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27  Abstract

28  The purpose of this experimental research is to develop a new class of nanofluid as a
29 replacement of conventional water based nanofluid for medium temperature range as PV/T coolant
30 application. For the first time, hybridized Al.O3+CuO nanoparticles were dispersed into the binary
31 mixture of ionic liquid (IL) and diethylene glycol (DEG) without the addition of any stabilizing
32 agents or surfactants. The formulated lonanofluid posed excellent dispersion stability together with
33 better thermal stability compared to water-based nanofluid, as evidenced from thermogravimetric
34 analysis. The experimental thermal conductivity assessment showed a maximum of 41.8%
35 enhancement together with a 31% penalty in pressure drop at 0.15 wt.% concentration. A hybrid
36 PVT system is constructed to numerically examine the effect of lonanofluid as an active cooling
37 medium under the COMSOL Multiphysics environment. lonanofluids as coolants in a PVT panel
38 showed a maximum of 69% thermal efficiency at 0.15 wt.% Al>O3+CuO, higher than 63% (0.10
39 wt.% Al>03+CuQ), 58% (0.05 wt.% Al,03+Cu0), and 56% (pure IL+DEG). The PV panel
40 temperature was reduced from 65 to 40 °C when IL+DEG was replaced with 0.15 wt% Al>O3+CuO.
41 At the same concentrations, an electrical efficiency of nearly 12.7% was observed, representing a
42 29.91% improvement over IL+DEG at a flow rate of 4LPM. The formulated lonanofluid performed
43 thermally better than water but somewhat lower than water-based nanofluids like MWCNT/Water.
44 Nevertheless, lonanofluid's electrical efficiency was better than MWCNT/Water. lonanofluid can
45 be a viable alternative to water-based nanofluids for medium-temperature-based coolant

46 applications.

47 Keywords: lonic Liquid, PVT, electrical efficiency, thermal efficiency.
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[EMIM] | 1-Ethyl-3-methylimidazolium o Stefan’s Boltzmann
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EVA Ethylene Vinyl Acetate n Efficiency
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E Energy Output (W/m?) p | Density (kg/m°)
FTIR Fourier transforms infrared Subscripts

G Irradiance (W/m?) pv Photovoltaic

h Heat Transfer Coefficient (W/m? K) eva Ethylene Vinyl Acetate

IL lonic Liquid ted Tedlar

k Thermal Conductivity (W/m K) nf Nanofluid

NP Nanoparticle bf Base fluid

Nu Nusselt Number conv Convection

Pr Prandtl Number rad Radiation

PV Photovoltaic el Electrical
PVIT Photovoltaic Thermal th Thermal

Q Heat Energy (W) amb Ambient

Re Reynolds Number
SEM Scanning Electron Microscope
[TF2N] | Trifluoromethanesulfonimide
T Temperature (°C)
TC Thermal Conductivity
TGA Thermogravimetric Analysis
uv Ultraviolet
UDF User-Defined Fucntion

48

49 1. Introduction

50  Governments are focusing on renewable energy sources and the development and expansion of
51 the technology related to them as concerns about global warming, pollution, and rising energy
52 demands, as well as the rising cost of fossil fuels and the looming threat of their depletion, are
53 becoming more and more pressing (Nasrin & Hossain, 2021; Souza et al., 2022). The most common
54 and accessible renewable energy source that can be used without harming the environment is solar
55 energy. Solar energy photothermal conversion and utilization is the most popular and practical
56 method of utilizing the sun's unbounded power. Photovoltaic thermal (PV/T) system is a crucial
57 part of any solar thermal system because they take in solar radiation, transforming it into electrical
58 energy for practical uses. The thermodynamic properties, such as thermal conductivity, specific
59 heat, viscosity, and density, of the heat transfer fluid (HTF) play a crucial role in determining the
60 overall efficiency of solar energy utilization (Liu et al., 2014). HTFs with superior thermodynamic
61 properties and good thermal stability are highly desired for medium-to-high temperature solar
62 applications, such as solar thermal power. Conventional water-based nanofluids cannot meet these

63 requirements because they are thermally unstable at high temperatures. Therefore, the researchers'
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64 primary goal is to develop nanofluids that are both thermally and physically stable for medium to

65 higher temperature PV/T applications.

66 PV/T technology was realistically proved for providing home electricity and heat demands by
67 the partnership of IEC and Delmarva power and light business in 1973 and was displayed to the
68 public. In light of this, several researchers and practicing engineers throughout the world continued
69 to examine the commercial feasibility of this technology, and the results of their investigations have
70 led to numerous design enhancements in PV/T technology. In the previous 50 years, a profusion of
71 research and review publications about PV/T technology were published in the relevant literature,
72 from which these design enhancements could be recognized. The electrical and thermal efficiency
73 of PV/T systems, which are the critical characteristic of solar thermal energy systems, varies
74 depending on the working fluid's properties and the geographical, climatic, and design conditions
75 (Rubbi et al., 2021). In a PV panel, solar radiation is absorbed by the cells and the empty space
76 between them, which raises the operating temperature of the system by absorbing energy not used
77 by the solar cells. Although the efficiency of the cell increases as the radiation dose increases, the
78 open-circuit voltage decreases, which also causes the efficiency of the cell as well as its operating
79 temperature to decrease (Fayaz, Rahim, Hasanuzzaman, Rivai, et al., 2019; Sardarabadi &
80 Passandideh-Fard, 2016). Many efforts have been made to lower the working temperature of PV
81 panels in order to increase their electrical and thermal efficiency (Fayaz, Rahim, Hasanuzzaman,
82 Nasrin, et al., 2019; Nahar et al., 2017; Nasrin & Parvin, 2012). In a nanofluid, nanometer-sized,
83 very thermally conducive particles suspended in the base fluid produce a colloidal dispersion of
84 nanoparticles in the base fluid. The use of nanofluids in solar heating systems as a working fluid is
85 an attractive area of research for new and existing systems. Nanofluids may have significantly
86 superior thermal properties to conventional fluids such as water, allowing for a significant increase
87 in PVT system's electrical and thermal efficiency (Alous et al., 2019; Naghdbishi et al., 2020). As
88 the volume of base fluid is significantly greater than that of nanoparticles, the characteristics of
89 nanofluids will be dictated mostly by the properties of their base fluids. Water, ethylene glycol,
90 refrigerant, or thermal oil are common examples of base fluids containing nanoparticle suspensions
91 with diameters ranging from one nanometer to one hundred nanometers. Intermolecular interactions
92 between liquid molecules and solid particles govern the formation of the interfacial layer in
93 nanofluid suspension (Rajabpour et al., 2019). The selection of working fluids affects the density
94 and viscosity of nanofluids. lonic liquids have the capability of stabilizing filler nanoparticles by
95 ionic solvation of the surface; thus, these structural changes are mirrored in the rheological
96 characteristics of ionic liquids (Agafonov et al., 2022). Recent lonanofluids with lower melting
4



97 points (lower than 100 °C) exhibit better heat transfer coefficients than Ethylene glycol and water-

98 based hybrid nanofluids due to their increased thermal conductivity viscosity at lower temperatures

