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Energy, exergy and economic (3E) 
analysis of flat‑plate solar collector 
using novel environmental friendly 
nanofluid
Muhammad Amar 1,2*, Naveed Akram 1, Ghulam Qadar Chaudhary 1, Salim Newaz Kazi 2, 
Manzoore Elahi M. Soudagar 3,4,5, Nabisab Mujawar Mubarak 6* & Md Abul Kalam 7

The use of solar energy is one of the most prominent strategies for addressing the present energy 
management challenges. Solar energy is used in numerous residential sectors through flat plate solar 
collectors. The thermal efficiency of flat plate solar collectors is improved when conventional heat 
transfer fluids are replaced with nanofluids because they offer superior thermo-physical properties 
to conventional heat transfer fluids. Concentrated chemicals are utilized in nanofluids’ conventional 
synthesis techniques, which produce hazardous toxic bi-products. The present research investigates 
the effects of novel green covalently functionalized gallic acid-treated multiwall carbon nanotubes-
water nanofluid on the performance of flat plate solar collectors. GAMWCNTs are highly stable in 
the base fluid, according to stability analysis techniques, including ultraviolet–visible spectroscopy 
and zeta potential. Experimental evaluation shows that the thermo-physical properties of nanofluid 
are better than those of base fluid deionized water. The energy, exergy and economic analysis are 
performed using 0.025%, 0.065% and 0.1% weight concentrations of GAMWCNT-water at varying 
mass flow rates 0.010, 0.0144, 0.0188 kg/s. The introduction of GAMWCNT nanofluid enhanced the 
thermal performance of flat plate solar collectors in terms of energy and exergy efficiency. There is 
an enhancement in efficiency with the rise in heat flux, mass flow rate and weight concentration, 
but a decline is seen as inlet temperature increases. As per experimental findings, the highest 
improvement in energy efficiency is 30.88% for a 0.1% weight concentration of GAMWCNT nanofluid 
at 0.0188 kg/s compared to the base fluid. The collector’s exergy efficiency increases with the rise in 
weight concentration while it decreases with an increase in flow rate. The highest exergy efficiency 
is achieved at 0.1% GAMWCNT concentration and 0.010 kg/s mass flow rate. GAMWCNT nanofluids 
have higher values for friction factor compared to the base fluid. There is a small increment in relative 
pumping power with increasing weight concentration of nanofluid. Performance index values of more 
than 1 are achieved for all GAMWCNT concentrations. When the solar thermal collector is operated 
at 0.0188 kg/s and 0.1% weight concentration of GAMWCNT nanofluid, the highest size reduction, 
27.59%, is achieved as compared to a flat plate solar collector with water as a heat transfer fluid.

List of symbols
Ac	� Area of flat plate collector (m2)
ARC	� Reduction in the area of the collector (m2)
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NIST	� National Institute of Standards and Technology
Cp	� Heat capacity of fluid (J/kg K)
CNTs	� Carbon nanotubes
MWCNT	� Multi-walled carbon nanotube
GAMWCNT	� Gallic Acid based multi-walled carbon nanotube
GGNP	� Gallic acid-treated GNP
FPSC	� Flat plate solar collector
TEM	� Transmission Electron Microscopy
GA	� Gallic Acid
GNPs	� Graphene nanoplatelets
H2O2	� Hydrogen peroxide
wt%	� Weight percentage/mass fraction
K	� Thermal conductivity of the fluid (W/m.K)
K	� Kelvin
L	� Length of the tube (m)
ṁ	� Working fluid flow rate (kg/s)
UV–VIS	� Ultraviolet–visible spectroscopy
Di	� Inner diameter
q̇	� Heat flux (W/m2)
bf	� Base fluid
nf	� Nanofluid
h	� Convective heat transfer coefficient (W/m2. K)
Re	� Reynolds number
ƒ	� Experimental friction factor
T	� Temperature, °C
TiO2	� Titanium dioxide
CeO2	� Cerium (IV) oxide
Al2O3	� Aluminum oxide
ZnO	� Zinc oxide
RTD	� Resistance temperature detector
FTIR	� Fourier transform infrared spectroscopy
TEA	� Triethanolamine
ASHRAE	� American Society of Heating, Refrigeration, and Air- Conditioning Engineers
SSA	� Specific surface area
GT	� The intensity of heat flux (W/m2)
FR (τα)	� Heat absorbed factor
FRUL	� Heat removal factor
Edest	� Exergy destruction
Sgen	� Entropy generation
PI	� Performance index
EE	� Embodied energy
TW	� Tube wall
Ta	� Ambient temperature (K)
Ti	� The fluid temperature at the inlet(K)
To	� The fluid temperature at the outlet (K)
Ts	� The temperature of surroundings (K)

Greek symbol
ρ	� Fluid density(kg/m3)
Δp	� Difference of pressure (Pa)
ηe	� Exergy efficiency
η	� Collector thermal efficiency
µ	� Fluid dynamic viscosity (mPa s)

The world’s population and energy consumption are rapidly expanding. Modern human cultures’ industrialization 
and globalization are major causes of this increase in energy consumption. The International Energy Agency 
predicts that by the end of 2040, global energy consumption will grow approximately 30%1. Fossil fuels satisfy 
86% of worldwide energy demand2. The world’s fossil fuel reserves are rapidly depleting, and the environment 
is severely polluted. The challenge in the current era is to fulfill energy demands without further degrading the 
environment. Sustainable Development Goal 7 becomes a challenge that confront every country and affects 
everyone. The fundamental objective of Sustainable Development Goal 7 is to achieve energy that is economical, 
clean, efficient, reliable and accessible to all people. Because conventional energy resources are finite, the search 
for alternative energy sources has intensified worldwide. Renewable energy resources have proved that they can 
meet the need for clean energy3.

Due to its affordability and availability, solar energy is in more demand than other renewable energy resources. 
Solar energy can be used in a variety of ways. Solar heat may be utilized for various applications, including space 
heating, household hot water, cooling, and even process heating4,5. Solar energy collection and conversion is a 
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key focus in this energy sector. The sun’s energy can easily be harvested and converted into thermal or electrical 
energy. Different equipment and technologies, such as photovoltaic and solar thermal collectors, can carry out 
this energy conversion process. Solar collectors employ a heat-exchanging fluid to convert solar energy to thermal 
energy. The absorber plate of the collector captures solar energy and transfers it to the absorber fluid, increasing 
its internal energy, which may subsequently be used for various purposes. Flat plate solar collectors (FPSC) with 
no optical concentration are utilized in the 40–100 °C range of temperature. They are suitable for household 
applications because of their simplicity, ease of maintenance, and minimal running costs. FPSC has relatively low 
efficiency and output temperature. Materials, design6, coating on collector plate7, tilt angle8, climatic conditions9, 
and working fluid10 are all factors that influence the effectiveness of Flat plate solar collectors. Substituting a 
greater thermal conductivity fluid for pure water (which serves as the working fluid) is one of the easiest and 
most effective ways to improve efficiency.

