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Abstract

The objective of this research study is to enhance the performance of a flat plate collector by using various cooling fluids,
as an increase in solar panel temperature can decrease its efficiency. The experiment utilized three different fluids: distilled
water, zinc sulfide nanofluid, and copper zinc sulfide nanofluid. FTIR analysis revealed a pronounced peak at 1133 cm™!,
indicating the presence of Cu* ions in ZnS. Three key parameters were systematically examined to optimize the solar
panel's energy gradient and temperature variance. The flow rate of the cooling fluid varied from 0.5 to 2.0 L min~". Notably,
the use of copper zinc sulfide nanofluid resulted in improvement in the energy gradient, reaching a peak value of 1112 W
m~2. The temperature difference showed a significant increase, peaking at 4.73 °C when using CuZnS nanofluid at a flow
rate of 1.5 L min~". The incorporation of copper particles in the nanofluid notably enhanced the thermal conductivity of the
cooling fluid. This improvement significantly boosted the efficacy of heat transfer processes, thereby increasing the overall

efficiency of the solar panel system.

Keywords Nanofluids - Solar power - Renewable energy - Sustainable practices - Environmental sustainability

Introduction

The demand for technologies to create alternate energy gen-
eration methods is growing as fossil fuels are predicted to
run out before the turn of the century. The quantity of solar
energy, specifically solar PV and solar thermal, has dem-
onstrated enormous potential to compete with fossil fuels
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and eventually replace them in the production of electric-
ity. Solar panels collect light energy in the form of thermal
energy, which can have an impact on their performance and
lifespan. Thermal energy is vital in working typical systems
in any given scenario. Typical gadgets are designed to oper-
ate in an ideal environment. However, during the actual
use of the gadgets, they are used in dynamic environments
that significantly increase the operating temperatures. The
dynamic nature of the operating environment affects the
effectiveness of the gadgets. In some cases, the temperature
can be very low; in others, the atmosphere can be too hot. In
either case, the gadgets seldom operate in an ideal environ-
ment. Delouei et al. investigated ways to improve heat trans-
fer in indirect water bath heaters as well as the augmentation
of heat transfer in indirect heaters using an active method
in experimental modelling [1]. As a result, the elimination
panel may be cooled using a variety of methods, includ-
ing air, water, and nanofluids based on water. Air, on the
other hand, has a limited ability to transfer heat; therefore,
water and water-based nanofluids can remove heat from the
back of the solar panel more effectively. As a consequence,
the flat plate solar collector's performance has significantly
improved. Further, water-based nanofluids have been pro-
duced better result than conventional fluids.

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-024-13555-0&domain=pdf

M. Arulprakasajothi et al.

A flat plate solar collector and an evacuated tube solar
collector are two types of solar collectors. It is possible to
combine two power conversion systems to increase pro-
ductivity, which are called hybrid or photovoltaic ther-
mal systems [2]. There are many benefits to using solar
energy, including its free nature, feasibility, durability,
low maintenance cost, and environment-friendly nature
[3]. However, it has some drawbacks, such as increasing
the solar panel’s temperature by 10 Celsius, resulting in
a 0.5% decrease in electrical efficiency for silicon panels
since cooling may be required. Cooling liquids such as
air or water are used to decrease the temperature of solar
panels [4]. There are two ways to improve the performance
of a solar panel. Firstly, solar panel cooling is a means of
storing waste heat. Solar panels are traditionally cooled
by air and water [5]. Despite this, it has some virtues and
merits of its own. Due to the above encounters, researchers
worldwide have utilized nanomaterials to enhance thermal
and electrical performance [6]. In turn, this can improve
overall performance. The following are some successful
studies conducted worldwide; due to their better thermo-
physical properties than standard fluids, Choi and Estman
[7] introduced nanofluids as a cooler in PVT systems. In
nanofluids, nanoparticles drift in water with diameters
ranging from 1 to 100 nm in company with solids [8].

When compared to essential fluids, water nanofluid
has a significantly higher heat transfer coefficient [9].
However, there are a few weaknesses in using nanoflu-
ids in hybrid collectors [10], such as the enhanced pres-
sure drop of the system [11] Alami et al. used a unique
form of channel box PVT collector to study a number of
factors, including solar irradiations, temperature of solar
PVT collectors, electrical efficiency, electrical power, and
overall efficiency. [12], and the high cost of nanoparticles.
PVT systems were tested using water as a base fluid, SiO,
nanofluid, and various concentrations of SiO, nanofluid by
Sardarabadi et al. 2014 [13]. Compared with PVT water,
total performance was achieved at 3.6% for 1 mass% and
7.9% for 3 mass%. Ghadiri et al. 2015 [14] analyzed water
and ferrofluids of varying compositions with an indoor
PVT system. This approach was 45% more efficient than
a hybrid—deionized water containing 0.2 mass% of three
kinds of nanoparticles (Al,O5, TiO,, ZnO) were presented
by Sardarabadi et al. 2016 [15]. Various nanofluids were
experimented with at a variety of flow rates by Al-sha-
manic et al. 2016 [16]. As a result, SiC had the highest
electrical efficiency of 78.24% and the highest electrical
performance of 13.52%. A hybrid water nanofluid system
was investigated by Soltani et al. 2017 [17]. The study
found that total enactment increased by 3.13%, and power
generation increased by 52.4% as a result found that using
Si0O, enhanced actual performance and power genera-
tion by 3.29 and 43.36%, respectively. The experimental
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investigation of three types of water-based nanofluids by
Al-Waeli et al. 2017a [18] was carried out using collectors.