99 (Hu et al., 2021).In a study by (Minea & El-Maghlany, 2017), a numerical analysis conducted to
100 assess the natural convection heat transfer utilizing lonanofluids. A comparison of ionic liquid-
101 based nanofluids and normal nanofluids reveals that adding modest volume concentrations of Al.O3
102 to the ionic liquid increases the Nusselt number significantly more than the water-based nanofluid.
103 In another study, (Minea & Murshed, 2018) discovered inconsistent and contradictory behavior-
104 changing the concentration of nanoparticles on the viscosity of lonanofluids although most studies
105 have seen an increase in the viscosity of INFs when adding nanoparticles to the base ionic liquid.
106 However, ionic liquid-based nanofluids lack dispersion stability, which may be remedied by adding
107 stabilizing agents such as surfactants (Bakthavatchalam et al., 2020). Contradictorily, using
108 stabilizing agents deteriorate the thermophysical properties as evidenced in numerous studies (Al-
109 Waeli et al., 2019). Therefore, the use of binary fluid as the base fluid becoming popular in
110 formulating stable nanofluids other than formulating surfactant based nanofluid (Alkathiri et al.,
111 2022; Yang et al., 2022). Metal-based, metal-oxide-based, carbon-based, and nanocomposites are
112 all common types of nanoparticles. Researchers are presently exerting considerable effort to
113 increase the thermal and electrical efficiency of PV/T systems by employing different nanofluids,
114 in attempt to develop systems that are appealing to investors (Bretado-de los Rios et al., 2021).
115 Various studies employing nanofluids as the PVT system's working fluid have demonstrated that
116 they outperform traditional fluid-based systems in terms of thermal and electrical performance
117 (Chaurasia & Sarviya, 2020; Varmira et al., 2021). (Nasrin, Rahim, et al., 2018) investigated a PV
118 module under controlled conditions where a special thermal collector design, a full PVT system,
119 and water/MWCNT nanofluid were used to enhance PV/T thermal performance. In their study, a
120 3D numerical simulation was corroborated at varying irradiation levels from 200 to 1000 W/m2,
121 weight fraction from 0 to 1 % while maintaining mass flow rate 0.5 L/min and inlet temperature 32
122 °C. In numerical and experimental trials, nanofluid outperforms water by 4 and 3.67 %,
123 respectively. The numerical and experimental overall efficiencies of a PV/T system with nanofluid
124 and 1000 W/mz2 irradiation are 89.2 and 87.65 %, respectively. The same research group conducted
125 another investigation with water/MWCNT, which revealed that nanofluid assisted cooling
126 improved tge PV electrical efficiency by 10.72 and 12.25%, respectively (Fayaz et al., 2018). The
127 temperature of the solar cell decreases experimentally by 0.72 °C and numerically by 0.77 °C for
128 every 10 L/h flow rate increase. Increases in flow rate of 10 L/h contribute 7.74 and 6.89 W of
129 thermal energy, respectively, in theoretical and experimental studies. Water/MWCNT nanofluid



130 improves PVT system thermal efficiency by 5.62 and 5.13 %, respectively, as compared to water.
131 In another investigation, (Hasan et al., 2017) experimented with SiC, TiO2, and SiO, nanomaterial
132 nanoparticles to examine the PV/T unit's performance. Nanofluid was injected through 36 nozzles
133 and four parallel tubes at the backside of the photovoltaic system. The SiC/H>O nanofluid was
134 reported to work optimally in the PV/T system, with a maximum electrical and thermal efficiency
135 of 12.75 % recorded. (Motamedi et al., 2019) experimentally examined hydrophobic microchannels
136 for PV/T devices using Ag-SiO2 hybrid nanofluid and reported that the solar-thermal conversion
137 efficiency and stagnation temperature and were increased by up to 20 % and 3 % respectively.
138 Al>Oz/water as a coolant nanofluid was used in a rectangular channel integrated with a silicon solar
139 panel in a numerical study using the finite element method (FEM) to investigate the Navier-Stokes
140 and energy equations. According to their findings, using nanofluid increased the rate at which heat
141 was transferred from the panel to the fluid and thus improved system performance (Elmir et al.,
142 2012). (Abdallah et al., 2018) used Al,Os/water nanofluid as a coolant in a PVT system in another
143 study that used volume fractions of 0.2%, 0.1%, 0.5%, 0.3%, and 0.075 %. For the optimal
144 outcomes, they concluded that the maximum efficiency occurred at a volume fraction 0.1%, which
145 lower the panel temperature by 10°C at a flow rate of 1.2 L/min. In a recent study, (Hormozi
146 Moghaddam & Karami, 2022) found the electrical and thermal efficiency was found higher using
147 CNT based nanofluids while comparing with the Ag-MgO based nanofluid in a PVT system.
148 Nevertheless, the frictional penalty encountered by CNT based nanofluid system was lower than
149 that of Ag-MgO based nanofluids. Metal-oxide/water nanofluids as coolants in PVTs have been
150 studied experimentally and computationally by (Sardarabadi & Passandideh-Fard, 2016). In their
151 study, deionized water is used as a base fluid and Al;O3, TiO2, ZnO as the nano dispersants at
152 varying concentrations (0.05-10 wt.%). The electrical efficiency of TiO2/water and ZnO/water
153 nanofluids is superior to that of AloOs/water nanofluid and deionized water, as noticed from both
154 numerical and experimental results. In comparison to deionized water and the other two nanofluids,
155 the ZnO/water nanofluid exhibits the highest thermal efficiency. Finally, the numerical model was
156 used to investigate the effect of nanoparticles on the PV/T system's electrical and thermal
157 performance and found that the thermal performance was nearly four-fold higher at the maximum
158 of 0.10 wt.% than at 0.05 wt.%.

159  Although numerical and experimental investigations have shown that nanofluids considerably

160 improve the performance of solar thermal systems, some significant challenges must be addressed

161 before they can be considered a working fluid. Suspension stability of the nanofluids is the biggest

162 technical challenge to overcome. Nanofluid stability can be affected by several factors, including
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163 the ratio of base fluid to NP and Np size, shape, and type. In contrast to other nanoparticles, metal-
164 oxide-based NPs form noticeably more stable nanofluids due to the affinity between the base fluid
165 and the metal oxide. TiO2, Al,O3, ZnO, and CuO are just a few of the metal oxide nanoparticles
166 that can be used to formulate nanofluids. To improve the stability of nanofluids, various mechanical
167 (ultrasonication, mechanical shaking, magnetic stirring) and chemical techniques (surfactant
168 addition, functionalization, pH control) are used. These strategies, however, have downsides of
169 their own. Stabilizing agents, for example, cannot withstand high temperatures and lose
170 effectiveness above a certain temperature threshold. Ultrasonication breaks down the structure of
171 the NPs over time, deteriorating the thermophysical properties of the nanofluids. Furthermore, it
172 was revealed that the additional cost of functionalizing nanofluids was futile. lonic liquid (IL)
173 appears as a viable alternative to conventional heat transfer fluid, capable of replacing surfactants
174 in the preparation of nanofluids. Several recent studies with lonanofluids (lonic liquid-based
175 nanofluid) showed excellent dispersion stability together with improved heat transfer performance
176 in thermal systems (Main et al., 2021).

177  According to previous research, nanofluid-based PVT technology appears potential for solar-
178 powered power generation. In contrast to water/surfactant-based nanofluids, however, there is a
179 dearth of research on the formulation of lonic Liquid/surfactant-free nanofluids for application in
180 high-temperature-resistant PV/T systems. The objective of this research is to develop a nanofluid
181 devoid of surfactants to prevent the detrimental thermophysical effects of surfactants. In addition,
182 thermal feasibility difficulties with water as the base fluid at higher temperatures will be overcome
183 by substituting a solution of IL+ Diethylene Glycol (DEG) for water, as it can sustain greater
184 temperatures than water. The potential of core-shell nanoparticle-based nanofluids to increase
185 thermal and electrical performance in a PV/T system will be examined and compared to that of
186 conventional working fluid. To our knowledge, a binary solution of Glycol and ionic liquid has
187 been employed as a substitute to the standard base fluid for the first time, which allowed the
188 formulation of a stable nanofluid without the need of surfactants. The base fluid was made by
189 mixing an ionic liquid ([EMIM] + [TF2N]) with DEG, which are both hydrophobic in nature. The
190 addition of IL improved dispersion stability while not compromising thermal stability. Metal oxide-
191 based hybrid (Al.03+CuO) nanoparticles (NPs) were used as nano dispersants at three different
192 concentrations. The effects of nanoparticle concentrations on the thermophysical properties of
193 lonanofluid are discussed in this study. Finally, the performance of a PV/T system with this new

194 class of lonanofluid was evaluated and compared to that of base fluid alone.
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2. Methods, preparation, and characterization

