL(Ti − Ta)), (9)

where FR is the heat removal factor, GT is the global solar radiation, τα is the product
of absorptance and transmittance, (Ti – Ta) is the difference between the input/ambient
temperatures, and η is the thermal efficiency of the collector, generally referred to as the
Hottel–Whillier–Bliss equation, which can be written as [29–31]:

η =
Qu

ACGT
=

.
mCp(To − Ti)

ACGT
, (10)

η = FR(τα)− FRUL
Ti − Ta

GT
. (11)

3. Results and Discussion
3.1. Thermal Analysis

The TGA and DSC analyses of the f-GNPs are shown in Figure 4. At the range of
0–100 ◦C, the initial weight loss reflected in the f-GNPs was individually 11% in virtue
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of adsorbed moisture. The second slight weight loss for the f-GNPs was reported by 16%
from 100 to 500 ◦C, which is attributable to the occurrence of −OH and C=O groups. In the
range of 500–800 ◦C, the f-GNPs suffered another slight weight loss of nearly 24%, which is
ascribable with the breakdown of the graphitic carbon structures in the air.

Figure 4. Thermal properties of the functionalized graphene nanoplatelets (f-GNPs) by differential
scanning calorimetry (DSC) (a) and thermogravimetric analysis (TGA) (b).

3.2. Stability and Morphological Analysis

Figure 5 illustrates the UV–VIS spectra of the f-GNPs suspended in DW at different
sonication times. The sharp absorption peak located at a wavelength of ~283 nm is
correlated with the π→π* transition of the C=C double bonds for the GNPs. The enlarged
peak intensity resulting from the increasing particle percentages of the nanofluids directly
complied with the Beer–Lambert law.
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Figure 5. UV–VIS variations for pristine GNPs and f-GNPs at 1 and 3 h sonication periods.

Zeta potential is defined as the measure of the effective electrical charge on NPs’
surface. Its magnitude represents particle stability; higher magnitudes mean increased
stability from the (more) pronounced electrostatic repulsion between NPs [33,34]. Generally,
NPs with zeta potentials of ≥30 mV or ≤30 mV are expected to be stable for the long term.
Dispersions with zeta potentials of≤25 mV or≥25 mV will agglomerate due to interparticle
(secondary) interactions [35]. The stability of the f-GNP suspensions in distilled water was
elucidated using its zeta potential values and size distributions (Figures 6 and 7). Figure 6
shows the zeta potential and polydispersity index (PDI) of the f-GNPs at a pH value of 7.
Both factors are representative of the nature of the electrostatic interactions between the
colloidal NPs and can be indicative of the state of stability of the overall solution(s). A
more negatively charged (−39.4 mV) solution was reported postsonication for 1 h with
the f-GNPs at a temperature of 25 ◦C. The size distributions of the f-GNPs solutions were
determined using the concept of dynamic light scattering (DLS), and the results are shown
in Figure 7, where the average particle size of the f-GNPs was 442 nm. The size distribution
of the f-GNPs was 83.9–1318.6 nm, and its PDI was 0.255 (low).

Figure 6. Zeta potential distribution of f-GNPs nanofluids at 25 ◦C.
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Figure 7. Particle size distributions for the f-GNPs nanofluid at 25 ◦C.

The pristine GNPs had a multilayered structure with a smooth surface and edges
(low edge defects) within aggregations, as per Figure 8a. Contrarily, surfactal features of
the f-GNPs were rough and riddled with defects and wrinkles due to the prevalence of
covalent functionalization (see Figure 8b). Postfunctionalization, the acid treatment, and
the carboxyl group on the edges and surfaces of GNPs resulted in crumpled and wrinkled
sheets, showcasing a minimal blur effect. The morphological and functional group analyses
confirmed the strong reactions between the acid molecules and the GNPs–COOH, while
the defective folded flakes and rough edges represented the successful occurrence of
the covalent functionalization method. The lines evident in the HR-TEM images were
wrinkles on the GNPs surface, caused by the inherent stability in the 2D structures. The
functionalization method resulted in increased amounts of these lines during sonication,
which was further exacerbated from prior wrinkling/waviness.