Silicon chloride/water nanofluid, Al-Waeli et al. 2017b
[19] enhanced the electrical efficiency of the hybrid system
to 23.9% and the heat power efficiency to 99.23%, it found
a superior overall performance compared to a PV system
of about 88.9% and the result found that 7.9% and 24.3%
were gained in overall efficiency and exergy, respectively.
To ensure long-term stability, Ag/water nanofluids were pro-
cessed by electrical wire explosion [20]. Yuhui [21] studied
solar thermal energy collection using a flexible composite
phase change material derived from genetically modified
wood. This approach resulted in stability and durability sur-
passing typical levels. They also investigated the material's
flame-retardant properties, electromagnetic shielding, and
thermal-to-electricity conversion capabilities. Valiyollah
[22] utilized computational fluid dynamics to examine the
impact of nanofluids on heat exchanger performance. They
conducted several parametric simulations, exploring vari-
ous flow rates, outlet temperatures, heat transfer factors, and
pressure drops. Their findings revealed that using nanofluids
significantly improved heat exchanger efficiency, offering
notable benefits for various industrial applications. A ther-
modynamic study of the system was conducted to assess its
energy and exergy efficiency. An experimental study was
conducted with different concentrations and flow regimes.
Photovoltaic/thermal collectors have been investigated
extensively for improved performance with nanofluids. Sev-
eral studies have demonstrated that nanofluids can be used
as operational fluids in solar collectors to boost their thermal
efficiency. By increasing nanoparticle concentrations within
the nanofluid, notable improvements in collector efficiency
can be achieved [23]. Nanoparticles distributed within heat
transfer fluids have shown greater efficacy than integrating
them into phase change materials in enhancing the perfor-
mance of photovoltaic/thermal systems [24].

Solar collector performance and thermal efficiency can
be enhanced by optimizing key nanofluid attributes, includ-
ing thermophysical characteristics and stability [25]. In
addition, nanofluids have been demonstrated to enhance
PV solar panel efficiency compared with non-cooled PV
systems and water-based cooling methods [26]. Nanofluids
are becoming more popular than traditional cooling tech-
nologies due to their superior thermal conductivity and heat
transfer characteristics. By suspending nanoparticles in base
fluids such as water, nanofluids significantly enhance the
thermal performance of cooling operations. This improved
efficiency is especially vital in applications requiring pre-
cise temperature regulation and effective heat dissipation,
such as in electronics, automotive, and industrial cooling
systems. Furthermore, nanofluids can be specifically engi-
neered to enhance particular properties, such as viscosity
and thermal conductivity, offering a flexible and adaptable
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solution suitable for diverse requirements. By improving the
efficiency of heat transfer systems, nanofluids contribute to
sustainability objectives, reducing energy consumption and
mitigating greenhouse gas emissions. As a promising alter-
native to traditional cooling methods, nanofluids can help
protect the environment and advance the development of
sustainable technologies.

Nano-based cooling systems, such as nanofluids and
nano-enhanced phase change materials (PCMs), have sig-
nificantly improved PV efficiency. The use of hybrid pho-
tovoltaic thermal systems for cooling and improving PV
panel efficiency has also been demonstrated [27]. The use
of hybrid photovoltaic thermal (PVT) systems has also
been demonstrated as an effective approach for cooling and
enhancing the efficiency of PV panels. These systems inte-
grate photovoltaic cells with thermal collectors, allowing for
the simultaneous generation of electrical and thermal energy.
By using a fluid medium, such as water or air, to absorb
excess heat from the PV cells, PVT systems can significantly
reduce the operating temperature of the panels. This cooling
effect not only prevents efficiency losses due to overheating
but also harnesses the extracted thermal energy for various
applications, such as water heating or space heating. Con-
sequently, PVT systems offer a dual benefit of improved
electrical efficiency and additional thermal energy produc-
tion, making them a promising solution for maximizing the
overall energy output of solar installations. These systems
combine solar panels with solar thermal absorbers. Ther-
moelectric cooling, water circulation, water immersion, and
heat sinks are also employed [28]. Despite its drawbacks,
such limited efficiency and high installation costs, solar
energy is a free and ecologically beneficial energy source.
Additionally, because it is entirely dependent on sunshine, it
is defined as an intermittent renewable and partially continu-
ous source. Further, among the most important clean energy
sources that are renewable, solar energy is widely available
[29]. Copper-zinc sulfide (CuZnS) nanoparticles mixed with
water are used as a coolant to improve the performance of
PVT collectors. To the author's knowledge, CuZnS nano-
fluid has been experimentally investigated for the first time,
cooling and improving the performance of a single-glazing
surface PVT system. An experimental procedure was setup
near Chennai in Avadi, Tamil Nadu, using a PVT collec-
tor with serpent-type heating elements. The designed PVT
collector and PV module were tested outdoors in the Chen-
nai meteorological station at 0.5 and 1.0 L min~' rates with
nanofluids and purified water as coolants. A comparison of
hybrid collectors with nanofluid coolants with PV modules
and water-cooled PVT systems was conducted. A compari-
son was also made between the results of this study and
those published in the scientific literature. The study helps to
determine the influence of ceramic nanofluids and metallic
nanofluids on the performance improvement of solar panels.

This research investigates enhancing flat plate collector
performance through the use of various cooling fluids to
mitigate the performance decrease caused by rising solar
panel temperatures. The study evaluates distilled water, zinc
sulfide nanofluid, and copper zinc sulfide nanofluid, employ-
ing Fourier transform infrared (FTIR) analysis to identify
doping ions in ZnS. By optimizing parameters such as cool-
ing fluid flow rate (ranging from 0.5 to 2.0 L min™), it is
discovered that the CuZnS nanofluid significantly improves
thermal conductivity and heat transfer, resulting in a peak
energy gradient of 1112 W m™ and a temperature differ-
ence increase to 4.73 °C at a flow rate of 1.5 L min~. This
study uniquely evaluates the efficiency enhancement of a
flat plate solar collector using advanced nanofluids, particu-
larly focusing on copper zinc sulfide (CuZnS) nanofluids.
The presence of Cu®" ions in Zn$ significantly improves
thermal conductivity, optimizing cooling performance. The
CuZnS nanofluid achieved an impressive energy gradient of
1112 W m™2 and a temperature difference of 4.73 °C, high-
lighting its superior effectiveness. This research advances
the understanding of innovative cooling methods for sustain-
able energy systems.