2.1. Preparation of [EMIM][TF2N]+DEG/Al,O3+CuO Hybrid lonanofluid

In this present work, the preparation of [EMIM][TF2N] +DEG/Al>03+CuO hybrid lonanofluid
was executed by two-step methods at 0.05, 0.10, and 0.15 wt% concentrations. The maximum
concentration was chosen at 0.15 wt.% due to the fact that as the concentrations increased,
observable sedimentation was seen, rendering the nanofluid unstable. CuO and AlOs
nanoparticles that are employed in preparing hybrid nanoparticles are obtained from Us
Research Nanomaterials, Inc. (Houston, TX, USA). The properties of NPs as per specifications
of certificate analyses are shown in Table 1. lonic liquid [EMIM] [Tf.N] (CAS-No: 174899-
82-2; > 98% HPLC) and DEG were purchased from Sigma-Aldrich, Germany. The chemical
structure of both components is shown in Figure 1. Engineering applications favour non-
aqueous solvents such as [EMIM] [TT.N] because of their low vapor pressure, excellent thermal
stability, strong conductivity, and wide applicable temperature range and electrochemical
windows. Firstly, precisely weighted (using graduated cylinder) 30% of [EMIM][Tf2N] was
mixed with 70% of DEG by volume percentage to form an IL+DEG solution with a volume
ratio of 30:70 (IL: DEG). A homogenous solution was obtained by carrying out two hours of
stirring with a magnetic stirrer (IKA, RCT BASIC, Germany) for one hour at 1000 rpm and 60
°C temperature. To prepare the lonanofluids sample, the precisely weighted Al,O3:CuO (1:1)
NPs were distributed into the solutions at 0.05, 0.10 and 0.15 wt.% concentrations under
continuous magnetic stirring at 800 rpm and 60 °C. It is worth noting that the Al,O3:CuO (1:1)
mixing ratio was found to yield more stable nanofluids than the other experimentally trialled
ratios (2:1, 1.5:1, 1:1.5, 1:2). As a result, Al203:CuO (1:1) was considered to produce
lonanofluid at various concentrations The samples of lonanofluids were then stirred for two
hours to improve the nanocomposite dispersion in the base fluid. To obtain a more stable
lonanofluid, each sample was sonicated for 4 hours with a power of 1200 W, 20 kHz ultra-
sonicator (Ultrasonic Probe sonicator, Model: Fs-1200N, Hangzhou, China). Before being
dispatched for characterization, the generated ionanofluids were cooled to room temperature

spontaneously.



223  Table 1: Properties of nanoparticles.

Name Shape Color Average  Purity Specific True
size (nm) surface Density
area (m?/g) (g/m?)
Al,O3 Nearly-spherical White 60 nm 99.9% 58 3.89
CuO Spherical Brown-black 10 nm 99% 165 6.4
224
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226  Figure 1. Chemical structure of [EMIM][Tf.N] and DEG.

227 2.2. Characterization

228 2.2.1. Morphological and Optical Characteristics
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The surface texture of the formed Al>O.+CuO nanoparticles was inspected with a scanning
electron microscope (SEM). The operating voltage and current were 15 kV and 10 mA,
respectively. Fourier transforms infrared (FTIR) spectroscopy was used to identify the
chemical conformations of the formulated samples. The device was operated at a 0.2 scan speed
for each spectrum while the resolution was set at 4 cm™ resolution. The spectral wavelength
ranged from 400 to 4000 cm™. The optical absorbance and transmittance were obtained by

utilizing a UV-vis spectrometer.

2.2.2. Zeta potential measurement

The stability of colloidal solutions is directly related to the electrical potential in the interfacial
double layer. The zeta potential is a widely used technique for determining the stability of
nanofluids and colloidal solutions (Hunter, 2013). A particle analyzer (Litesizer-500, Anton
Paar, Graz, Austria) was used to assess the zeta potential measurement of the prepared
ionanofluids at different concentrations. For each sample, the measurements were taken at least

three times to confirm the measurement accuracy.

2.2.3. Thermophysical Properties Measurements

The thermal conductivity (TC) measurement was accomplished by the transient hot-wire
method employing a Tempos thermal property analyser as shown in Figure 2. The apparatus
is capable of assessing TC values with an accuracy of 90% or higher. The sample was
maintained at a constant temperature during the measurement by placing it in a constant
temperature water bath. The sensed TC was converted into a digital signal and displayed on
the monitor by dipping a single heated needle inside the sample, which served as a KS-3 sensor.
As the sample temperature reached the anticipated value, the samples were left to equilibrate
for at least 30 minutes before taking the measurement. Three readings were taken to check the

repeatability at each point, and mean values were recorded to preserve measurement accuracy.
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Tempos thermal
property analyser

Temperature Controller

Figure 2. Schematic diagram of thermal conductivity measuring rig.

A differential scanning calorimeter (DSC) was involved to assess the specific heat capacity of
the base IL+DEG and ionanofluids. A 40 pL aluminum crucible was used inside the apparatus
in which samples were tightly sealed, and an N> atmosphere was accompanied by flowing N2
at a 20 ml/min of flow rate. The heating rate was 10 °C/min, while the temperature ranged
between 20-65 °C. The instruments had a temperature accuracy of £ 0.2 °C and exhibited a
high resolution of 0.03 uW. The device was calibrated properly before measuring to ensure its

sensibility and accuracy. However, the measurement uncertainty varied from 0.2—0.8%.

The viscosity and the shear property (shear stress and shear rate) were measured with a
rheometer (MCR 92, Anton Paar, Austria). The measurement was assessed at 100 rpm with an
accuracy of £ 1.0% in the temperature range of 20 to 60 °C. The density measuring device-
densitometer (DMA-1001, Graz, Austria) has a 0.0001 g/cm® measuring accuracy. The water
and air density tests were performed to ensure accurate measurement. The thermal stability was
measured by performing TGA analyses with a TGA analyser (TGA 4000, Perkin Elmer, USA).
The heating range was varied from 30-500 °C with a 10 °C/min heating rate inside a ceramic
furnace while N2 flowed at 1.9 bar and a rate of 19.78 ml/min.

2.3. Simulation Methodology

The simulation analysis yields the electrical and thermal characteristics of the PV/T system
employing newly developed lonanofluid. The methodology for simulating the PV/T system is

detailed in the section that follows.
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274  2.3.1. Physical System

275 Figure 3 depicts the problem under investigation. A large photovoltaic module with 72
276 polycrystalline silicon cells is considered in this study (each cell has an area of 0.024 m?).
277 According to the typical weather conditions in Malaysia, the average solar radiation is around 1000
278 W/m? (Mohammad et al., 2020). Therefore, the total area of the solar cells serves as the
279 computational domain for numerical simulation (1.73 m?). The physical properties of the layers in
280 the PV/T module are shown in Table 2. The solar collector under research is a 300-watt
281 photovoltaic module comprised of four layers: a photovoltaic solar cell, EVA on both sides of the
282 photovoltaic cell, and a tedlar plate. In addition, a serpentine copper tubing heat exchanger is placed
283 underneath the photovoltaic module (Figure 3). The PV cells, EVA, and tedlar layers are 0.3mm,
284 0.5mm, and 0.1mm thick. The remaining specifications are identical to those of the photovoltaic
285 plate, i.e. (1955mm x 982mm).

PV Module

Absorbar

EVA —p
Fluid Flow Tubes

PV Cells / /
EVA —p
Tedler

Insulation

Channel Base

(a) (b)

286

287  Figure 3. Schematic illustration of the backflow channel-based PV/T system with nanofluid

288  as coolant (a) different layers (b) whole system.

289  Table 2: Specifications and properties of the hybrid PV/T system (Nasrin, Hasanuzzaman, et
290 al., 2018a).

Parameter Values

PV Material Polycrystalline silicon cell
Power 300 W

Dimensions 1955 x 982 x 36 mm
Weight of PV panel 20.5kg
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Heat transfer coefficient inside PV layers, hygnei—tea 150 W/m?K

Heat transfer coefficient from tedlar to heat exchanger, | 77 W/m?K

hted—tubing

Heat transfer coefficient from heat exchanger to | 66 W/m?K
water/nanofluid, hyping—nfs

Apy 0.9

Ated 0.5
Emissivitypy 0.99

keva 0.311 W/im.K
kpy 148 W/m.K
kreq 0.15 W/m.K
kinermat paste 1.9 W/im.K
Keubes 2700 W/m.K

291
292 2.3.2. Thermal modeling and governing equations

293  The Finite Element Method-based Multiphysics Software COMSOL is used to analyze
294 numerical data. The output parameters of the PV/T system are determined using COMSOL's CFD
295 and heat transfer modules. The flow of nanofluids is assumed to be steady, three-dimensional,
296 incompressible, and laminar. The transmissivity of EVA is assumed to be approximately 100%,
297 dust’s effect on the absorptivity of the PV surface is negligible, and temperature variation along the
298 module's thickness is assumed to be zero. Additionally, it is assumed that the base fluid contains a
299 homogeneous mixture of nanoparticles (i.e., no particle sedimentation). In this study, base fluid and
300 the hybrid lonanofluid at varying nanoparticle concentrations are used. Regression analysis is used
301 to fit the thermal conductivity, viscosity, and density, all related to the weight fraction at different
302 temperatures, to a polynomial. This polynomial is then used in COMSOL through a user-defined
303 function (UDF).