Commonly used heat transfer fluids (distilled water, glycols, oils, etc.) have limited effectiveness in heat 
transfer systems such as solar thermal collectors due to their low thermal conductivity and heat transfer 
capabilities11,12. Solid nanoparticles can be suspended in a base fluid to achieve high thermal conductivity. 
Nanofluids are defined as the dispersion of nanometer-sized particles in water with a higher thermal conductivity 
than ordinary water13,14. Choi13 was the first to coin the phrase "nanofluids." Masuda et al.15 were the first 
to observe a significant change in the thermophysical parameters of the base liquid following nanoparticle 
dispersion. These ’nanofluids’ can significantly improve the heat transfer performance of ordinary fluids16.

Numerous studies look into utilizing nanofluids in FPSC to boost collector efficiency. According to Said 
et al.17, collector efficiency was enhanced up to 76.6% by using TiO2 nanofluid at a 0.00833 kg/s flow rate for 
0.1% wt.% fraction of nanofluid. There was no significant difference in pressure loss and pumping power values 
compared to the base fluid. He et al.18 carried out an experimental investigation to determine the impacts of 
copper–water (Cu-H2O) nanofluid on the thermal performance of FPSC while maintaining a 140 L/h mass 
flow rate for different nanofluid mass fractions. A two-step method was used for nanofluid preparation. As 
per the experiment results, there was a substantial improvement in thermal efficiency, 23.83% for 0.1% mass 
concentration and 25 nm size. The efficiency of the collector was decreased with the increase in nanoparticle 
size. Hajabdollahi et al.19 conducted a study for modelling and optimization of a solar network heater using flat 
plate collectors. Energy efficiency and cost ratio are both regarded as two objective functions. According to the 
findings, it is not economically feasible in the case of high collector efficiency. Every 10% increase in fuel prices 
causes the cost ratio to fall by 4.75%. In a study by Said et al.20, the thermal efficiency of a small-scale solar-driven 
organic Rankine cycle coupled with a flat plate solar collector was investigated about MWCNT + WO3/water 
hybrid nanofluid and MWCNT/R141b nano-refrigerant. The ORC system’s thermal and exergy efficiency was 
experimentally investigated at various nanofluid flow rates and concentrations. It was reported that 0.5 vol% of 
nanofluid concentration and 3 lpm of nanofluid flow rate in the collector resulted in a considerable increase in 
energy and exergy efficiency by 8.52% and 6.30%, respectively.

The thermal efficiency of the FP solar collector was examined by Ahmadi et al.21 using graphene nanoplatelets 
(GNPs) based nanofluid as heat transfer fluid. Experimental results showed an 18.87% enhancement in the 
collector’s efficiency using graphene nanofluid. Novel Ionic liquid-MXene hybrid nanofluids’ thermophysical 
properties were examined by Said et al.22. With 0.5% weight of MXene nanomaterial, the thermal conductivity 
of 0.82 W/mK was attained. Another study investigated the energy efficiency, visualized energy, and pollution 
generation of a solar flat plate collector that uses a water/copper–aluminum hybrid nanofluid23. It was determined 
that hybrid nanofluid’s collector energy efficiency is greater than that of other working fluids. An experimental 
investigation to analyze the performance of a solar-powered shell and tube heat exchanger using MWCNTs/ 
water-based nanofluids was performed by Said et al.24. At 0.3% vol., the heat transfer coefficient was improved 
by 31.08%. The area was reduced by 5.4% for 0.3% MWCNT/water system compared to the base fluid. Jouybari 
et al.25 experimentally examined the thermal efficiency of FPSC using SiO2/deionized water nanofluid. They found 
an 8.1% increment in thermal efficiency. The efficiency curve’s slope parameter diminishes as the nanoparticle 
size decreases. Kiliç et al.26 conducted an experimental study to check the effect of using TiO2/water nanofluid as 
a working fluid on the thermal performance of FPSC. Triton X-100 surfactant was also added during nanofluid 
preparation to increase the stability of the nanofluid. It was found that 48.67% maximum instantaneous efficiency 
was achieved. Stalin et al.22 conducted an experimental and theoretical study to analyze the effectiveness of 
liquid flat plate collectors utilizing CeO2-based nanofluid. Compared to base fluid water, a solar collector with 
cerium dioxide (CeO2/H2O) nanofluid achieved 78.2% thermal efficiency, which was 21.5% more than water. 
However, some studies also indicate a reduction in collector efficiency using alumina-based nanofluid27. The 
nanoparticle deposition wall formation noted a 5.5% reduction in efficiency. This deposition layer created extra 
thermal resistance to heat transfer, and ultimately, thermal efficiency was decreased. Arora et al.28 studied flat 
plate solar collector performance using an innovative absorber tube, i.e., Marquise Shaped and Al2O3/water 
nanofluid. Experimental findings illustrated that at a mass flow rate of 3lpm, collector efficiency with and without 
nanofluid is 83.17% and 59.72%, respectively. Another study was carried out by Akram et al.29 to investigate the 
performance of FPSC. The covalent functionalization method was adopted to synthesize green graphene-based 
nanofluids. There was a significant increment in the colloidal stability of nanofluid. Experimental results showed 
that thermal efficiency was enhanced by 18.2% by utilizing nanofluids compared to water. Choudhary et al.30 
performed an experimental study to check the thermal behavior of the collector by using ZnO/water nanofluid. 
The noncovalent functionalization method was adopted to prepare the nanofluid. It was found that with time, the 
nanofluid becomes inefficient due to sedimentation, aided by higher particle size. The percentage enhancement in 
efficiency was 19.9% when compared to the base fluid. Moravej et al.31 utilized rutile TiO2/water nanofluid for the 
performance investigation of symmetric FPSC. Nanofluid was synthesized by a non-covalent functionalization 
method without using a surfactant. The use of TiO2-water nanofluid significantly boosted thermal efficiency. 
Another research was carried out by Sarsam et al.32 to analyze the thermal behavior of the collector by employing 
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GNPs based nanofluid. They used the conventional/ covalent functionalization method to functionalize GNPs 
with triethanolamine (TEA). Although a considerable enhancement in collector efficiency was noted, strong 
chemicals were utilized in covalent functionalization, which produces hazardous toxic bi-products. Akram et al.33 
used carbon and metal-based nanofluids as working fluids to analyze the thermal efficiency of FPSC. Carbon 
nanoplates were covalently functionalized in this study, and metal oxides were non-covalently functionalized 
using a surfactant. Results indicated 60 days of stability for carbon-based nanofluid and 30 days for metal-based 
nanofluid. The percentage enhancement in efficiency was 17.45% for carbon-based nanofluid compared to water. 
Kumar et al.34 reported that GGNPs with 0.1 wt% and 1.5 lpm flow rate resulted in a 24.09% increase in LFPSC 
efficiency over distilled water. Covalent functionalization of graphene nanoplatelets with gallic acid was done. 
Relative pumping power slightly increased with increasing GGNP concentration.