The dispersion and the stabilizing effect of the f-GNP nanofluids were determined
using SEM. The surfactant-stabilized nanofluids were placed onto a silicon wafer for
SEM imaging purposes. Figure 9 shows that the GNPs were flat and smooth flakes with
sharp corners of various in-plane sizes. The SEM micrographs suggested that the covalent
synthesis of the f-GNPs resulted in a significantly wrinkled structure. The results of the
f-GNPs analyses using the energy-dispersive X-ray spectroscopy is detailed in Figure 9,
where it encompassed carbon (C), oxygen (O), silicon (Si), sulfur (S), and zirconium (Zr).
It can be seen that the carbon content was 88.95% and the atomic oxygen content was
10.94%. The atomic contents of Si, S, and Zr corresponded to 0.05%, 0.05%, and 0.01%,
respectively. The results confirmed the formation of high-quality materials and are in
excellent agreement with other works reported in the literature [36–38].

3.3. Thermal Performance of Nanofluids

The effects of using the f-GNPs nanofluids with multiple weight fractions (0.025, 0.05%,
0.075%, and 0.1%) wt % as HTFs within the FPSC system are shown in Figures 10–13. Zero-
loss efficiency enhancements at a flow rate of 0.5 kg min−1 were 5.81%, 7.16%, 9.49%, and
10.26%, respectively, and the enhancements at a flow rate of 1 kg min−1 were 6.19%, 7.55%,
9.88%, and 10.65%, respectively, for the f-GNPs-EG nanofluids in the case of multiple
weight concentrations (herein the values of the weight concentrations being 0.025, 0.05%,
0.075%, and 0.1%) relative to the base fluid, as per Figure 10. The efficiency enhancements
at a flow rate of 1.5 kg min−1 were 8.15%, 9.53%, 11.90%, 12.69% for the f-GNPs-EG
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nanofluids in the case of multiple weight concentrations, respectively. For DW:EG (70:30)-
based f-GNPs nanofluids in the case of multiple weight concentrations, the efficiency
enhancements at a flow rate of 0.5 kg min−1 were 5.70%, 7.03%, 9.31%, 10.06%, and the
efficiency enhancements at a flow rate of 1 kg min−1 were 6.13%, 7.47%, 9.78%, and 10.55%,
respectively, as can be seen in Figure 11. The enhancements at a flow rate of 1.5 kg min−1

were 8.09%, 9.46%, 11.82%, 12.60% for DW: EG (70:30) based f-GNPs nanofluids in the
case of multiple weight concentrations, respectively. Finally, the enhancements at a flow
rate of 0.5 kg min−1 are 5.73%, 7.06%, 9.35%, and 10.12% and the enhancements at a flow
rate of 1 kg min−1 were 6.14%, 7.49%, 9.81%, and 10.58%, respectively, for the DW:EG
(50:50)-based f-GNPs nanofluids in the case of multiple weight concentrations, respectively,
as per Figure 12, while the enhancements at a flow rate of 1.5 kg min−1 were 8.11%, 9.48%,
11.84%, and 12.62% for the DW:EG (50:50)-based f-GNPs nanofluids in the case of multiple
weight concentrations, respectively. These observations are in excellent agreement with
the results reported in [39–41], where the higher flow rates of the f-GNPs resulted in the
increased absorption of a heat flux, which enhanced the overall performance of the FPSC.
Heat absorption was uniform via the fluid layer, when the f-GNPs flowed at a lower mass
fraction, which means that the heat loss rate at the boundaries was lower than that in the
case of a higher f-GNPs weight fraction. The majority of heat absorption occurred at the
top layer of the nanofluid, resulting in a high-temperature region near the top wall, which
increased heat losses and subsequently decreased the efficiency of the FPSC [42].

Figure 8. HR-TEM image of pristine GNPs (a) and functionalized GNPs (b) dispersed in DW.
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Figure 9. Cont.
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Figure 9. Cont.
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Figure 9. SEM and energy-dispersive X-ray spectroscopy (EDX) mapping analysis of the GNPs; (a) SEM microimage at
2 µm; (b) SEM microimage at 5 µm; (c) EDX mapping analysis; (d) EDX elemental analysis; (e) electron image; (f) carbon
mapping; (g) oxygen mapping; (h) silicon mapping; (i) sulfur mapping; (j) zirconium mapping.
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Figure 10. The theoretical efficiency for the f-GNPs–EG nanofluids with different weight concentra-
tions: (a) 0.5 kg min−1; (b) 1 kg min−1; (c) 1.5 kg min−1.
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Figure 11. The theoretical efficiencies for the DW:EG (70:30)-based f-GNPs nanofluids with different
weight concentrations: (a) 0.5 kg min−1; (b) 1 kg min−1; (c) 1.5 kg min−1.
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Figure 12. The theoretical efficiencies for the DW:EG (50:50)-based f-GNPs nanofluids with different
weight concentrations: (a) 0.5 kg min−1; (b) 1 kg min−1; (c) 1.5 kg min−1.
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Figure 13. The surface plots of collector efficiency against mass concentration and reduced tempera-
ture factor at 1.5 kg min−1: (a) EG + GNPs, (b) DW:EG (70:30) + GNPs, (c) DW:EG (50:50) + GNPs.
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The heat gain (FR (τα)) and heat loss (FRUL) coefficients are listed in Tables 2–4, and
the values are in a good agreement with those reported in [43–45] on the increase of the
(FR (τα)) and (FRUL) factors of the f-GNPs nanofluids. At a flow rate of 1.5 kg min−1