304 For solid domain in the PV/T device, heat conduction equations are used to account for heat
305 transfer. Heat transmission from the surface of the photovoltaic panel to the flow channel is

306 established using the heat conduction equation shown below in Eq.1-4 (Samylingam et al., 2020).
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307

dr.
pcaccpc E = apanelG - Ee panel ted ( panel — Tted)

o (15 0T 0T O,
©9x2  dy?  0z2

1)

Other equations of thermal energy for additional layers can be expressed similarly. Here, a;,

308 represents the panel’s absorptivity, G represents the irradiance, E, stands for electrical energy

309 output and hygne—teq EXPresses the heat transfer coefficient between PV module and tedlar plate.

310 Correspondingly, other heat transfer coefficients between the layers are specified in Eq.2 and 3.
311 Specifications of the PV/T collector are listed in Table 2.

312 From tedlar to serpentine tubing:
ATieq
pted6ted Cp ted %
_hpanel—ted (Tp - Ttd) - hted—tubing (Tted - Ttubing) (2)
aZTted aZTted athed
+ ktedated < dx2 + 0_’)/2 + 972
313  From serpentine tubing to nanofluid:
dTeup
pted6tubepdycp,tube %
- _hted—tube(Tted - Ttube) - htube—nfpdy(Ttube - Tnf) (3)
aZTtube azTtube aZTtube
+ ktube6tube < 0 x2 ayz + 072
314
315  Where P is the periphery of the tube.
316 For working fluid in serpentine channel.
dTy
pfAfdny E = htube—nfpdy(Ttube - Tnf) 4)
317 Moreover, Eqgs.5-8 describes the mass and momentum and energy equations for steady laminar
318 fluid flow.
Ju N v N ow
ox ' ay 9z ®)
319 X-momentum:
ou ou ouy —0dP 0*u  0*u 9%u
pnf(uax+v—+W£)= e + Unr + + (6)

dy dx? 0dy? 02z
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320 Y-momentum:

( 8v+ 6v+ 617) B —6P+ 62v+62v+62v @
P \Uox T oy Woz) = oy Hof \ g2 dy?  0z2
321 Z-momentum:
( 8W+ 6w+ GW) —6P+ 62w+62W+62W ®
Pnr\%ox TV dy Woz) T Taz T W Gx2 0y?  0z2

322 The heat capacity (Cpys) of the nanofluid is considered to be constant, and their properties were
323 obtained from the following correlation (Sardarabadi et al., 2014):
Cony = (1= $)(Cp)ps + P (Cp)s
9)
324 The Nusselt number for different flow regime between fluid and tube can be expressed as
325 (Hendricks & van Sark, 2013).

326  Re <2300, Nu=4.364
Re > 2300, Nu = 0.0234 Re%8pro4
(10)
327 In Eg. 10, Reynolds number Re and Prandtl Number Pr can be calculated as (Nasrin,

328 Hasanuzzaman, et al., 2018a).

Pr = usCyr/K,
fEpfl2f (12)
329 Energy conservation is considered throughout the hybrid PV/T collector described in Eq.13,
330 which includes solar irradiance, PV surface radiation, convection between the PV/T and the

331 surrounding environment, thermal energy produced, and electrical power production.
G_Pel_Pth_Qc;nv_eradzo (13)

332 The following equations describe the convection and radiation heat transport from a PV/T

333 device. The panel's radiative and convective heat transfer coefficients are determined using Stefan-

334 Boltzmann laws and Newton's cooling, respectively.

—n. (=kVT) = htotal(Tsurface - Tambient) (14)
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—n. (=kVT) = eo(T2 - T
( surface sky) (15)

335  Where, h;ytq; denotes the total heat transfer coefficient expressed in terms of hipiq =

1
336 (h]?orced + h3 4tura)?. This involves both natural and induced convection effects over the panel.

337 The coefficients of forced and natural convection heat transfer (Hendricks & van Sark, 2013) are

338 determined using Eqgs.16 and 17.
1
hnaturar = 1-78(Tamb + Tsurface)3 (16)

hforced =28+ 3'OVWind
(17)
339  While sky temperature is determined using the Swinbank relation (Nasrin, Hasanuzzaman, et
340 al., 2018b) as T, = 0.037536T,,, + 0.32T 4. In EQ.15, ¢ is the emissivity and o denotes the

341 Stefan-Boltzmann constant.

342  Where, p and V' is the density and velocity of the fluid, respectively. D is the diameter of the

343 tubes of the thermal collector.

344 The output thermal energy is calculated by:

Py = me (Tout - Tin) (18)

345 Eq.17 determine the thermal efficiency.

_ P
Teh =G x4, (19)

346
347 2.3.3. Electrical modeling of PV panel in Simulink

348 The systematic block diagram of a PVT co-generation system is shown in Figure 4a. Metallic
349 copper tubes are linked to the rear of PV panels through which nanofluid will flow to reduce panel
350 temperature. The panel's output is sent to the DC-AC converter through an MPPT/DC-DC
351 converter. The inverter's obtained alternating current output is sent to the grid or an electrical load.
352 Simultaneously, heat recovered from the PV panel via circulating fluid will be used as
353 supplementary heat energy by the thermal power plant to generate electrical energy. On the
354 electrical side, the system's efficiency can be boosted by boosting the efficiency of the panel-MPPT

355 system and inverter system.
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Figure 4. (a) Schematic of the PVT co-generation system. (b) equivalent model of a solar PV

cell.

The model of the PV panel is developed using the model of the single PV cell. The ideal solar

360 cell acts as a current source connected with a diode in the parallel connection. A very common solar

361 cell equivalent circuit is shown in Figure 4b, consisting of a current source, a diode, and resistors.

362 One resistor is series-connected, and one is in parallel connection. The expressions for the various

363 parameters of the solar cell used to develop PV panel model are described below (Arif et al., 2018):

364

365

366

367

368

Module Reverse saturation current can be expressed as,

L. = ISCR v
rr [e(q.%.NS.A.TTk) _ 1] (20)

PV module saturation current is expressed by,

T E,xIxa)x L1
Id = Irr X ( aK/TrK) X e[( 97k ) (Trk Tal()] (21)
Light generated current can be expressed as,
S
Ipy = [Iscr + Ki X (Tqg — Try) X 1000 (22)

And the expression for Output current,

Iy AXKXT g )X (Vo +IoRs
I, =Np X Ipy — Np X I; [e[NSX XKXTaic Vot IoRs)] _ 1 23)

The basic building block of a PV array is the PV cell. PV cells are grouped together in a series

369 and parallel fashion to make a PV module that makes the PV array. The modeling of a single PV

370 cell is described using various fundamental equations. The equivalent electric circuits of the PV

371 cell and PV array are shown below in Figure 5a, and Figure 5b, respectively. The current source
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372 I, represent the cell photocurrent and is the actual current produced due to the sunlight. R, and

373 R are the intrinsic shunt and series resistance which incorporate the actual behavior of the cell.

R, —_— (NyNp)Rs
AAA" . I

Iph t la l l Lsh bt yvy
G) ! R, v e C) N, (NyNpJRy

- _ try ¥ .

375  Figure 5. Equivalent Circuits of (a) PV Cell and (b) PV Array.

AW

Wy

376  The following equation determines the V-I characteristic equation of the cell,

Iy

1000 (24)

Ly = [Isc + K;(T — 298)] X

377 Here, I,,, is the photocurrent generated by one cell in Ampere (A), I, is the short-circuit current
378 (A). K; is the short circuit current of a single cell at 1000 W/m?and 25°C; I, is the solar irradiation
379 in W/m2. Similarly, the reverse saturation current I,.; can be determined as

ISC

e e (25)

NeBnT

380  Where I, is the short circuit current (A), q is the charge of an electron, N, is the number of cells
381 connected in series, V. is the open circuit output voltage, B is the Boltzmann constant, and n is the
382 ideality factor of the diode. The module saturation current I vary according to the following

383 equation,

T3 qE, o /1 1
= || e[ TR (57 (26)

384  Where E is the energy band-gap of the material used as semiconductor, and T, is the nominal

385 temperature (298.15 K). The module’s current output is calculated using the equation given below,

V I,R
_+OS
nV, sh (27)

Iy, = Nyl — Nplg [exp

—PL1,Rs

386 WithV, = "q—Tand I, =2

Rgsh
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387 A model of the solar cell is developed using these equations in MATLAB/Simulink. Series and
388 parallel combination of these cells gives us the PV panel model having required output power. The
389 specifications for the single PV panel developed are tabulated in Table 2.The output electrical is
390 calculated by:

Pey = Voo X Isc X FF

(28)
391 EQ.29 is used to determine the electrical efficiency.
— Pel
Tel = 6% A, (29)

392  Where, G is the effective irradiance taking into consideration absorptivity, transmissivity and

393 packing factor of the solar module.