Materials and methods

The increasing pollution of the environment and the need
for more energy highlight the importance of developing
renewable energy sources, particularly solar photovoltaic
(PV) panels. While PVs are recognized as eco-friendly and
long-lasting energy solutions, their conversion efficiency is
relatively low, typically between 15 and 20%. Most incident
sunlight is absorbed as heat rather than converted into elec-
tricity. This elevated surface temperature adversely affects
PV panels' efficiency and reliability [30, 31]. Therefore,
finding an effective cooling method is crucial to enhancing
PV performance. Heat accumulation can be mitigated by a
suitable cooling technique, improving conversion efficiency
and reliability overall.

Experiments were carried out in Avadi, a city in Tamil
Nadu in the southern part of India that serves as the capital.
The study site was at 13.0827° N latitude and 80.2707° E
longitude. Chennai had a tropical wet-dry summer and a
dry climate according to Koppen's Climate Classification
[32]. Located on the thermal equator and along the coast, the
city’s geographical location has moderate seasonal tempera-
tures. This region has an average relative humidity of 69%.
With an average of eight hours (approx.) of moderate sun-
shine, temperatures fluctuate between 24.8 and 33.1 °C. In
addition to providing valuable insight into the external fac-
tors influencing the study’s results, these climatic conditions
define the context in which the experiments were conducted.
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Experimental investigation

The experiment is carried out to find the effectiveness of
cooling fluid in controlling the surface temperature of the
solar photovoltaic panel (SPC) when operated for 24 h. The
energy gradient and the temperature difference between the
SPC and cooling fluid were assessed.

A systematic experimental arrangement was employed to
evaluate the temperature disparity between the cooling fluid
and the solar panel collector (SPC). The fluid’s temperature
was precisely measured before and after passing through
the SPC by strategically placing thermocouples at the inlet
and outlet of the cooling fluid channel. Additionally, surface
temperature sensors were attached to the SPC to monitor its
temperature at various locations. The temperature readings
from both the thermocouples and surface sensors were con-
tinuously monitored and recorded using a data acquisition
system, while the cooling fluid was circulated at controlled
flow rates ranging from 0.5 to 2.0 L min~'. The flow rates
of 0.5-2.0 L min~! were selected for several reasons. Firstly,
these flow rates are commonly used in practical applications
of solar panel cooling, providing a realistic range for evaluat-
ing the performance of various cooling fluids. Secondly, this
range allows for a comprehensive examination of the cor-
relation between heat transfer efficiency and flow rate. Flow
rates as low as 0.5 L min~! can determine the minimum fluid
velocity necessary for effective cooling, while flow rates as
high as 2.0 L min~! can demonstrate the maximum cooling
efficacy achievable without causing excessive pressure drops
or mechanical stress in the system. Additionally, this range
ensures that the cooling system operates safely and opti-
mally, preventing potential issues such as fluid overflow or
inadequate cooling. By analyzing a spectrum of flow rates,

Fig. 1 Photographic depiction
of the experimental procedure

the study aims to identify the most effective and efficient
flow rate for enhancing the thermal performance of the solar
panel collector. The heat transfer efficiency and effective-
ness of the cooling fluids were determined by comparing
the average surface temperature of the SPC with the aver-
age temperature of the cooling fluid at the inlet and outlet.
Consequently, the temperature difference was computed
accurately.

Three different cooling fluids, i.e., distilled water, water
mixed with 0.2 vol. % of ZnS nanoparticles (23 nm size),
and water mixed with 0.2 vol. % of CuZnS nanoparticles
(18 nm size), were used in this study [33]. In this study, the
mixture of nanoparticles and distilled water is termed nano-
fluid. A comprehensive comparison was conducted between
this SPC system operated with and without cooling fluids.
The experiment explored the use of water as a cooling agent
within the PVT system, varying the flow rate. Four different
flow rates, i.e., 0.5 L min~', 1 L min~!, 1.5 L min~"', and
2 L min~!, were considered for this experiment—further-
more, the effectiveness of the cooling fluid.

Figure 1 illustrates the actual experiment models used in
this study. An experimental setup is meticulously detailed
in Fig. 2, with a schematic representation. Using these
visual aids, a deeper understanding of the operational
context and the physical manifestation of the research
can be obtained. A multi-silicon glass panel measuring
1640 mm X 992 mm X 35 mm was acquired to construct the
photovoltaic thermal collector. On the rear of the solar panel,
0.4-mm copper sheet was used to absorb heat due to the
insulation effect of the platform. Additionally, the copper
tube is used as a heat absorber from the rear side of the
solar panel with a diameter of 1.0 cm externally and 0.8 cm
internally.
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Fig.2 Schematic view of the
tested study
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Figure 3 shows the atmospheric conditions observed dur-
ing the experiment. The solar radiation was recorded from
05:45 to 17:00. The wind speed fluctuated throughout the
experiment. The ambient temperature varied between 23.5
and 35 °C due to atmospheric conditions. Table 1 shows
the solar panel's performance based on the typical test set-
tings. In this solar thermal system, the photovoltaics were
mounted at an angle of 13° to the south hemisphere. A fif-
teen-minute reading was from 00:00 to 24:00. In the SPC
system, nanofluid coolant was used to increase heat trans-
mission and reduce material costs. Therefore, it is essential
to choose competent drivers at reasonable prices that may
be sold together as a package. Three parts of the system can

Table 1 Performance of solar panels at the standard test conditions

Parameter Value

P max 260 W
Amps in Pmax 8.42 A
Volts in Pmax 309V
Current in maximum load 8.89 A
Voltage in maximum load 377V
Mass 1.85 kg
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be separated: the collector, the system supporter, and the
standalone system.