Although nanofluids based on carbon nanoparticles provide a high heat transfer rate, carbon-based 
nanomaterials have low colloidal stability in base fluid due to their hydrophobic nature. Therefore, it is crucial 
to modify the surface of carbon-based nanoparticles to enhance their colloidal stability. Surface modification 
can be done using either covalent or non-covalent functionalization methods. Surfactants are required for non-
covalent functionalization, which has unwanted consequences such as foam generation, corrosion, and many 
others. Therefore, to achieve long-term dispersible stability covalent functionalization method is preferred. 
Thermo-physical characteristics of working fluids are also enhanced in covalent functionalization32,35.

Furthermore, concentrated chemicals are utilized in covalent functionalization, producing hazardous toxic 
bi-products35,36. As a necessity, the use of environmentally acceptable ingredients for synthesizing nanoparticles, 
particularly carbon-based nanoparticles, is essential.

Gallic acid (GA), a polyphenol antioxidant, is present in many fruits and vegetables, including grapes and 
tea37. The pharmaceutical sector uses gallic acid extensively. Due to eco friendly properties, GA can be used to 
covalently functionalize multiwall carbon nanotubes, converting their hydrophobic surface to hydrophilic and 
enhancing their stability in the base fluid.

According to the available literature, studies focused on using environmentally friendly, stable, covalently 
functionalized nanofluids to evaluate the thermal performance of FPSCs are not discovered. In the present 
study, a green, long-term stable, covalently functionalized gallic acid-treated multiwall carbon nanotubes-water 
nanofluid is used as heat transfer fluid to evaluate the energy and exergy efficiency of a flat plate solar collector. 
Economic analysis of FPSC utilizing green synthesized GAMWCNT-water nanofluid is also carried out. The 
effect of outlet temperature on collector efficiency, friction factor (f), pumping power, collector size reduction, 
and cost reductions are assessed. The experiments are carried out with three different weight concentrations 
of GAMWCNT-H2O nanofluid, 0.025%, 0.065%, and 0.1%, at varying mass flow rates of 0.010, 0.0144, and 
0.0188 kg/s, while maintaining heat flux intensities of 600, 800, and 1000 W/m2 and temperatures at the inlet 
between 303 and 323 K.

Materials and methods
The following three topics are covered in depth in this section:

1.	 Eco-friendly covalent functionalized GAMWCNTs nanofluids synthesis technique
2.	 FPSC Experimental test rig. for testing thermal performance
3.	 Testing method for conduction of experiments utilizing Eco-friendly nanofluid

Synthesis of Green GAMWCNTs nanofluid.  Natural phenolic extract 3,4,5 trihydroxy benzoic acid, also 
known as gallic acid (GA), was used to covalently functionalize multiwall carbon nanotubes (diameter: < 8 nm, 
purity: > 95%, SSA: > 500 m2/g). A two-step method, as suggested by Akram et al.38 was introduced for preparation 
of green gallic acid treated multiwall carbon nanotubes nanofluid. 5 g of immaculate multi-wall carbon nanotubes 
(Nanostructured & Amorphous Materials Inc.), and 15 g of gallic acid were immersed into a beaker filled with 
1000 ml distilled water and then stirred for almost 1/4 h until the mixture turned homogeneous. During the 
sonication time, 25 ml of H2O2 (Brand-sigma-Aldrich) was injected dropwise into the mixture. The resulting 
mixture was ultra-sonicated for 1/3 h. The mixture was then refluxed for 14 h at 80 °C. The centrifugation of 
GAMWCNs colloid was carried out at 14,000 rpm and rinsed multiple times with distilled water to eliminate 
residual particles until the pH reached 7. Afterward, the synthesized specimen was dried at 60 °C in an oven for 
a day. Finally, gallic acid-treated multi-wall carbon nanotubes -water nano-fluid was synthesized by dispersing 
0.025, 0.065, and 0.1 wt.% covalently functionalized MWCNTs nanoparticles in water for 10  min via ultra-
sonication. The GAMWCNTs were found to be well-dispersed in the base fluid. A schematic diagram of the 
synthesis of GAMWCNT is shown in Fig. 1.

Experimental setup.  Experiments were carried out in a Laboratory at the Mechanical Engineering 
Department of the University of Malaya in Malaysia (indoor testing) to analyze the thermal performance of flat 
plate solar thermal collectors. Table 1 lists the detailed specifications of the FPSC utilized in this investigation. 
Figure 2a shows a schematic representation of the test rig arrangement, while Fig. 2b represents the pictorial 
view of the experimental setup. The test rig includes several key parts such as a flow loop, control devices, 
data logger, refrigerated water bath circulator (cooling medium) and FPSC. The inside view of FPSC and detail 
of thermocouples installation on the riser tubes are shown in Fig. 3. A centrifugal electric pump was used to 
circulate the working fluid in the forced convection system. A self-adhesive T-type thermocouple measured 
ambient temperatures, and a flexible adhesive heater fixed at the collector surface was used as a source of 
constant heat flux akin to solar irradiance. A refrigerated water bath circulator with an insulated jacketed tank 
was employed to control the nanofluid temperature at the collector’s inlet. A stainless-steel storage tank with 
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a capacity of 8 l was utilized as storage of working fluid(nanofluid), and to measure mass flow rate, a digital 
flow meter was installed. A needle valve was inserted well before the flow meter to control the mass flow rate 
during the testing, and calibrated PT-100 resistance temperature detectors (RTDs) were used to monitor the 
solar collector’s intake and outlet temperatures.