394 2.3.4. Boundary Condition

395  Throughout the domain, proper boundary conditions were employed in accordance with the
396 physics of the problem. The boundary condition that is applied across the top and bottom layers of
397 the photovoltaic module is —n.q = h.(Ty,,, — Ts). Where n is the surface normal and T,,;, and
398 T, are the surrounding environment and surface temperatures, correspondingly. The boundary

399 conditions are summarized in Table 3.

400 Table 3. Summary of boundary conditions.

Domain Boundary condition Expression
Fluid domain Velocity Inletalong x-axis u=U,v=0w=0andT =T,
Solid Domain No-slip conditions u=v=w=0
Solid-fluid Interfaces Heat flux continuity (%) _ E(%)
on/y ke\on/g
Fluid Outlet Zero Pressure outlet P=0
Solid Walls adiabatic boundary
Bottommost plate Isolated Boundary
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401 2.3.5. Meshing and Grid independence

402  COMSOL Multiphysics® was used to mesh the PV/T module using the physics-controlled mesh
403 sequence configuration, as illustrated in Figure 6(a-c). Each domain and boundary have its own
404 tetrahedral and triangular mesh elements. The number of mesh elements at each boundary rises in

405 order to heat transfer and flow fields can be effectively modeled.

(@)

(b)

(©)

406

407  Figure 6. Finite element meshing (a) PV/T collector (b) along the thickness of the collector
408  (c) inner and outer portions of the tube.

409 The mesh convergence criterion was obtained by performing simulation at a mass flow rate of
410 3 LPM and solar irradiance of 1000 W/m? using water with different mesh sizes (from coarser to
411 finer) shown in Table 4. The initial layer thickness was set to 1/50 of the element’s size at that
412 boundary. The output of grid convergency is presented in Figure 6(b-c) at different mesh sizes. It
413 is obvious from the table there was no further change in panel temperature, and outlet fluid
414 temperature values after element size reached t01.5x10°. Thus, an element size of 1.5x10° was
415 preferred for simulation purposes. The solution method of the governing equations using COMSOL

416 Multiphysics modelling package is shown in Figure 7 below via flowchart:
20



417

418

Table 4. Grid independence test.

S. Mesh size PV Temp. | Deviation | Outlet Deviation | Solution
No. | (elements) 0 (%0) Temp. (°C) | (%) Time (s)
1 2.5x10° 42.341 -- 41.213 -- 560

2 4x10° 43.872 1.2% 40.751 -1.13% 720

3 6x10° 44.003 0.29% 40.254 -1.23% 817

4 8x10° 44118 0.26% 39.104 -2.94% 1115

5 1.5x10° 45.200 2.3% 38.889 -0.55% 1487

6 3.5x10° 45.201 0.002% 38.801 -0.22% 1815
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419
420

421

422

423

424 investigation. It is obvious from the micrographs (Figure 8a) that the utilized Al>Oz is spherical
425 with a combination of o (~60%) and (~40) y characteristics. The size distribution plot also reports
426 that the diameter of most of the particles stays in the range of 55-70 nm (Figure 8b). Furthermore,
427 according to the SEM photographs of the CuO nanoparticles (Figure 8c), the shape of the particles
428 is nearly spherical, with 75% of them being sized between 7-12 nm (Figure 8d). The information
429 from the SEM micrographs strongly supports the "product description™ provided by the supplier.
430 Moreover, the SEM micrographs are aligned with the findings from previous studies for Al,03 (Mei
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3. Results and Discussion

3.1. SEM Analysis

431 et al., 2018) and CuO (Bonnot et al., 2015) NPs, respectively.

22

Figure 7. Flowchart representing the methodology in COMSOL environment.

The SEM analysis was conducted to confirm the surface morphology of the nanoparticles under
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434 Figure 8. SEM micrograph and particle size distribution of (a)Al2Os3, (b) CuO nanoparticles.
435 3.2. Stability Analysis

436 The most challenging part of synthesizing nanofluids is maintaining the stability of the
437 formulated nanofluids. The suspended nanoparticles in the base fluids are prone to sedimentation
438 resulting from the effect of various forces acting on them, such as VVan der Waal forces, electrostatic
439 repulsion, and to some extent, buoyancy and gravitational forces. According to the DLV O theory,
440 nanofluid instability, causing the agglomeration of the suspended nanoparticles, is attributed to the
441 domination of the VVan der Waal attraction force over the electrostatic repulsive force. Therefore,
442 care must be taken during the formulation of nanofluids to ensure the stability of the nanofluid.
443 Different approaches can be adopted to improve stability, as depicted in Figure 9a. Among these
444 techniques, the pH adjustment and the surfactant additions have some demerits. For instance,
445 increasing or decreasing pH can increase the alkalinity or acidity, which detrimentally affects the
446 pipes by causing corrosion, fouling, etc. However, adding surfactants reduces thermal stability
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447 because most surfactants cannot withstand temperatures above 60 °C. Furthermore, the addition of

448 stabilizing agents deteriorates the desired thermophysical properties.

Nanofluid Stabilization Ultrasonication
Techniques Dispersed r\
: IL+DEG Al 205+Cu0
I I nanopartlcles e
m B ﬂ -
i Electrostatic Steric Electl osteric
Stablhzanon Stablhzation Stabﬂlzanon
. Co2>
Van der Wall
lonic Polymer attrac u on
Ball Milling ] Sur‘factants Addltlon ] lonic Polymer
h '09
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/e \ Stable
Nonlonic 9%? ®o .
U BT ] U Adjustment u Surfactants _ 4 ° oi‘oo lonanofluid
. . %otk
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451  Figure 9. (a) Nanofluid stabilization techniques (Chakraborty & Panigrahi, 2020) (b)
452  approaches to tune the lonanofluid stability using an lonic liquid, (b1) preparing the

453  homogenous mixture of IL+DEG by hot plate magnetic stirring, (b2) dispersion of

454 nanoparticles into the base fluid by hot plate magnetic stirring, (b3) ultrasonication using

455  probe ultra-sonicator (b4) formulation of stable lonanofluid

456 Mechanical approaches are emphasized in this study to achieve the desired stability, as well as
457 the addition of an ionic liquid in a moderate ratio (IL: DEG = 20: 80) to achieve electrostatic
458 stabilization by increasing the double layer repulsive force with a modified particle surface, as
459 shown in Figure 9b. The measured values of the { potential are plotted in Figure 10a for different
460 concentrations of nanoparticles. The presence of IL provides electrostatic repulsive forces that
461 make the solutions highly stable, as demonstrated by the { potential value that ranged between -
462 60.8mV to -45.3mV. Furthermore, the ionanofluids are more stabilized by fluid agitation and
463 cavitation due to the ultrasonic waves. When the number of nanoparticles is increased, more
464 repulsive forces between the IL ions and the nanoparticles are generated, causing the { potential to
465 rise. The visual inspection of nanofluids revealed that no precipitation formed after two weeks
466 (Figure 10Db), indicating that these ionanofluids could be an excellent choice for solar energy

467 storage applications.
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469  Figure 10. (a) Mean Zeta potential vs concentration, (b) Digital photograph of the formulated
470  IL+DEG/AI;O3+CuO hybrid lonanofluid at different concentrations from day1 to day14.

471 3.3. FTIR Analysis

472  Figure 11 shows the identified IR spectra for DEG+IL and ionanofluids for wavelengths
473 ranging from 4000-600 cm™. Chemical bonds have been assigned to the transmittance peaks at
474 various wavenumbers, as shown in Table 5. The stretching O-H bond induces the broad peak at
475 3352 cm™, while the aliphatic C-H stretching of DEG generates the broad peak at 2873 and 2895
476 cm (Saikiaet al., 2017). The IL contents, on the other hand, contribute to the appearance of several
477 peaks at 1572 and 1351 cm™, which are attributed to the stretching C=N, and C-C bonds,
478 respectively, while the stretching S-O and C-F bonds are responsible for the observed peaks at 1053
479 and 1190 cm?, respectively (Abdollahi et al., 2018). A vibrating C=C bond in IL's aromatic cationic
480 aromatic compound also accounts for the strong peak at 893 cm™. It's worth noting that the
481 insignificant addition of nanoparticles had no chemical reaction with the molecules of the base

482 fluid, as the FTIR of pure IL+DEG and lonanofluid showed no significant differences.
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484  Figure 11. FTIR spectra of Pure IL+ DEG and IL+DEG/ (Al,03+CuO) nanofluids at

485  different concentrations.