Synthesis of the nanofluid

The co-precipitation method synthesized zinc sulfide (ZnS)
nanocomposites, zinc sulfide, and copper (ZnS: Cu) nano-
composites. Deionized water was used as the reaction
medium. Zn acetate dihydrate (CH; COO), solution was a
typical experiment. Deionized water was dissolved in hydro-
gen at room temperature an equimolar solution of sodium
sulfide non-hydrate Na,S. 9H,0 was prepared in the same
reaction medium. Zinc acetate was completely dissolved in
the deionized water after vigorous mechanical stirring at 700
rotating per minute (rpm). This was followed by 30 min of
stirring the solution. The metal precursor solution was added
drop-wise with an equimolar sodium sulfide solution [34].
A milky mixture formed when sodium sulfide solution was
added, indicating the formation of zinc sulfide nanoparticles,
as shown in Fig. 4. According to earlier research, it was
determined to use a certain nanofluid flow rate. This might
be utilized in the testing configuration for that specific day’s
entire experimental setup. All the chemicals employed in the
study were of analytical quality and were not further refined.
In this work, the nanofluids were created using the two-step
approach, which is a method of dispersing nanoparticles in
a fluid. After mixing for two hours, the mixture was cooled.
Centrifugation was used to collect the white precipitates of
zinc sulfide, which were washed three times with distilled
water and ethanol. We collected the washed precipitates in
crucibles and dried them at 80 °C. We subsequently grained
them using a monitor pistol for an hour. The grained powder
was collected. The CuZnS nanocomposites were prepared
by adding 0.1 M of 100 mL copper acetate solution drop-
wise to 0.3 M of zinc sulfide solution for 2 h. To remove
residual salts, the precipitate was centrifuged with distilled

water and finally with ethanol and then dried at 80 °C in an
oven [35]. A similar procedure was used to synthesize ZnS
nanoparticles respectively.

Sedimentation

Sedimentation is a significant obstacle in systems that
involve nanoparticles. The settling of nanoparticles from
suspension can result in decreased efficiency and blockage
in heat exchangers, hence greatly reducing the overall per-
formance of the system. It is essential to address this issue
in order to preserve the efficacy of nanofluids in thermal
applications. Several approaches have been investigated
to reduce sedimentation, such as employing surfactants,
stabilizing chemicals, and mechanical agitation. Although
attempts have been made, sedimentation continues to be an
ongoing issue, requiring creative solutions to guarantee the
enduring stability and effectiveness of nanofluids.

The use of ultrasonic vibrations is an innovative method
to improve heat transmission and decrease sedimentation in
heat exchangers that work with nanofluids. Ultrasonic waves
generate high-frequency oscillations that efficiently scatter
nanoparticles, avoiding their sedimentation and ensuring a
consistent suspension. This method has demonstrated con-
siderable potential in enhancing the thermal conductivity
of nanofluids, resulting in more effective heat transfer. The
utilization of ultrasonic vibrations is a developing area with
significant promise for diverse practical applications. It pre-
sents a possible solution to the problem of sedimentation
and improves the overall performance of systems that use
nanofluids.

Uncertainty analysis

Understanding uncertainties is essential for confirming the
accuracy of each experimental setup. Among the various

Fig.4 Synthesis of the CuZnS
Nanofluid
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Table 2 Individual calibration distortion parameters for the PVT col-
lector

Sensor Distortion Type

Ambient air temperature +0.2°C K-thermocouple

Heat pipe temperature +0.2°C K-thermocouple
Rotameter +2.3% UKL

Solar power meter +4 W m™ TM-206

Inlet & outlet temperature +0.2°C K-thermocouple
Data logger +3.4% Agilent 34980A

types of errors are data extraction, calibration, data process-
ing, and ambiguities in specific instruments. Temperature,
solar irradiance, stress, and fluid velocity were all extreme
measurements in this study, which caused most errors. As
can be seen in Table 2, there are individual calibration dis-
tortion parameters for the PVT collector. There is a signifi-
cant uncertainty of around 3.4% in estimating solar collector
efficiency (Table 3).

Table 3 Actual design parameters

Optimization study on the solar panel

Optimization was carried out using ANOVA and Design
Expert V13. Three different parameters, i.e., time of the
day, cooling water type, and flow rate of the cooling water
in L min~!, were considered as the input parameters for
this study. Two different responses, i.e., energy gradient
(J) and temperature difference (°C), were considered the
output response. Table 3 shows that twenty experimental
values were incorporated for the optimization study. The
central composite design (CCD) was set to operate for 20
runs, split into 14 non-center points (8 factorial design
points and 6-star points) and six center points. The values
were distributed between —a=—1.68 and a=1.68. As
shown below, a quadratic equation was adopted to analyze
the two output responses. The coded factors equation can
be used to predict the response for given levels of each
factor. Table 4 shows the fit summary.