In four different positions along the x-axis, the exterior wall temperatures of the two middle riser tubes 
(TW) and the central line temperature of the absorber plate (AP) were determined, as seen in Fig. 3. It can be 
observed that the positions of thermocouples are 11.4, 34.29, 57.15, and 80.1 cm from the reference position of 
an absorber plate in the direction of the x-axis. It may call the dimensionless axial distance (x/d). The value of 
TW was taken by averaging two riser tubes at each position. The outlet, absorber plate (AP), tube wall (TW), 
and ambient temperature and pressure drop for each test run were recorded at steady-state conditions and heat 
flux intensities of 600, 800, and 1000 W/m2 as suggested by the ASHRAE Standard 93-2003 for indoor testing39.

Testing procedure.  A flat plate solar collector’s thermal performance was tested indoors per ASHRAE 
standard 93-200339. All tests were carried out in steady-state conditions with various heat flux rates equivalent to 
solar radiations to determine the FPSC’s thermal efficiency.

Figure 1.   Graphical presentation of the synthesis process.

Table 1.   Specification of the test setup.

Sr.No Specification Value Unit

1 Length 113.5 cm

2 Width 60 cm

3 Depth 9 cm

4 Collector area 0.6810 m2

5 Absorption area of the collector 0.4645 m2

6 The thickness of the glass cover 0.5 cm

7 The outer diameter of the collector header tube (Do) 2.22 cm

8 The inner diameter of the collector header tube (Di) 2.09 cm

9 The outer diameter of the collector riser tube (do) 1.27 cm

10 The inner diameter of the collector riser tube (di) 1.16 cm

11 Spacing between tubes 12.8 cm

12 Glass cover emissivity 0.88 –

13 Absorption coefficient 0.95 –

14 Insulation on back 5 cm

15 Insulation on sides 3 cm

16 Insulation thermal conductivity 0.04 w/mK

17 Tilt angle 30 degree

18 Number of the riser tube 4 –
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Useful heat gain under steady-state conditions is calculated using Eq. (1)40

The thermal efficiency of the FP solar collector is computed using Eq. (2)32,41

Equation (3) is used for finding the heat removal factor41

Exergy loss can be calculated by41

Absorbed energy Q̇s is given by34

(1)Qu = ṁCp(To − Ti)

(2)ηT = Qu
/

Ac .GT
= ṁCp(To − Ti)/Ac .GT = FR .(τα)− FRUL

(

To − Ti

GT

)

(3)FR == ṁCp(To − Ti)/Ac[GT (τα)− UL(TO − Ti)]

(4)Ėdest = Ėheat − Ėṁin − Ė ˙mout − Ėwork

(5)
∑

(

1−
Ta

Tsurr

)

Q̇s − Ẇ+
∑

˙min.ψin −
∑

˙mout .ψout = Ėdest

(6)
∑

(

1−
Ta

Tsurr

)

Q̇s − ṁ�h− Ta�s = Ėdest

Figure 2.   (a) Schematic view of experimental setup. (b) Pictorial view of the experimental setup.
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Enthalpy changes of GAMWCNT nanofluid are calculated as34

And for entropy changes following Eq. (9) is used34

Putting values of terms from Eqs. (7–9) in Eq. (6),

(7)Q̇s = Gt(τα)Ac

(8)�h = (hout − hin) = Cp�T

(9)�s = (sout − sin) = ṁCp ln
(

Tout
/

Tin

)

− RIn
Pout

Pin

Figure 3.   Detail description of FPSC along with thermocouple positions.
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The rate of exergy loss and exergy efficiency is found by Eq. (11) and Eq. (12)34

Experimental friction factor as evaluated from pressure drop values given by34,42

Equations (14) and (15) are used for finding the Reynolds number and fluid flow velocity34

The following correlations can be used for finding theoretical friction factors43,44

Pumping power is evaluated by11

Equation (19) is used for finding relative pumping power45

Znf  and Zbf  are pumping power of CMWCNT base nanofluid and base fluid, respectively.
The Performance Index (PI) is used to assess the feasibility and efficacy of GAMWCNT nanofluids in FPSCs, 

which is given by46

The size reduction of Flat plate solar collector is given as47,48

Uncertainty analysis.  There are minimal flaws and inaccuracies in the data obtained. Errors cannot be 
avoided in any experimentation that causes uncertainty in the outcomes. An uncertainty analysis was performed 
to evaluate the recorded experimental values’ accuracy49. The efficiency of FPSC will be explained proportionately 
in this approach, as shown by Eqs. (22) and (23)

R = R (x1, x2, …xn) if R is the output of the provided function that is proportional to the independent 
parameters x1, x2,…xn. Equation (23), proposed by Moffat61 and Holman62, can be used to measure the uncertainty 
(δR).

(10)Ėdest =

(

1−
Ta

Ts

)

Gt(τα)Ac − ṁCp�T + ṁ.Ta

[

Cpln

(

Tout

Tin

)

− R.Taln

(

Pout

Pin

)]

(11)Ėdest = ˙Sgen.Ta

(12)ηe = 1−
˙Sgen.Ta

[

1− Ta
Tsurr

]

Q̇s

(13)f =
�Pexp

(

L
Di

)(

ρv2

2

)

(14)Re =
4ṁ

πDiµ

(15)V =
ṁ

πρD2
i /4

(16)f = [0.79(lnRe)− 1.64]−2forRe range (2300−105)

(17)f = 0.3164Re
−

(

1
4

)

for Re range (3000− 105)

(18)PumpingPower =

(

ṁ

ρ

)

�Pexp

(19)
Znf

Zbf
=

(

ρbf

ρnf

)2(µnf

µbf

)3

(20)PI =
ZηT

Z�P
=

(η)nf /(η)bf
(

�Pexp
)

nf
/
(

�Pexp
)

bf

(21)ARC =
ṁCp(To − Ti)

GTηT

(22)ηc ∝
Useful energy collected

Flux of heat available at surface
∝

ρQ̇Cp(To − Ti)

IT
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The uncertainty in the experiments data of this investigation is calculated using Eq. (24). which is based on 
Eq. (23)

2.62%, 1.4%, 0.70%, 2%, 2.2%, 1.9%, 0.45%, 0.45% and 0.8% are uncertainty values of specific heat, density, 
voltage, current, solar irradiance, thermal conductivity, inlet temperature, outlet temperature and mass flow rate 
respectively. The uncertainty value for the efficiency of the collector is 3.90%.