486  Table 5. Assigned Chemical bonds of the peaks of FTIR bands of IL+DEG and lonanofluid.

Peaks Type Assignments
3352 Strong, broad O-H stretching
2873 Strong sharp C-H stretching
1351 Strong C-N stretching
1190 Strong C-F stretching
1128 Strong C-F stretching
1053 Strong S-O stretching
893 Strong C=C bending
739 Strong C-H bending

487

488 3.4. UV-Vis Analysis

489 Figure 12a and Figure 12b depict the absorbance and transmittance spectra of pure IL+DEG
490 and lonanofluids for wavelengths ranging from 800 to 200 nm, respectively. Due to both
491 constituents' poor optical absorption properties, the mixture of [EMIM][Tf2N] and DEG exhibits
492 high transmittance and low absorbance in the visible wavelength. When Al>O3+CuO nanoparticles

493 are dispersed in the base fluid, they significantly increase light-absorbing properties while
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494 simultaneously losing optical transmittance. The improved absorptivity of lonanofluids explains
495 the high potential of hybrid nanoparticles (Al20s+CuO) in capturing solar light. The absorbance
496 increases significantly in the wavelength range between 250 and 800 nm as the concentration of
497 nanoparticles increases from 0.05 to 0.10 wt.%, and the transmittance of lonanofluids completely
498 disappears. However, from 200 to 600 nm, at a concentration of 0.15 wt.%, the absorbance is almost

499 identical to that of 0.10 wt.%.

500 Nonetheless, the absorption property of lonanofluids increases with the addition of
501 nanoparticles at wavelengths greater than 600 nm. The higher the absorption capability, the better
502 the solar conversion efficiency, implying that the added nanoparticles will significantly improve
503 energy storage capability. Because the phenomenon of losing thermophysical and optical properties
504 is common for nanofluids, it is critical to investigate the sustainability of the optical properties with
505 time to assess the applicability of lonanofluids. Figure Sl1(a-e) illustrates the variation in
506 absorbance and transmittance spectra as a function of time. No significant shifts in absorbance or
507 transmittance lines can be seen, indicating that the formulated lonanofluid maintains its light-

508 capturing ability over time.
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510  Figure 12. UV-Vis (a) absorbance and (b) transmittance spectra of pure IL+DEG and
511  IL+DEG/AI>O3+CuO nanofluids at different nanoparticle loadings.
512
513
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514  3.5. Thermal Conductivity

515  Figure 13adisplays the TC vs. temperature plot of [EMIM][Tf:N], DEG, base fluid (IL+DEG),
516 and lonanofluids at different concentrations in the temperature range of 20-80 °C. For each
517 measurement, the measurement uncertainty was less than 5%. The TC of pure [EMIM] [Tf2N] was
518 observed to decrease slightly with increasing temperature, which is consistent with the findings of
519 (Ge et al., 2007). Nonetheless, the trend lines for DEG and formulated nanofluids increased as the
520 temperature increased. Rising TC as temperature increases is common in nanofluids and can be
521 explained by some well-known concepts. The interfacial thermal resistance between the solid NPs
522 and the base fluid is reduced by adding nanoparticles, increasing the TC as the temperature rises.
523 However, at different concentrations of nanofluids, the rise in thermal conductivity tends to be
524 linear with the temperature increase. In addition, nanoparticle concentration plays a vital role in the
525 thermal behavior of the formulated nanofluids. The tendency for the TC to increase with increasing
526 nanoparticle loading until it reaches an optimum concentration is typically obvious for nanofluids.
527 The thermal conductivity decreases as the interaction between NPs and fluid molecules break down
528 above this optimum concentration. Furthermore, sedimentation and agglomeration of nanoparticles
529 at high concentrations are also attributable to the deterioration of the TC enhancement rate. In this
530 present study, the formulated hybrid lonanofluids experienced an increase in the TC for all three
531 concentrations of 0.05, 0.10, and 0.10 wt%. This is attributable to the fine dispersion of highly
532 conductive solid particles into the base fluids. The thermal conductivity ratio (TCR) of hybrid
533 lonanofluids is illustrated in Figure 13b. As seen from the figure, the maximum 41.8%
534 enhancement in thermal conductivity occurs at 80 °C for the maximum nanoparticle concentrations
535 of 0.15% regarding IL+DEG, 28% higher than pure DEG.

536 In some earlier investigations, the AloOs-CuO nanoparticle pair was dispersed with several to
537 assess the enhancement of the TC at different nanoparticle concentrations. The summary of these
538 studies is listed in Table 6, and they are compared with the findings of this present study. To the
539 best of the author's knowledge, none of these formulated hybrid Al,O3-CuO based nanofluids are
540 suitable for applications in the medium to higher temperature range because the base fluid used in
541 these nanofluids has low thermal stability or the surfactants used in these nanofluids cannot
542 withstand temperatures above 60 °C. As a result, the current research focuses on developing a
543 surfactant-free nanofluid with a wider temperature range of application. When comparing our
544 findings to previous research, it's worth noting that the increases in TC in this study are more
545 significant due to the strong synergistic effect of IL+DEG and NPs. Surfactants also degrade the
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546 thermal properties of solid nanoparticles by increasing thermal resistance when layered on the
547 surface. As a result, the thermal resistance of surfactant-free nanofluids is lower than that of

548 surfactant-containing nanofluids.

549  Table 6. Comparison of TC enhancements between glycol/water-based nanofluids with

550  Al>O3-CuO nanoparticle pair.

Base fluid Conc. Method Surfactant Stability Maximum k Ref
enhancement
[EMIM] 0.05- Two- - Good- 41.8% This work
[TN]J+DEG  0.15 step Excellent
wt%
Water + EG 1.0vol Two- LAS Moderate  12.33% (Wanatasanapp
% step an etal., 2020)
Water + PG 0-35 Two- - Moderate ~41% (Kumar &
vol%  step Sahoo, 2019)
Water 0.05- Two- - - 9.7% (Senthilraja et
0.2 step al., 2015)
vol%

551

552  Some well-established classical models were developed to predict the TC of nanofluids. For
553 instance, the Maxwell and Hamilton-Crosser (H-C) models gained immense popularity for
554 predicting the TC of different nanofluids. EQ.30 is the expression for the thermal conductivity ratio
555 by Maxwell models, while Eq.31 stands for thermal conductivity ratio by (H-C) model.

556

knf _ knp + Zkbf - Z(kbf - knp)(p (30)
kbf knp + Zkbf + (kbf - knp)QD

557
knf _ knp + (n - 1)kbf - (Tl - 1)(kbf - knp)§0 (31)
kbf knp + (n - 1)kbf + (kbf - knp)§0

558

559 Here, knt, kot knp, and ¢ are thermal conductivity of the nanofluid, base fluid, nanoparticles, and
560 nanoparticles concentration, respectively. However, these models often fail to provide a precise
561 prediction because several variables such as temperature, nanofluid types, concentrations, size and
562 the shape of nanoparticles are needed to be considered for accurate predictions. Therefore,

563 developing empirical correlations based on experimental data that maintain high accuracy while
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564 forecasting values is highly acceptable. Due to the lack of prediction accuracy with the existing
565 well-established model, a new correlation is proposed by multiple regression analyses considering
566 the temperature and concentrations as the variables as expressed in Eq.32.

(32)

ks
k——09804+1799(,0+00018T
bf

567  This correlation has an accuracy level of R?= 0.987 with a standard error of 0.009, ensuring a
568 highly reliable prediction of k for the hybrid lonanofluid IL+DEG/AI,O3+CuO. To assess the
569 accuracy of this model, Figure 13c is plotted that shows the predicted values vs experimental values
570 with the 2% deviation line. The following formula assessed the deviations between the experimental

(9,6,

[
| Exp bf Pred
X 100%
(&)
[ 3%

572  Itis obvious from Figure 13c that the deviation for all predicted data is below 2% and almost

571 and predicted values:

Deviation Margin

Pred

573 lies on the equality line, which indicates an excellent agreement of predicted data with

574  experimental data.
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575  Figure 13. (a) Experimental TC vs. temperature (b) TCR vs. temperature of the base fluid
576  and lonanofluid at different concentrations of Al.O3+CuO, (c) correlation output vs.

577  experimental TCR values with 2% deviation lines.