1

Std. order Run order Time of the day Cooling water type Flow rate/L min~ Energy gradient/J Temperature
difference/°C

1 15 -1 -1 -1 13.7 0.8

2 1 -1 -1 1.7 0.8

3 9 -1 1 -1 0.27 0

4 19 1 1 -1 18 0.04

5 6 -1 -1 1 78 0.3

6 7 1 -1 1 10.5 0.2

7 2 -1 1 1 11.5 0.04

8 4 1 1 1 27.5 0.04

9 5 —1.68179 0 0 0 0

10 10 1.68179 0 0 0 0

11 14 0 —1.68179 0 703 6.8

12 3 0 1.68179 0 630 4

13 20 0 0 —1.68179 219.5 6.4

14 16 0 0 1.68179 706 6.9

15 13 0 0 0 936.218 6.6

16 12 0 0 0 938.023 6.6

17 17 0 0 0 952.107 6.7

18 8 0 0 0 966.19 6.8

19 18 0 0 0 950.301 6.8

20 11 0 0 0 934.773 6.9

Table 4 Fit summary

Model Source Sum of squares df Mean square F-value p value

Energy gradient Quadratic versus 2FI 3.084E+06 3 1.028E+06 26.28 <0.0001 Suggested

Temperature difference Quadratic versus 2FI 156.03 3 52.01 12.30 0.0011 Suggested
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—-335A-124B + 66.78C + 14.15AB—-7.15AC - 6.55BC

—402.44A>~ 166.8 B>~ 238.84 C* = 956.66
ey
Table 5 shows that the model has a good fit. It was
decided to select the highest-order polynomial where the
additional terms are significant, and the model is not aliased.
Table 5 shows the significance of the quadratic model used
to carry out the optimization. The model statistics are shown
in Table 6.

Results and discussion

A volume rate of 0.5 and 1.0 L min~! was measured every
30 s between 08:00 and 17:00 during July 2021 to collect
pure water and CuZnS nanofluid as a coolant. This study
focused on days in July with the most consistent weather
and clear skies. Researchers examined the effects of a PV/T
system and a standalone PV on a concentration ratio of
CuZnS nanofluid. The average temperature of PV modules
is reduced when using coolers, whether purified water or
nanofluid mixed with water. Solar irradiation increased
throughout the day, causing the temperature gradient panels
to climb. Both solar and air radiation have similar patterns;
however, PV panels have a significantly more significant
surface temperature/radiation factor than cooled panels.
Temperature differential and energy gradient have been
computed using the relevant sensors' base values. Other

temperatures, such as the surface temperature of solar pan-
els, the temperatures of inlets and outlets, and Tedlar, have
generally increased due to the rising ambient temperature. In
addition, the temperature gradient between the cooling PV
panel and the baseline panel decreased during the day; for
instance, at noon, the difference was 13 °C, but by the end
of the day, it was only 7 °C due to nanofluid obstructing the
cooling function. Additionally, several parametric experi-
ments were carried out in this research project.

The crystal structure and chemical name of a substance
were found from XRD analysis.

Figure 5a, b shows the XRD pattern for ZnS and ZnS:
Cu samples. From the XRD pattern, three prominent peaks
corresponding to (1 1 1), (22 0) and (3 1 1) reflection
planes of ZnS were observed in Fig. 5a. All the diffrac-
tion peak positions for the prepared powder are in good
accordance with the data reported in JCPDS No. 05-0566
corresponding to the ZnS cubic phase. The peaks were
perfectly indexed to the cubic zinc blend phase of ZnS. For
ZnS: Cu, along with ZnS peaks (1 11),(220),and (31 1)
other metallic Cu peaks, with different diffraction peaks
appeared at 32.63°, 36.54°, and 61.57° corresponding to
(110), (111), (220) planes of cuprite, which indicates the
formation of cubic copper (I) oxide nanocrystals. XRD
peaks observed for cuprite were matched well with the
standard powder diffraction card of bcc (body-centered
cubic) cuprite (JCPDS No. 05-667) [36]. The intensity is
observed to increase for CuZnS nanocomposites than ZnS
particles. The crystallite size of the nanostructured sample

Table 5 ANOVA model

Source Sum of squares df Mean square F-value  p value
Model 3.149E + 06 9  3.499E+05 8.95 0.0010  Significant
A-Time of the day 153.39 1 153.39 0.0039 0.9513
B-Cooling water type 2101.26 1 2101.26 0.0537 0.8214
C-Flow rate 60,906.01 1 60,906.01 1.56 0.2405
AB 1602.63 1 1602.63 0.0410 0.8436
AC 409.41 1 409.41 0.0105 0.9205
BC 342.83 1 342.83 0.0088 0.9273
A? 2.334E406 1 2.334E+06 59.68 <0.0001
B’ 4.010E+05 1 4.010E+05 10.25 0.0095
c? 8.221E+05 1 8.221E+05 21.02 0.0010
Residual 3.911E+05 10 39,111.74
Lack of fit 3.904E +05 5 78,073.82 521.64 <0.0001  Significant
Pure error 748.34 5 149.67
Cor total 3.540E +06 19
Table6 Statistics of the model Source Std. Dev  R? Adjusted R Predicted > PRESS
Energy gradient 197.77 0.8895  0.7901 0.1666 2951E+06  Suggested
Temperature difference 2.06 0.7905  0.6019 -0.5794 318.65 Suggested
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Fig.5 XRD patterns (a) ZnS and (b) CuZnS nanocomposites

Table 7 Structural analysis of ZnS and ZnS: Cu nanocomposites

Concentration Grain size (nm)  Dislocation density  Strain

of ZnS (M) (x10" lines/m»  (x1073
lines’m™)

0.4 59.35 2.8389 6.0997

ZnS:CuO 17.28 33.44 20.9

is estimated from FWHM (full width at half maximum) of
the most intense diffracted line using the Scherrer formula:

_ KA
- pcosd @)

where K is the Scherrer’s constant, § is the full width at
half maximum. The dislocation density and microstrain
of the doped ZnS thin films were calculated using the fol-
lowing equations. The grain size and strain were found to
increase with the increase in molarity; the dislocation den-
sity decreased with the rise in molarity, as shown in Table 7.