Results and discussion
Characterization.  This section discusses various techniques used to characterize materials, including FTIR, 
Raman spectroscopy, TEM and Zeta potential and UV/VIS spectroscopy.

In the FTIR technique, compared to pure MWCNTs, the GAMWCNT sample shows a strong indication of 
the existence of hydroxyl (O–H) groups. The sharp and wide peaks at 3446–3750 cm−1 are linked with the O–H 
stretching vibrations at the primary structure of both MWCNTs and GAMWCNTs with various intensities 
due to the interaction between the MWCNTs and hydroxyl (O–H) groups of gallic acid (GA) and hydrogen 
peroxide (H2O2). The GA is effectively linked to the pure MWCNTs by the free-radical grafting process, as per 
the FTIR spectrum. Raman spectroscopy is a prominent method for determining the chemical functionalization 
of carbon-based materials. According to this method, both immaculate MWCNTs and GAMWCNTs feature D 
and G bands at wavenumbers of ~ 1350 and 1590 cm−1, respectively. A technique known as TEM was employed 
to verify the success of covalent functionalization on MWCNTs. According to TEM, the surface of MWCNTs 
has been successfully modified to meet the requirements, as shown in Fig. 4. Another technique, Zeta potential, 
is used for analyzing the stability of nanoparticles in the base fluid. As per the Zeta potential test, for a pH range 
of 2.70–9.56, the GAMWCNTs display strong minus values ranging from − 16 to − 52.4 mV, which are far from 
the point of isoelectric. The GAMWCNTs exhibit a significant electrostatic repulsion force in the pH range 
of 3.10–9.56, which inhibits the MWCNTs from aggregating due to noncovalent interactions. The stability of 
the nanofluid was also confirmed by UV/VIS spectroscopy. The absorbance reading will rise as the amount of 
dispersed GAMWCNTs increases, and the relative concentration of GAMWCNTs remains stable till 60 days38.

Thermophysical properties of GAMWCNTs aqueous suspensions.  The Thermophysical properties 
of GAMWCNTs and values for various concentrations are presented in Table 2.

An approximately 5% accurate KD2 Pro (Decagon Geräte, Inc., USA) Thermal Properties analyzer was 
utilized to measure the thermal conductivity of the nanofluids synthesized in this study. KS-1 prob, with a 
diameter of 1.3 mm and length of 60 mm used as a needle sensor, and its working principle is based on the 
transient hot-wire method. With less than 1% uncertainty, the recorded thermal conductivity for base fluid (DW) 
displays good compatibility with NIST data50. Compared to deionized water (DW), GAMWCNT-H2O nanofluids 
have a significantly higher thermal conductivity, as shown in Table 2, and the temperature of the working fluid 
and concentration of nanoparticles increases the thermal conductivity. The Brownian motion of nanoparticles in 
a fluid is the principal factor underpinning the increased thermal conductivity of the GAMWCNT nano-fluid, 
which rises with the increase in temperature. With a rise in temperature, the random mobility of nanoparticles 
in fluid increases. Therefore, thermal energy is transported very rapidly through the fluid. Table 2 shows that the 
maximum increase in thermal conductivity is 22.83% at 323 K for 0.1% weight concentration.

In this investigation, the viscosity of nanofluids was measured using an Anton Paar rotating rheometer 
(Anton Paar GmbH, Physica MCR 301). Shear rates ranging from 20 to 200 1/s were used for testing at various 
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Figure 4.   (a, b) TEM images of pristine MWCNTs and GAMWCNTs (reuse with permission of elsevier).
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temperatures. The viscosity of the GAMWCNTs nano-fluid is greater than that of Deionized water (DW), as 
seen in the Table 2, while the difference is not significant. Furthermore, the effective viscosity of the GAMWCNT 
reduces as the temperature of the working fluid rises, which is almost equivalent to that of Deionized water (DW). 
Weakened intermolecular forces between the particles of the nanofluid could be the cause of this occurrence51–53. 
It can be seen that the addition of low nano-particles GAMWCNT concentration results in a small increase in 
viscosity value, which is beneficial because higher viscosity values diminish the effects of increased thermal 
conductivity of fluid owing to enhanced pumping power of heat transfer systems54.

Another significant thermophysical property is the specific heat capacity. Differential scanning calorimetry 
(DSC-Q2000, TA Instruments) was used to measure the specific heat of nanofluid produced at various weight 
concentrations and temperatures. Table 2 displays the specific heat capacity values recorded at various weight 
concentrations of GAMWCNT nanofluids and fluid temperatures. The values of specific heat capacity for 
deionized water (DW) are also presented for comparison. The specific heat capacity of nano-fluid based on 
GAMWCNT reduces as the weight concentration of nano-particles increases; when compared to base fluid 
deionized water, the drop in value of Cp was 0.33–1.42%, which is just a little decline. On the other hand, specific 
heat capacity increases with the rise in temperature of the nano-fluid.

The density of the GAMWCNT nanofluid and deionized water (DW) at various fluid temperatures and 
nanoparticle concentrations was also evaluated, and the findings are given in Table 2. The density of nanofluids 
was measured using a density meter Mettler Toledo (DM40). Due to the thermal expansion of the liquid, the 
density of the GAMWCNT nano-fluid and DW reduce a little as the temperature rises. It is observed that when 
the temperature is raised from 293 to 323 K, the density of the GAMWCNTs reduces by 0.9% for a weight fraction 
of 0.1 wt%. Furthermore, a linear correlation between nanoparticle concentration and density is seen, i.e., density 
increases with nanoparticle loading.

Analysis of thermal efficiency.  Figure 5 shows the variation in thermal efficiency of a flat plate solar 
collector for different mass flow rates and weight concentrations of GAMWCNTs nano-fluid. A drop in 
heat removal factor (FRUL) and rise in heat absorbed factor FR (τα) are seen for the rise in mass flow rate 
( ṁ) . Table 3 lists the values of heat absorbed and heat removal factors for GAMWCNTs at various flow rates 
and weight concentrations, and these values are compared with deionized water. It can be observed that the 
value of FR (τα) goes up with mass flow rate and is greater for GAMWCNTs nanofluid than deionized water. 
Increasing heat absorbed values and thermal conductivity of GAMWCNTs nano-fluid contribute to enhanced 

Table 2.   Thermophysical properties of water and GAMWCNT—water nanofluid.