578 3.6. Rheological properties

579 Figure 14a depicts the dynamic viscosity, u of IL+DEG and hybrid
580 [EMIM][Tf2N]+DEG/AI.Oz+CuO lonanofluids as a function of temperature, while Figure 14b
581 demonstrates the i ratio vs. temperature. The u of the binary [EMIM][Tf2N]+DEG fluid, as shown
582 in the figure, varies from 22.8 to 9.6 mPa.s in the temperature range of 20-55 °C, which is lower
583 than that of pure [EMIM][Tf2N] (Froba et al., 2008) and higher than that of pure DEG (Li et al.,
584 2014), and follows the Arrhenius expression (Eq.34).The addition of 0.05 wt.% Al,O3+CuO, on
585 the other hand, raises the from 29.63 to 32.92 mPa.s at 20 °C. The increases further as the
586 nanoparticle loading increases, reaching 38.8 mPa.s when the concentration is increased to 0.15
587 wt.% at the same temperature. At 20 °C, concentrations of 0.15 wt.% cause a maximum 31 %
588 increase in the , and the ratio remains nearly constant throughout the temperature range studied.
589 The increasing phenomenon of the p with increasing nanoparticles loading is consistent with most
590 previous studies (Li et al., 2016; Mostafizur et al., 2014) and can be explained by the fact that the
591 inclusion of nanoparticles increases shear stress, weakening the particle's adhesion force.
592 Furthermore, the temperature-dependent viscosity curve shows a sharp decrease in the p with
593 increasing temperature due to the particles' increased Brownian motion and the fluid molecules'
594 increased mobility at higher temperatures. Nevertheless, the Newtonian behavior of the formulated
595 lonanofluid is evidenced by the independence of the with shear rate (Figure 14c). Higher p of the
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596 working fluid significantly reduces the hydrothermal efficiency of the thermal system, resulting
597 from a higher pressure drop penalty. Thus, the primary goal of developing nanofluids is to increase
598 thermal conductivity while keeping the [ as low as possible. The highest penalty in the p is 31%,
599 which is lower than the maximum TC enhancement of 41.8 %. As a result, formulated lonanofluid

600 can be expected to improve the overall hydrothermal performance.

log tiL+pee = X logp, + Xpeglogpeg (34)
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602  Figure 14. (a) Experimental viscosity vs. temperature (b) viscosity ratio vs. temperature, ()
603  viscosity vs. shear rate of the base fluid and lonanofluid at different concentrations of
604  AlO3+CuO.

605 3.7. Density

606  The experimental density, p of IL, DEG, IL+DEG, and ionanofluids at varying concentrations
607 are plotted in Figure 15 as a function of temperature. The measurement uncertainty was less than
608 5% for each sample. The p of [EMIM][Tf.N] linearly decrease from 1.534 gm/cm?to 1.484 gm/cm?®
609 as the temperature increases from 10 °C to 60 °C showing strong consistency with the measured
610 data by (Souckova et al., 2014). On the other hand, the DEG exhibits comparatively low densities
611 ranging from 1.121 gm/cm3to 1.079 gm/cm? for the same temperature fluctuations. The mixture of
612 IL+DEG shows an intermediate density range starting from 1.204 gm/cm? at 10 °C and linearly
613 decreased to 1.159 gm/cm?3as the temperature reaches 60 °C. The dispersed nanoparticles further
614 increase the density of the ionanofluids due to the addition of solid particles that increase the total
615 mass of the ionanofluids more significantly than the volume of the ionanofluids. Nevertheless, the
616 density of the ionanofluids can be predicted precisely with the approximation using Eq.35 of the

617 mixing rule.
Pinf = PnpPnp + 1- ¢np)pIL+DEG (35)

618 However, with the increasing temperature, the density of lonanofluids experiences a linear
619 decrement due to the expanded volume at a higher temperature. Since density is an important
620 parameter in heat transfer engineering and energy storage systems, the knowledge of density
621 measurement with temperature and particle concentration plays an important role in determining
622 system efficiency. For instance, sensible heat is a function of fluid density and heat capacity, a key

623 parameter in the energy storage system.

624
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626  Figure 15. The experimental density of IL, DEG, LL+DEG, and ionanofluids at different

627  concentrations with error bar.

628 3.8. Thermogravimetric Analyses

629 Figure 16 depicts a plot of % weight vs. temperature demonstrated by TGA analyses to assess
630 thermal stability at elevated temperatures. The curve shows that the binary mixture of IL and DGA
631 undergoes a two-step decomposition while the sample is heated. Because 95 % mass remained
632 unchanged, the binary mixture was thermally stable up to 150 °C. Above 150 °C, however, the first
633 decomposition occurs, which corresponds to the disintegration of DEG, and it is wholly
634 decomposed at nearly 250 °C. The remaining 25% of the sample was IL, which was thermally
635 stable up to 450 °. The IL began to disintegrate in the second step decomposition at 450 °C and

636 reached complete decomposition at nearly 500 °C.

637 Nonetheless, the two-step decomposition and acceptable percent weight at the decomposition
638 zone confirm that the binary solution's constituents were uniformly mixed. The thermal behavior
639 of both components was not affected by the mixture. On the other hand, addition of nanoparticles
640 had a negligible shift when compared to the base IL+DEG decomposition line, indicating that
641 dispersed nanoparticles at very low loadings do not change decomposition behavior. As a result,
642 these IL+DEG-based lonanofluids can be used for solar energy storage at temperatures up to 150
643 °C.

644
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647  Figure 16. TGA curve of Pure IL+DEG binary solution and its lonanofluids at different

648  concentrations of AlO3 + CuO nanoparticles.

649 3.9. Uncertainties of thermophysical measurements

650  The accuracy of measurements is critical for experimental studies on the thermophysical
651 characteristics of formulated lonanofluid to ensure precise results interpretation. In order to present
652 a quantitative description of how reliable experimental results are, an uncertainty analysis is
653 required. Direct measurements of thermal conductivity and density have unavoidable uncertainties.
654 A simple approach is used to determine the uncertainty. It is possible to compute the mean relative
655 uncertainty of the complex quantity by using the general relation (Coleman & Steele, 2018): Tables
656 S1 and S2 (Supplemental material) presents the experimental values for thermal conductivities and
657 densities, along with the measurement uncertainties. Table S1 and Table S2 (Supplementary
658 material) represents the experimental data of the thermal conductivities and densities and their
659 associated measurement uncertainties. Viscosity measurements need specialized equipment. Thus,
660 uncertainties emerge from instrument precision. Professional temperature sensors with defined
661 accuracies were used to measure temperatures. Table S2 shows the experimental viscosities and

662 measurement uncertainties.
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3.10.Validation

The results of the solar cell temperature at an irradiation intensity of 1000 W/m? and several
flow rates (0.5 to 3 LPM) were obtained from the present numerical model, validated with
(Nasrin, Hasanuzzaman, et al., 2018a). Table 7, expresses this validation and provides a very
good accord with the numerical findings (Nasrin, Hasanuzzaman, et al., 2018a) and the
experimental findings of (Rahman et al., 2017). The electrical and thermal efficiencies are
validated with (Nasrin, Rahim, et al., 2018) (Table 8), in which they used MWCNT/water
nanofluid and perform simulation at 0.1% concentration and 1000 W/m? irradiance level. The
design of heat exchanger used by (Nasrin, Rahim, et al., 2018) is quad helical tubing. Our
results are quite promising with this paper however a little discrepancy is due to the different

design and different nanofluid used.

Table 7. Validation of average cell Temperature.

Flowrate Cell Temperature (°C)
(LPM)
Present Numerical Study (Nasrin, Experimental Study
Research Hasanuzzaman, et al., 2018a)  (Rahman et al., 2017).
0.5 52.56 51.11 52.88
1 49.85 48.04 50.23
3 47.10 45.76 47.73

Table 8. Validation of Electrical and thermal efficiency.

Nanoparticle Electrical Efficiency (%) Thermal Efficiency (%)
Concentration (Wt.%0)

Present  (Nasrin, Rahim, et Present  (Nasrin, Rahim,
Research al., 2018) Research etal., 2018)

0.1% 11.50 11.96 62 735

3.11. Performance of lonanofluid assisted PV/T collector

Figure 17 represent the pressure drop variation with flow rate. It is obvious from the Figure
17 that pressure drop increases with flow rate for each nanofluid. An increase in flow rate at a

constant concentration level leads to an increase in nanofluid velocity, which, according to the
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697

well-known Darcy—Weisbach relation (Brater & King, 1996), leads to an increase in the
pressure drop. The pressure drop also rises as the concentration of nanoparticles in the base
fluid increases, attributable to an increase in viscosity as the concentration of nanoparticles in
the base fluid rises. When compared to the base fluid, the introduction of the nanoparticle at
0.05 % enhanced the pressure drop by 24 %. The viscosity of the lonanofluid rose as the
concentration of nanoparticles increased, and the maximum pressure drop at a flow rate of 0.5
LPM was reported to be 72 %. In addition to this, it can be noticed that the pressure drop
consistently becomes larger with the rise in flow rate. As a result, at the maximum flowrate of
4LPM, the base fluid and nanofluid suffer the greatest penalty in pressure drop at all
concentrations. However, when comparing 0.15 % Al,O3+CuO lonanofluid to pure IL+DEG,
the current simulations show a maximum increase of roughly 82 %. The present simulations'
findings in the provided range of flow rate and nanoparticle concentrations are compatible with
the results of (EI-Maghlany et al., 2016; Safaei et al., 2016).
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Figure 17. Pressure drop for different nanofluids with flowrate.