1
6= 3)
_ ﬂcc:ls 0 @

Surface morphological analysis

Figure 6a, b SEM images of ZnS and CuZnS nanocompos-
ites Fig. 6¢, d EDAX spectrum of ZnS and CuZnS nano-
composites. Pure ZnS shows a well-packed, crack-free,
continuous grain structure without voids [37]. The sample’s
morphology shows that the image is non-homogenous, with
a rough surface where the particles are spherically distrib-
uted. Flower-like formation mainly depends on the following
steps: initial nucleation and aggregation [38, 39]. ZnS: Cu
nanocomposites show a floral-like structure attached to the
top of the sheet. The transformation is due to the incorpora-
tion of Cu into ZnS. The elemental purity and the element
in the prepared samples were examined using energy-disper-
sive spectroscopy (EDAX). The chemical composition of the
prepared nanoparticles was determined by EDAX spectra
analysis shown in Fig. 6b, c). The spectra show the presence
of Cu, Zn, and S in the samples.

FTIR analysis

Figure 7a, b shows FTIR spectrum of ZnS and CuZnS
nanoparticle by co-precipitation method. FTIR transmit-
tance spectra of ZnS and CuZnS nanocomposites synthe-
sized at 80 °C. In FTIR spectra analysis, the transmittance
peaks were observed at 612 cm~!, 668 cm~!, 1020 cm™!,
1341 cm™', 1428 cm-1, 1558 cm™', 2103 cm™!, and
3301 cm™'. The 612 and 668 cm — 1 peaks are associated
with Zn—S vibration and are characteristic of cubic ZnS [40].
The peak at 1559 cm™! is due to a symmetric carboxyl group
of Sodium.

The strong transmittance peaks (3400-3465 cm™!)
observed for both 3(a, b) spectra have been attributed to the
high binding energy of the OH group in the ZnS matrix, and
the broad peaks for all ZnS nanoparticles are in the range
of 3410-3465 cm™! corresponds to the OH group and also
related to the stretching and bending modes of vibration
[38]. When the ZnS was doped with Cu?* (spectrum (3b)),
the transmittance peaks were at 522 cm™' and 611 cm™! due
to Zn-S vibration A strong peak at 1133 cm™ indicates the
presence of the doping ions (Cu®*) in ZnS. Cu nanoparticles
had spherical and cubic morphologies and ranged in size
from 50 to 100 nm. The findings demonstrated that using
Cu-water nanofluids at 0.1 vol% increased thermal conduc-
tivity by up to 23.8%.
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Fig.6 The SEM analysis (a, b)
of ZnS and CuZnS nanocom-
posites and the EDAX spectrum
(¢, d) of ZnS and CuZnS nano-
composites

Energy gradient in the solar panel

Figures 8—10 show the energy gradient observed in the
three different solar panels that were provided with differ-
ent cooling fluids. The variation in the energy gradient is
compared with varying flow rates of the respective cooling
fluids. It is observed from Fig. 8§ that the energy gradient
increased with the flow rate of the plain distilled water. The
energy gradient increased by 3.44 times when the flow rate
increased to 1.5 L min~! compared to 0.5 L min~!. However,
a further increase in flow rate reduced the energy gradient
by 27%. It is inferred that solar radiation profoundly influ-
ences the energy gradient revealed by the solar panel. The
energy gradient peaked near noon, i.e., noon, because of the
influencing effect of the heat energy received from the sun
at the zenith. The energy gradient for this case was maxi-
mum when the distilled water was allowed to flow at two L
min!. It is inferred that the higher flow rate of the distilled
water represented a more significant Raynold number that
enhanced heat transfer because of convective heat transfer.
On the contrary, a lower flow rate, i.e., 0.5 L min~!, con-
tributed to laminar flow. Reddy et al. 2017 [41] in their arti-
cle mentioned that solar radiation controls the efficiency of
the solar panel if the quantity of the cooling fluid is below
0.2 mass%. The efficiency of the solar panel marginally
increased by 4% during a trial run.

Figure 9 shows that the energy gradient was lower when
the flow rate of the nanofluid, i.e., 0.2 vol. % of ZNS mixed
with distilled water, was 0.5 L min~!. This reveals that the
nanofluid exhibited natural convective heat transfer, which

@ Springer

reduced the energy gradient that occurs through the nano-
fluid. On the contrary, increasing the flow rate of the ZNS
nanofluid to 1.5 L min~' increased the energy gradient by
3.39 folds. This increase in energy gradient is associated
with the increase in thermal conductivity and flow rate
of the nanofluid. The presence of the additional element
in the distilled water enhanced the thermal conductivity,
which influenced the energy transfer between the cooling
fluid and the solar panel. It is apparent that at higher flow
rates significantly enhance the energy gradient and thermal
management. Specifically, a flow rate of 2 L min~! achieves
the highest energy gradient of around 1000 J, attributed to
improved heat transfer efficiency facilitated by the copper
zinc sulfide (CuZnS) nanofluid. This optimal flow rate effec-
tively dissipates heat, maintaining lower operational tem-
peratures and enhancing solar panel performance. The find-
ings highlight the potential of using nanofluids, especially
CuZnS, to improve the efficiency and durability of solar
thermal systems in industrial applications. Hence, water can
remove less thermal energy from solar panels when used as
a cooling medium, while water-based nanofluids can remove
more thermal energy, with flow rate playing a crucial role
in producing higher thermal conductivity. Janardhana et al.
2022 [42] revealed that the quantity of nanoparticles affected
the efficiency of the solar cells. While using 0.2 mass% of
SiO, nanofluid, the efficiency increased by 17.8%. However,
a further increase in the nanoparticle concentration resulted
in a reduction in the efficiency. Ibrahim et al. 2023 [43],
during an experiment, showed an increase in the PVT elec-
trical conversion efficiency of 15.5%. A temperature rise
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of 22.83% of the surface temperature of PVT panels was
observed over the reference panel when the Al,O5 volume
concentration was 0.05%, and the flow rate was 0.07 kg sl