and concentrations of 0.025–0.1 wt %, the heat gain parameter for EG increased by 8.01%,
10.28%, 11.91%, and 12.48%, respectively (Table 2), while the heat losses increased by
17.38%, 17.47%, 23.11%, and 34.25% at a flow rate of 1.5 kg min−1 and a NPs’ concentration
of 0.025 to 0.1 wt %. Moreover, it can be seen in Table 3 that the flow of the f-GNPs at
1.5 kg min−1 and NPs concentration of 0.025 to 0.1 wt % increased the FR (τα) of DW:EG
(70:30) by 7.96%, 10.21%, 11.83%, and 12.40%, respectively, and the corresponding values of
FRUL improved by 17.26%, 17.35%, 22.95%, and 34.01%, respectively, at similar operating
conditions. Finally, Table 4 shows that the heat gains for DW:EG (50:50) at a flow rate of
1.5 kg min−1 and f-GNPs concentrations of 0.025 to 0.1 wt % increased by 7.97%, 10.23%,
11.85%, and 12.42%, respectively, while the respective values of the heat loss parameter
increased by 17.30%, 17.39%, 22.99%, and 34.08% at 1.5 kg min−1 and NPs concentrations
of 0.025 to 0.1 wt %.

Table 2. Heat absorbed and heat removal factors at a different flow rate for the EG-based f-GNPs nanofluids.

.
m

(kg min−1)
EG 0.025% f-GNPs 0.05% f-GNPs 0.075% f-GNPs 0.1% f-GNPs

FR(τα) FRUL FR(τα) FRUL FR(τα) FRUL FR(τα) FRUL FR(τα) FRUL

0.5 0.6802 6.1547 0.7276 6.6331 0.7427 6.6384 0.7536 6.9783 0.7574 7.6509
1 0.7000 6.3315 0.7513 7.0471 0.7669 7.0527 0.7781 7.4035 0.7821 8.0977

1.5 0.7068 6.3930 0.7634 7.5044 0.7794 7.5101 0.7909 7.8702 0.795 8.5826

Table 3. Heat absorbed and heat removal factors at a different flow rate for the DW:EG (70:30)-based f-GNPs nanofluids.

.
m

(kg min−1)
DW:EG (70:30) 0.025% f-GNPs 0.05% f-GNPs 0.075% f-GNPs 0.1% f-GNPs

FR(τα) FRUL FR(τα) FRUL FR(τα) FRUL FR (τα) FRUL FR(τα) FRUL

0.5 0.6935 6.2736 0.7409 6.7520 0.7560 6.7573 0.7669 7.0973 0.7707 7.7698
1 0.7069 6.3959 0.7582 7.1115 0.7738 7.1171 0.785 7.4679 0.789 8.1621

1.5 0.7114 6.4376 0.7680 7.5490 0.7841 7.5546 0.7956 7.9148 0.7996 8.6271

Table 4. Heat absorbed and heat removal factors at a different flow rate for the DW:EG (50:50)-based f-GNPs nanofluids.

.
m

(kg min−1)
DW:EG (50:50) 0.025% f-GNPs 0.05% f-GNPs 0.075% f-GNPs 0.1% f-GNPs

FR(τα) FRUL FR(τα) FRUL FR(τα) FRUL FR (τα) FRUL FR(τα) FRUL

0.5 0.6899 6.2429 0.7373 6.7211 0.7525 6.7266 0.7633 7.0666 0.7672 7.7391
1 0.7051 6.3817 0.7564 7.0973 0.7720 7.1028 0.7832 7.4536 0.7872 8.1478