Viscosity (mPa s)

Fluid Temperature (K)

293 297 303 308 313 318 323

DI Water 0 wt% 1.04 0.925 0.829 0.753 0.683 0.623 0.575

GAMWCNTS 0.025 wt% 1.059 0.941 0.838 0.761 0.691 0.633 0.581

GAMWCNTS 0.065 wt% 1.096 0.965 0.865 0.782 0.713 0.649 0.599

GAMWCNTS 0.1 wt% 1.116 0.991 0.879 0.797 0.727 0.664 0.61

Thermal conductivity (W/m K)

Nanoparticle concentration 
in weight percentage

Fluid temperature (K)

293 297 303 308 313 318 323

DI Water 0 wt% 0.592 0.601 0.611 0.619 0.627 0.637 0.648

GAMWCNTS 0.025 wt% 0.608 0.621 0.63 0.645 0.659 0.669 0.685

GAMWCNTS 0.065 wt% 0.642 0.653 0.674 0.692 0.707 0.727 0.749

GAMWCNTS 0.1 wt% 0.657 0.687 0.699 0.735 0.757 0.774 0.796

Specific heat capacity (J/kg K)

Nanoparticle concentration 
in weight percentage

Fluid temperature (K)

293 297 303 308 313 318 323

DI Water 0 wt% 4139 4141 4142 4144 4146 4149 4150

GAMWCNTS 0.025 wt% 4124 4126 4128 4128 4131 4134 4136

GAMWCNTS 0.065 wt% 4097 4099 4103 4105 4107 4110 4111

GAMWCNTS 0.1 wt% 4085 4085 4087 4088 4090 4090 4091

Density (kg/m3)

Nanoparticle concentration 
in weight percentage

Fluid temperature (K)

293 297 303 308 313 318 323

DI Water 0 wt% 998.05 996.9 995.61 993.95 992.04 989.97 987.72

GAMWCNTS 0.025 wt% 998.1 997 995.6 994.05 992.1 990.1 988.05

GAMWCNTS 0.065 wt% 998.4 997.25 995.85 994.35 992.35 990.45 988.25

GAMWCNTS 0.1 wt% 998.5 997.35 995.95 994.45 992.5 990.60 988.70
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Figure 5.   Variation in collector efficiency with (Ti−Ta)
GT

 at various flow rate (a) 0.010 kg/s, (b) 0.0144 kg/s, (c) 
0.0188 kg/s.
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convective coefficient (h) values. As a result, the efficiency of the solar collector is seen with the increase in 
mass flow rate from 0.010 to 0.0188 kg/s for each GAMWCNTs weight fraction. It can be observed that at 0.1 
wt.% GAMWCNTs and 0.0188 kg/s mass flow rate in comparison to base fluid deionized water, the maximum 
enhancement in thermal efficiency of FPSC is 30.881%. Additionally, it has been found that an improvement in 
LFPSC efficiency is attained with increasing weight fractions of GAMWCNTs. This is mostly because the system 
can absorb more energy.

Figure 6 presents the relationship between the thermal efficiency of FPSC and the reduced temperature 
parameter (Ti−Ta)

GT
 for various mass flow rates of distilled water as base fluid and GAMWCNTs based nanofluid 

at different weight fractions of GAMWCNTs nanofluids. It can be noted that GAMWCNTs nanofluids have 
greater FR (τα) values than base fluid. The highest value was attained at 0.0188 kg/s flow rate and 0.1% wt. 
concentration. The heat transfer rate is improved with increasing values of heat absorbed factor due to thinner 
thermal boundary layer thickness.

The heat coefficient for convection (h), whose value is proportional to the thermal conductivity (K) of the 
fluid utilized, improves the thermal efficiency of FPSC. The substantial improvement in convective coefficient 
(h) is primarily attributable to developing of a thin thermal boundary layer at the riser tube walls due to the 
GAMWCNTs nanofluid’s increased thermal conductivity and reduction in the thermal resistance between the 
heat transfer fluid and riser tube inner wall surface. Furthermore, the thickness of the thermal boundary layer 
is reduced using carbon-based nanoparticles like GNP and MWCNTs. The improved heat transfer coefficient 
(h) and thermal efficiency of flat plate solar collectors are also attributed to the specific surface area (SSA) and 
Brownian motion of GAMWCNTs in distilled water.

Compared to base fluid deionized water, there is an increment in energy loss factors for GAMWCNTs 
nanofluids at various flow rates, as shown in Table 3. Furthermore, the energy absorbed factor values rise with 
an increase in mass flow rate, as seen in Table 3. It is noted that with increasing GAMWCNT weight fraction 
compared to deionized water, the augmentation in energy absorbed parameter is 16.99%, 23.70%, and 28.07% 
at 0.0188 kg/s mass flow rate. The energy loss parameter is 6.17%, 6.69%, and 7.03%.

Effect of outlet temperature on the thermal performance of the collector.  Many factors affect 
the efficiency of a flat plate solar collector, and one of the important factor is temperature gradient (ΔT) of 
the working fluid inside the collector. There is an improvement in thermal performance of FPSC with the 
temperature gradient because thermal efficiency is directly propotional to the difference of temperature between 
outlet and inlet as presented in Eq. (2). Moreover, inlet temperature is fixed for specific test run and enhancement 
in outlet temperature is achieved by utilizing nanofluids in comparison with base fluid.This enhanced value of 
outlet temperature positively effects thermal efficiency of the FPSC. Figure 7a presents the variation in outlet 
temperature at different weight fraction for various mass flow rates of GAMWCNT nanofluid at constant GT 
and inlet temperature. It can be seen that at a particular weight concentration, the temperature at the outlet 
reduces with the rise in the flow rate of the operating fluid. The deionized water and 0.1% weight concentration 
of GAMWCNT nanofluid have a 0.8710% and 0.9292% reduction in outlet temperature, respectively. On 
the other hand, outlet temperature increases with the weight concentration of GAMWCNT nanofluid in the 
solar collector. Compared to base fluid, the value of outlet temperature was high for various concentrations 
of GAMWCNTs nanofluid. The enhancement in temperature was 0.6774%, 0.6489% and 0.6183% when base 
fluid deionized water was replaced by 0.1% weight concentration of GAMWCNT nanofluid as operating fluid 
at 0.010, 0.0144 and 0.0188 kg/s respectively. There was an improvement in the heat gain value and thermal 
performance of FPSC due to an increase in the weight concentration of nanofluid. Thus, thermal efficiency is 
enhanced considerably by utilizing GAMWCNT nanofluid instead of base fluid water. The variation of outlet 
temperature with inlet temperature by keeping heat flux and weight concentration of operating fluid constant 
is also investigated, and the results are presented in Fig.  7b. It is observed that an increment in the output 
temperature occurs when the inlet temperature increases at a specific flow rate. The enhancement in outlet 

Table 3.   FR(τα) and FRUL factors for GAMWCNT—water nanofluid.