Figure 10 reveals that copper in the nanofluid boosts the
heat absorbed from the solar panel. Copper nanoparticles
benefit by increasing the thermal conductivity of the cool-
ing fluid. Apart from this, the CuZnS nanoparticles increase
the turbulent behavior of the cooling fluid. Because of this,
the heat absorbed by the cooling fluid increased. During
this case, the energy gradient increased to 1112 W m™2.
Similar to the previous case, the maximum energy gradient
was observed when the flow rate of CuZnS nanofluid was
1.5 L min~!. The increase in rheological property and the
subsequent increase in shear stress of the nanofluid caused a
reduced energy gradient while the flow rate was two L min".
Irrespective of the flow rate, the energy gradient decreased
significantly when the solar radiation was reduced during
the afternoon. In all cases, the energy gradient remained null
without sunlight. A study conducted by Wang et al. 2020
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[44] showed that the efficiency of the solar cell increased by
23% while using Sn-doped In,O5 doped electron transport
layer. A similar study by Logesh et al. 2018 [45] revealed a
performance boost of 16.3% while maintaining a flow rate
of 2 L min~".

It is apparent from Fig. 10 that as the flow rate of the
nanofluids increases, the energy gradient also rises, with the
highest energy gradient observed at a flow rate of 2 L min™",
reaching a peak of approximately 1100 J around the 12th
hour. This enhanced performance is primarily due to the
increased convective heat transfer efficiency at higher flow
rates, which allows for more effective cooling of the solar
panel. The steep rise and fall in the energy gradient at higher
flow rates suggest a rapid and efficient heat absorption and
dissipation cycle, likely driven by the superior thermal
properties of the CuZnS nanofluid. This efficient thermal
management reduces the operating temperature of the solar
panels, thereby enhancing their overall efficiency and lon-
gevity. Additionally, the optimal balance between flow rate
and heat transfer capabilities at 2 L min~! indicates that fur-
ther increasing the flow rate may not significantly improve
performance due to potential limitations in heat absorption
time. This insight is crucial for optimizing solar thermal
systems, ensuring they operate within an efficient thermal
range while leveraging the advanced properties of nanofluids
for enhanced energy collection and conversion.

Temperature difference in the solar panel

Figures 11-13 show the temperature difference observed in
the cooling fluid during the experiment. Figure 11 shows the
temperature difference when plain distilled water is used as
the cooling fluid. The temperature difference was high as
soon as the solar energy started heating the solar panel. Dur-
ing this time, the solar panel transitioned from a low-temper-
ature atmosphere to a heated one. Because of this, the tem-
perature difference was noticeable in the cooling fluid. After
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Fig. 11 Temperature variation in solar panel using distilled water
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this duration, the temperature difference remained close,
irrespective of the flow rate. The peak temperature difference
increased from 6.4 to 7.6 °C when the flow rate of the cool-
ing fluid increased from 0.5 to 1.5 L min~!. After reaching
the maximum value, the temperature difference is reduced
because of the reduction in available sunlight reaching the
solar panel. A study carried out by Santhana Krishnan et al.
2018 [46] revealed that the presence of metal substrate in
the nanoparticles increased the thermal conductivity of the
nanofluid, resulting in enhancing the efficiency of the solar
cells. Shaker et al. 2024 [47] their article informed that the
thermodynamic efficiency of the solar panel was reduced
from 50 to 43% when the operating temperature increased
from 10 to 50 °C, respectively.

Figure 12 shows that the temperature difference was
lower when the nanofluid’s flow rate, i.e., 0.2 vol. % of ZNS
mixed with distilled water, was 0.5 L min~'. This reveals
that the nanofluid exhibited natural convective heat transfer,
which reduced the Temperature difference occurring through
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the nanofluid. On the contrary, increasing the flow rate of
the ZNS nanofluid to 1.5 L min~! increased the Tempera-
ture difference by 1%. This increase in temperature differ-
ence is associated with the nanofluid's thermal conductivity
and flow rate. The presence of the additional element in the
distilled water enhanced the thermal conductivity, which
influenced the energy transfer between the cooling fluid and
the solar panel. It further increased the cooling fluid's flow
rate, increasing the nanofluid's rheological behavior. This
phenomenon increases the shear stress of the nanofluid,
thus leading to a reduction in heat transfer between the solar
panel and the cooling fluid.

Figure 13 reveals that copper in the nanofluid boosts the
heat absorbed from the solar panel. Copper nanoparticles
benefit by increasing the thermal conductivity of the cool-
ing fluid. Apart from this, the CuZnS nanoparticles increase
the turbulent behavior of the cooling fluid. Because of this,
the heat absorbed by the cooling fluid increased. During
this case, the temperature difference increased to 4.73 °C.
Similar to the previous case, the maximum Temperature
difference was observed when the flow rate of CuZnS nano-
fluid was 1.5 L min~!. The increase in rheological property
and the subsequent increase in shear stress of the nanofluid
caused a reduced temperature difference while the flow rate
was 2 L min~". Irrespective of the flow rate, the temperature
difference was significantly reduced when the solar radiation
was reduced during the afternoon. In all cases, the tempera-
ture difference remained null during the absence of sunlight.

Optimization of solar panel

Figure 14 shows the distribution of the energy gradient,
while Fig 15 shows the residual vs. run plot. The response
values are evenly distributed, and the run values are clus-
tered within the residue.

Figure 16 shows the RSM plots and contour plots for the
energy gradient. Figure 16a, b shows that the time of the
day significantly influences the energy gradient. The energy
gradient was maximum when the day was between 11:00
and 14:00. During this duration, the sun was in the zenith.
Figure 16¢c, d shows that while maintaining a flow rate of
1-1.5 L min~!, the energy gradient was at its peak. Fig-
ure 16e, f reveals that the addition of the nanoparticles influ-
ences the energy gradient by facilitating enhancement in the
thermal conductivity [48]. However, an increase in the flow
rate of the cooling water was determinantal to the energy
gradient in the solar panel [49]. The energy gradient drops
significantly when the flow rate of the cooling water is below
1 L min~!, respectively. A considerable energy gradient was
noted when the day was between 08:00 and 17:00. The solar
radiation was enormous during the 24:00 test duration.