1.5 0.7102 6.4251 0.7668 7.5365 0.7828 7.5423 0.7944 7.9022 0.7984 8.6146

4. Conclusions

This study discussed the development of well-dispersed graphene nanoplatelets (f-
GNPs) for the analytical assessment of the impact of utilizing nano-coolants as absorbing
mediums upon the energy efficiency of an FPSC. The covalent functionalization approach’s
effectiveness was determined using HR-TEM and SEM. The effects of many variables
were elucidated during the analyses, encompassing base fluids, weight concentrations,
fluid flow rates, input fluid temperatures, and input heat rates. The analysis leads to the
following conclusions:

i. The UV–VIS spectra showed a sharp absorption peak at a wavelength of ~283. In
the temperature range of 500–800 ◦C, f-GNPs suffered from a weight loss of nearly
24%, which was attributable to the breakdown of the air’s graphitic carbon nanos-
tructures.
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ii. The zeta potential of the prepared f-GNPs had a negative charge of −39.4 mV. The
EDX analyses of the GNPs confirmed its high carbon content of 88.95% and lower
atomic oxygen content of 10.94%. The atomic contents of Si, S, and Zr were 0.05%,
0.05%, and 0.01%, respectively.

iii. The zero-loss efficiency at a flow rate of 1.5 kg min−1 was 0.6992, 0.7038, and 0.7026
for EG, DW: EG (70:30), and DW: EG (50:50), respectively. This means that the
increased flow rate improved the performance of the collector. FR (τα) and FRUL
increased in tandem, with the flow rate increasing from 0.5 to 1.5 kg min−1.

iv. At a flow rate of 1.5 kg min−1, the efficiency enhancements were 8.15%, 9.53%,
11.90%, and 12.69% for the EG-based f-GNPs nanofluids with multiple weight
concentrations, respectively, while the enhancements were 8.09%, 9.46%, 11.82%,
and 12.60% for the DW:EG (70:30)-based f-GNPs nanofluids for multiple weight
concentrations, respectively. The enhancements were 8.11%, 9.48%, 11.84%, and
12.62% for the DW:EG (50:50)-based f-GNPs nanofluids in the case of multiple
weight concentrations, respectively. The results revealed that GNPs-based baseflu-
ids could function as a kind of good and alternative conventional working fluid in
heat transfer applications.

v. At a flow rate of 1.5 kg min−1 and 0.1 wt %, FR(τα) and FRUL increased by 12.48%
and 34.25%, 12.40% and 34.01, 12.42% and 34.08% for the EG, DW:EG (70:30)-based,
and DW:EG (50:50)-based f-GNPs nanofluids, respectively.

In future work, more research has to be conducted using CNTs-based hybrid nanoflu-
ids and graphene-based nanofluids. The nanofluids with heat transfer promoters need to
be investigated further to produce maximum cost-effective thermal performance. Future
research should be devoted to developing FPSCs with built-in PCM as a latent heat storage,
when the nanofluids are used as HTFs. In addition, a porous medium has to be analyzed
numerically and experimentally with different porosity materials and nanofluids.
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Nomenclature and Abbreviations
Ac surface area of collector, m2

Al2O3 aluminium oxide
CNTs carbon nanotubes
Cp specific heat coefficient, kJ kg−1 K−1

CuO copper oxide
DASC direct absorption solar collector
DSC differential scanning calorimetry
DW distilled water
EDX energy dispersive X-ray
EG ethylene glycol
ELS electrophoretic light scattering
FPSC flat plate solar collector
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FR(τα) collector heat gain coefficient
FRUL collector heat loss coefficient
GNPs graphene nanoplatelets
GO graphene oxide
Gr graphene
GT global solar radiation, W m−2

hw heat transfer coefficient of wind, W m−2 K−1

HR-TEM high-resolution transmission electron microscopy
HTFs heat transfer fluids
K thermal conductivity, W m−1 K−1

L characteristic length, m
.

m Fluid mass flow rate, kg min−1

MWCNTs multiwalled carbon nanotubes
N number of glasses
PCM phase change material
PDI polydispersity index
Qloss overall heat loss, W
Qu rate of useful energy gained, W
SEM scanning electron microscopy
SiO2 silicon dioxide
SWCNTs single-wall carbon nanotubes
T temperature, K
TGA thermogravimetric analysis
TiO2 titanium oxide
UL overall loss coefficient of an FPSC, W m−2 K−1

Greek Letters
εg glass cover emittance
εap absorber plate emittance
η collector efficiency
ρ working fluid density, kg m−3

σ Stefan–Boltzmann constant, W m−2 K−4

τα absorptance–transmittance product
ϕ weight percentage, wt %
Subscripts
amb room temperature
b back-side
bf base fluid
c collector
e edge-side
fm mean fluid
In input
Nf nanofluid
Np nanoparticle
out output
Pm mean absorber plate
T top-side
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