Mass flow rate (kg/s)

Weight concentration

FR(τα) FRUL R2(wt. %)

0.01

0.025 0.637 5.9485 0.9752

0.065 0.665 5.9794 0.9895

0.1 0.6943 6.0262 0.9758

DI Water 0.5468 5.6181 0.9821

0.0144

0.025 0.686 5.9306 0.9925

0.065 0.7231 5.985 0.9826

0.1 0.75 5.9992 0.9731

DI Water 0.5878 5.5893 0.9869

0.0188

0.025 0.7235 5.925 0.9632

0.065 0.765 5.9538 0.9784

0.1 0.792 5.9725 0.9861

DI water 0.6184 5.5802 0.9823
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Figure 6.   Variation in collector efficiency with (Ti−Ta)
GT

 at different weight concentrations (a) 0.025%, (b) 
0.065%, (c) 0.1%
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temperature was 4.78% at 0.010 kg/s, 4.95% at 0.0144 kg/s and 5.02% at 0.0188 kg/s in comparison to the inlet 
temperature. Due to enhancement in outlet temperature, the larger temperature difference is apparent when 
utilizing GAMWCNT nanofluids compared to deionized water, even though the value of Cp for GAMWCNTs 
is less than the deionized water (base fluid), leading to the higher thermal performance of the solar collector55,56.

Exergy analysis.  The values of entropy generation (Sgen)and exergy destruction (Edest) significantly impact 
the exergy efficiency of heat transfer systems. Minimizing Edest and Sgen improves energetic performance in 
these systems. The variation in Edest and Sgen values for 0.010, 0.0144, 0.0188 kg/s by keeping heat flux (GT) and 
temperature at the inlet constant is presented in Fig. 8. According to the results, there was an enhancement in 
the values of entropy generation (Sgen) and exergy destruction (Edest) with the rise in mass flow rate from 0.010 to 
0.0188 kg/s for same weight fraction of working fluid. This increment in values of Edest and Sgen was due to heat 
gain increasing as the mass flow rate rises and the outlet temperature of heat transfer fluid falls rapidly. On the 
other hand, for an increase in GAMWCNT weight fraction at a fixed mass flow rate, there was an enhancement 
in the value of heat gain factor and outlet temperature with a cost of increased friction factor (Fr). Consequently, 
the values of exergy destruction and entropy generation are reduced. Due to its superior capacity for heat 
absorption, 0.1% GAMWCNT nanofluid yields the lowest values of exergy destruction and entropy generation.

Figure 9 displays the variation in exergy efficiency (ηe) for GAMWCNT-based nanofluid at 0.010, 0.0144 
and 0.0188 kg/s mass flow rate. For a given weight fraction, it has been found that exergy efficiency falls as the 
flow rate increases. Increasing values of Sgen are the main cause of this. Furthermore, the exergy efficiency rises 
instantaneously with increasing concentration of working fluid at a fixed mass flow rate. Compared to base fluid, 
higher weight concentrations of GAMWCNTs demonstrated greater exergy efficiency values. At 0.025,0.065 
and 0.1% concentration of GAMWCNTs for 0.0188 kg/s, the improvement in exergy efficiency is 2.57%,4.18% 

Figure 7.   Outlet temperature versus (a) weight concentration for different mass flow rates of the working fluid, 
(b) inlet temperature of working fluid.
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and 5.53%, respectively, in comparison to the base fluid. The increment in exergy efficiency is 2.38%, 3.45%, 
4.16% at 0.0144 kg/s mass flow rate and 1.62%, 2.42%, 2.91% at 0.010 kg/s for 0.025%, 0.065% and 0.10% weight 
concentration respectively.

Friction factor and pumping power.  Increased values of friction factor and pumping power adversely 
affect the thermal performance of solar thermal systems, so values of these parameters should be minimum. 
Figure 10a displays the theoretical friction factor computed from Petukhov and Blasius empirical models and 
the friction factor determined from experiments on base fluid deionized water at fixed inlet temperature, heat 
flux and varying Reynold No. (Re). Including some variance, the fair agreement is found between values of 
these two types of friction factors (theoretical and experimental). It is noticed that the discrepancy between 
the experimental friction value (f) and the Blasius model is 7.23%, while the difference between the observed 
friction value and the Petukhov model is 8.26%.

The variation in friction factor values of GAMWCNTs nanofluid at various Reynolds numbers is presented in 
Fig. 10b. The values obtained for various nanofluid concentrations are compared with base fluid. It is observed 
that friction factor values decrease with the increase in Reynolds number. This is because when the Reynolds 
number increases, the density gradient decreases, lowering the magnitude of frictional resistance. On the other 
hand, as the concentration of GAMWCNTs rises, there is a small increment in friction values compared to 
deionized water. When GAMWCNTs are dispersed in the base fluid, the nanofluid’s viscosity grows, causing 
pressure drop and, ultimately, friction factor. Compared to base fluid, for 0.025, 0.65 and 0.1% weight fraction of 
GAMWCNT, the highest rise in friction factor (f) is 2.29, 3.66 and 8.63%. The increased weight concentration of 

Figure 8.   Entropy generation and exergy destruction for base fluid and GAMWCNT nanofluid.

Figure 9.   Exergy efficiency versus mass flow rate for base fluid and GAMWCNT nanofluid.
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GAMWCNT promotes pressure drop and pumping power because frictional shear forces are induced at greater 
viscosity and working fluid velocities.

The relative pumping power of GAMWCNTs and base fluid (DW) is shown in Fig. 11. It is observed that 
there is a slight increase in relative pumping power as nanoparticles’ weight concentration increases. However, 
the pumping power of GAMWCNTs nanofluid and base fluid deionized water is very close.

Performance index (PI).  Performance index (PI) is a key parameter to assess the effectiveness of 
GAMWCNT-H2O nanofluid in heat transfer systems like flat plate solar collectors. It is essential to remember 
that nanofluid used in solar collectors must-have performance index values of more than one, as failure to do so 
will negate any potential benefits and this specific nanofluid is not an acceptable operating fluid32,46. Figure 12 
displays the performance index values at different flow rates. It is observed that for all weight concentrations of 
GAMWCNT, performance index parameters of more than one are found because the rise in efficiency of the 
flat plate collector outweighs the increase in pressure drop value. Furthermore, the values of PI increase with 
the rise in the weight concentration of GAMWCNT. Hence, higher concentration GAMWCNT nanofluid with 
increased Performance index and efficiency can be a viable alternative operating fluid in FPSC.