Figure 17 shows the variation of temperature difference,
while Fig. 18 shows the residual vs. run plot for the same
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parameter. The response values are evenly distributed, and
the run values are clustered within the residue [50]. Fig-
ure 19 shows the RSM plots and contour plots for the tem-
perature difference. Figure 19a, b shows that the time of
the day significantly influences the temperature difference.
The temperature difference was maximum when the day was
between 11:00 and 14:00. During this duration, the sun was
in the zenith. Figure 19c, d shows that while maintaining
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a flow rate of 1-1.5 L min~!, the temperature difference
peaked. Figure 19e, f reveals that the addition of the nano-
particles influences the temperature difference by facilitating
enhancement in the thermal conductivity [51]. However, an
increase in the flow rate of the cooling water was determi-
nantal to the temperature difference in the solar panel. The
temperature difference drops significantly when the flow
rate of the cooling water is below 1 L min™!, respectively.

A considerable temperature difference was noted when the
day was between 08:00 and 17:00. This was when the solar
radiation was enormous during the 24:00 test duration. This
work addressed three nanofluids with varying flow rates
in accordance with the literature reviews, and it generated
a number of conclusions that were discussed in the find-
ings and discussion. Nevertheless, compared to previous
studies, the volume flow rate would alter as we varied the
concentration.

Figure 20 shows the optimization of the response values
in the study. It was decided to increase the energy gradi-
ent while lowering the temperature difference in the solar
panel. According to this set limit, it was revealed that the
time of the day should be maximized, and the cooling water
type should be enhanced while lowering the flow rate. It
is inferred that lowering the flow rate of the cooling fluid
reduces the rheological factor occurring in the nanofluid.
The addition of copper particles in the nanofluid increases
the cooling fluid's thermal conductivity. Hence, it is decided
to use CuZnS nanofluid, maintaininga 1.5 L min~! flow rate
to enhance the energy gradient while lowering the tempera-
ture difference.

Balakrishnan et al. 2023 [52] found that high heating
inputs, such as 45W, are beneficial in enhancing the heat-
ing period. In contrast, the percentage composition of sili-
con carbide within the PCM improves the peak tempera-
ture of the heat sink and the dwell time of the heat sink.
Singh and Yadav 2022 [53] inferred that after optimiza-
tion in RSM, the best set of input parameters for the solar
flux, water inlet velocity, and atmospheric temperature
was determined to be 705 W m™2, 0.7263 m s~! of water
velocity, and 32.87 °C. Based on these parameters, the
response module temperature, the energy efficiency, and
the efficiency of the solar panels were 48.98 °C, 19.18%,
and 18.88%, respectively. The impact of Al,O; nanofluid
and twisted tubes in shell and tube heat exchangers was
examined by Ghazanfari et al. in 2023. He had carried out
a number of parametric investigations on sun radiation,
nanofluid concentration, and baffles with and without
them. This led to a 13% pressure decrease and a 25%
increase in the heat transfer coefficient [54]. Zhu (2023)
examined the effects of PCM being employed on a solar
panel system with respect to three different geometries of
nanofluid conveying pipes: square, elliptical, and circu-
lar. Additionally, they measured the solid PCM volume,
liquid PCM volume, and heat transfer rates [55]. The sev-
eral uses of nanofluid for solar energy harvesting were
investigated by Mousavi et al. in 2023 [56]. The adaptive
neuro-fuzzy inference system (ANFIS) and the multilayer
perceptron (MLP) neural network were the two types of
neural networks that Taffarroj et al. studied in order to
determine the optimal relationship between the inputs
and outputs of the inlet turbulent flow under ultrasonic
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Fig.20 Optimization of
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vibration that was extracted from experimental data. The
findings indicate that both approaches are successful in
forecasting the process’s features [57].

Conclusions

This study aimed to ensure uninterrupted operation of
a solar panel system by examining the effectiveness of
different cooling fluids. Three variants were tested: plain
water, water with ZNS, and water with CuZNS, with flow
rates set at 0.5 Ipm and 1 lpm. The results showed that a
flow rate of 1.5 Ipm facilitated uniform temperature dis-
tribution and consistent heat exchange, crucial for main-
taining optimal panel performance. Notably, employing
CuZNS nanofluid resulted in lower solar panel tempera-
tures due to enhanced heat exchange capabilities. The
recorded data over a 24-h period provided insights into
temperature fluctuations and informed the optimization
of energy gradient and temperature difference parame-
ters. Remarkably, using CuZn$ nanofluid at 1.5 L min~!
yielded a significant increase in energy gradient, reach-
ing a maximum of 1112 W m™2. This enhancement can
be attributed to the heightened thermal conductivity of
the nanofluid, owing to the presence of copper particles.
Consequently, it is recommended to utilize CuZnS nano-
fluid at a flow rate of 1.5 L min~! to achieve optimal
performance by maximizing energy gradient while mini-
mizing temperature differences in the solar panel system.

Scope of future research

The study also focuses on short-term performance, poten-
tially overlooking the long-term stability and degradation
of nanofluids. Additionally, environmental factors such
as varying sunlight intensity and ambient temperatures
were not extensively considered, which could impact
real-world applicability. Future research could address
these limitations by exploring a wider range of flow rates,
conducting long-term stability studies, and incorporating
diverse environmental conditions. Investigating the cost-
effectiveness and practical implementation challenges of
CuZnS nanofluids, as well as comparing them with other
advanced cooling technologies, could further enhance the
understanding and application of these findings.
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