Size reduction of flat plate solar collector.  The primary objective of this investigation is to evaluate 
how much energy and material may be saved in the development of FPSC with GAMWCNT nanofluids as heat 
transfer fluids. Figure 13 shows the possible size reduction at a different weight concentration of GAMWCNT 
nanofluid in a flat plate collector. It has been found that there is an enhancement in size reduction of the collector 
with the rise in flow rate at the fixed concentration of GAMWCNT nanofluid. Moreover, at a constant flow rate, 
increasing GAMWCNT concentration enhanced the possibility for flat plate solar collector size reduction. It is 
recorded that when FPSC operated at 0.0188 kg/s and 0.1% GAMWCNT nanofluid concentration, the highest 

Figure 10.   (a) Experimental, Blasius and Petukhov friction values of base fluid (DI water) for different Reynold 
numbers. (b) Friction factor values for GAMWCNT nanofluid and DI water at varying Reynold numbers.
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Figure 11.   Relative pumping power at varying weight concentrations.

Figure 12.   Performance index at various mass flow rates for varying weight concentrations of GAMWCNTs.

Figure 13.   Size reduction of FPSC at different weight concentrations of GAMWCNT nanofluid.
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size reduction, 27.59%, was attained as compared to FPSC with water as heat transfer fluid. Thus, FPSC using 
GAMWCNT nanofluid is more cost-effective than FPSC using water.

Economic analysis.  The computation of all the energy required to construct a product or object is known 
as embodied energy. The ongoing advancement of industrial technology is due to decreased embodied energy. 
Various studies demonstrate that using nanofluids reduces energy production costs compared to using water. 
Since more useful energy is produced using nanofluids, the collector’s energy production costs are reduced, and 
its thermal performance is improved57–59. Economic analysis heavily relies on assessing embodied energy in flat 
plate solar collectors. Effective evaluation of the economic implications of flat plate collectors was done using the 
life cycle assessment approach34,47,60,61. Because more than 70% of EE originated from the construction of FPSC, 
the methodology adopted only considers the embodied energy (EE) during the construction and operation 
phases of FPSC62,63. The present research considers how mass and embodied energy affect the lowering of the 
flat plate collector size. At various concentration of GAMWCNT nanofluid and base fluid, the economics and 
embodied energy analysis is presented in Table 4. Glass and copper are the two main components of the solar 
collector. The embodied energy indexes for glass and copper are 15.9 MJ/kg and 70.6 MJ/kg, respectively64,65. The 
present analysis considers the size reduction of FPSC as a function of mass and embodied energy. It was found 
that the size of FPSC was decreased when GAMWCNT nanofluid was used in place of base fluid water, saving 
321.72 MJ of embodied energy.

Additionally, as the area of the flat plate collector is reduced, there is a decrease in the demand for electricity, 
which lowers system operating costs. The payback period was 1.897 years for FPSC with GAMWCNT nanofluids 
at 0.1 wt.%, which was 6.228% shorter than using water as a heat transfer fluid. Therefore, it is concluded that FP 
solar collector with GAMWCNT nanofluid as heat transfer fluid is more efficient and saves more energy than 
FPSC with water.

Conclusion
Experimental research was done to analyze the effects of green synthesized GAMWCNT nanofluid, a non-
corrosive, non-toxic, and environmentally friendly heat transfer fluid, on the performance of flat plate solar 
collectors.

The followings are the important points of the conclusion.

•	 The stability analysis test showed higher stability of GAMWCNTs in base fluid for 60 days without 
aggregation.

•	 The collector’s thermal efficiency was increased with the rise in heat flux, mass flow rate and weight 
concentration, but a decline was seen as the inlet temperature went up. As per experimental findings, the 
highest improvement in energy efficiency was 30.8% for a 0.1% weight concentration of GAMWCNT 
nanofluid at 0.0188 kg/s compared to the base fluid.

•	 Exergy analysis revealed that exergy efficiency ( ηe) increases with the enhancement in GAMWCNT weight 
concentration but decreases with the increment in flow rate. The maximum exergy efficiency was attained at 
0.1% GAMWCNT concentration and 0.010 kg/s mass flow rate.

•	 For GAMWCNT nanofluid concentrations of 0.025, 0.065, and 0.1% compared to base fluid (DW), the 
maximum rise in friction factor was nearly 2.29, 3.66 and 8.63%.

•	 Performance index (PI) values of more than 1 were achieved for each weight concentration of GAMWCNT-
H2O nanofluid. A rise in GAMWCNT nanofluid concentration showed higher values for PI. The payback 
period was 1.897 years for FPSC with GAMWCNT nanofluids which were 6.228% shorter than using water 
as heat transfer fluid. It is therefore concluded that FP solar collectors with GAMWCNT nanofluid as the 
heat transfer fluid are more effective and save more energy than FPSCs with water.

Future scope of the study
Depending on the findings of the current study, the following specific aspects may be taken into account in 
subsequent studies on FPSCs based on nanofluids:

Table 4.   Economic analysis of FPSC with water and GAMWCNT–water nanofluid.

FPSC (Water) FPSC (0.025% GAMWCNT) FPSC (0.065% GAMWCNT) FPSC (0.1% GAMWCNT)

EE of FPSC (MJ) 1167.1 951.79 875.2 845.38

Energy saving in % 18.448 25.011 27.595

Collector cost (USD) 252.4 205.83 189.27 182.75

Entire system cost (USD) 770.94 770.94 770.94 770.94

Cost of GAMWCNT 
nanofluid 1.43 3.718 5.72

System total cost (USD) 1023.34 978.2 963.92 959.41

Cost saving in the form of 
electricity per annum (USD) 505.75 505.75 505.75 505.75

Years until electricity saving 2.023 1.934 1.905 1.897
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•	 The preparation of nanomaterials with a greater specific surface area will require special attention from 
researchers to ensure their excellent colloidal stability, thermophysical characteristics, and thermal 
performance of the FPSCs.

•	 Nanofluids must be stable in colloidal suspensions to be chosen as heat transfer fluids. Poorly prepared 
nanofluids have a propensity to clump together and settle, which could clog the flow channels and lower their 
thermal conductivity. Therefore, for successful usage in FSPCs or other heat transfer systems, researchers 
must focus on synthesising nanofluids with long colloidal stability in suspension.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon 
reasonable request.
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