To maintain the PV module temperature in the permissible limit, different coolants were used

698 in this study. Figure 18a depicts the relationship between the average temperature of the PV cell

699 and the flow rate. All nanofluids showed a decline with significant variation due to the increased

700 convection rate from the module, which lowers the average cell temperature as flow rate increases.
701 Atamaximum flow rate of 4LPM, the temperature of the PV surface due to IL+DEG, 0.05%, 0.1%,
702 and 0.15% are 65°C, 54°C, 48°C, and 39.5°C, respectively. Comparing with the previous works,
703 IL+DEG/(AI203+CuO) lonanofluid, at 0.15 wt. %, outperforms Mxene/Palm oil(Samylingam et
704 al., 2020) and MXene/ Soyabean oil (Rubbi et al., 2020) based nanofluids, where the panel

37



705 temperature was 42°C and 40°C, respectively, which is somewhat higher than 39.5°C obtained
706 from current study. Figure 18b depicts the heat transfer coefficient and the flow rate relationship.
707 It can be seen from the plot that the heat transfer coefficient increases in proportion to the flow rate,
708 regardless of the fluid used in the current study. Compared to the IL+DEG based PVT system, a
709 maximum percentage enhancement of 38.77 % is achieved at 4LPM for 0.15% (Al.03+CuO).

710  Thermal efficiency variation with flow rate is depicted in Figure 18c for all nanofluids.
711 Regardless of the type of coolant, the higher the flow rates, the better the thermal efficiency of the
712 PVT system. At a maximum flow rate of 4LPM, IL+DEG has a thermal efficiency of 56%, 0.05 %
713 (Al203+CuO) has a thermal efficiency of 58%, 0.10 % (Al.O3+CuO) has a thermal efficiency of
714 63%, and 0.15 % (Al203+CuQ) has a thermal efficiency of 69%. The results indicate that 0.15 %
715 (Al203+CuO) nanofluid performs better than the other three nanofluids and high heat transfer
716 capacity. Compared to the IL+DEG-based PVT system, 0.15 % (Al2O3+CuO) increased thermal
717 efficiency by 23.21 %. Figure 18d shows the comparison between IL+DEG, 0.05% (Al.O3+CuO),
718 0.1% (Al.03+Cu0), and 0.15% (Al.O3+CuO) nanofluid to notice the effect on PV module electrical
719 efficiency at an irradiance level of 1000W/m? and varying flow rates. The electrical efficiency
720 increases with the flow rate. For 0.05% (Al>O3+CuQ) it increases from 9.8% to 11.1%, for 0.1%
721 (Al203+CuO) it increases from 10.4% to 12.1%, and for 0.15% (Al.O3+CuO) it increases from
722 10.8% to 12.7% in the flow rate range from 0.05 to 4LPM. Hence, by using 0.05% (Al.03+CuQ)
723 nanofluid in the hybrid PVT system, a 13.26% electrical efficiency improvement is achieved
724 compared to the IL+DEG-based PVT system at a flow rate of 4LPM. Furthermore, using 0.15%
725 (Al203+Cu0), an electrical efficiency improvement of 29.59% is achieved compared to IL+DEG

726 as a coolant at a flow rate of 4LPM.
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Figure 18. (a) PV Cell average temperature as a function of flow rate using different types of
coolant, (b) PV/T system heat transfer coefficient variation with mass flow rate using
different types of coolant. All at an irradiance level of 1000 W/m?, (c) Thermal efficiency of
PV/T system as a function of flow rate with different types of coolant, d) Electrical efficiency
of PV/T system as a function of flow rate with different types of coolant.

Figure 19(a) represents the trends of electrical efficiency obtained with time for all working
fluid at 4LPM. Average PV panel efficiency obtained was 11.1%, 11.7%, and 12.7% for
conventional PV, IL+DEG, and Al203-CuO/IL+DEG respectively. Use of hybrid nanofluid led
to increase the electrical efficiency of PVT system in comparison to base fluid. Enhancement
in electrical efficiency for Al,O3-CuO/IL+DEG was more than both the base fluid and
conventional PV because of higher thermal conductivity of Al,O3-CuO nanoparticles which
allows more heat removal from system in less time than IL+DEG. As clear from Figure 19(b),
thermal efficiency of PV/T system at 4LPM was determined to be 56%, and 69% for IL+DEG,
and Al>O3-CuO/IL+DEG respectively. Thermal efficiency of PV/T system was enhanced by
increasing flow rate because at higher flow rates temperature difference between inlet and
outlet of PV/T system was enhanced due to high heat absorption of nanofluid from system.
Table 9 presents a comparison of the electrical and thermal performance of these lonanofluid,
water, and water/MWCNT. The data clearly shows that IL+DEG outperforms water and falls
short of water-based nanofluids in terms of thermal efficiency, owing to water's greater thermal
conductivity than IL+DEG. Nonetheless, lonanofluid was reportedly more efficient than
water/MWCNT nanofluid in terms of electrical efficiency. The results of this research indicate

that the formulated lonanofluid may be a viable option as a substitute for water liquid in
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750  medium temperature range PV/T systems where water-based nanofluid is not practicable owing

751  to thermal degradation concerns.
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753  Figure 19. (a) Electrical and (b) Thermal efficiency with time for a typical day at a flowrate
754  of 4LPM

755  Table 9. Comparison of Electrical and thermal efficiency between lonanofluid, water and
756  water/MWCNT nanofluids.

Coolants Electrical Efficiency Thermal Efficiency References

Al,03-CuO/IL+DEG  12.7% 69% This Work

Water/MWCNT 12.5% 79% (Fayaz et al.,
2018)

Water 14.58 58.77% (Menon et al.,
2022)

757

758 4. Conclusion:

759 In this study, a new class of surfactant-free hybrid lonanofluid ([EMIM][Tf.N]
760 +DEG/AI>03+Cu0) synthesized at three different concentrations of 0.05, 0.10, and 0.15 wt. % for
761 medium temperature range coolant application. The Zeta potential study, which demonstrated
762 excellent dispersion stability despite the absence of any additional stabilizing agents, provided

763 conclusive evidence that the incorporation of lonic Liquid served as a stability promoting agents in
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764 addition to a working fluid. The chemical and thermal stability assessments confirmed that the

765 formulated lonanofluid was free of any chemical reaction and that no significant thermal

766 degradation occurred until 200 °C. The experimental thermophysical measurement and numerical

767 performance assessment of a PV/T panel showed significant improvements. lonanofluids

768 significantly improved the thermal and electrical performance of the PVT system. The key findings

769 of this study are summarized below.

770
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791

In comparison to IL+DEG, the maximum increase in thermal conductivity was achieved
at concentrations of 0.15 wt.% of about 41.8% increase. At the same concentration, the
viscosity was affected by a penalty of 31%. Despite this, the synthesized lonanofluid
behaved as a Newtonian fluid, as evidenced by the presence of a constant viscosity line

across a range of shear rates.

The incorporation of lonanofluids as the coolants in a PV/T panel showed a maximum
of 69% thermal efficiency at 0.15 wt.% concentrations of Al,Oz+CuO higher than 63%
(0.10 wt.% Al>03+Cu0), 58% (0.05 wt.% Al>,03+CuO), and 56% (pure IL+DEG). The
temperature of the PVT panel was maximally dropped from 65 °C to 40 °C when
IL+DEG was replaced with IL+DEG/AI2O3+CuO (0.15 wt.%). An electrical efficiency
of nearly 12.7% was observed with 0.15 % AI203+CuO as a coolant at a flow rate of
4LPM, which resulted in an improvement of 29.91 % over IL+DEG at the same flow
rate.

The formulated lonanofluid performed thermally more efficiently than water, but less
efficiently than water-based nanofluids like MWCNT/Water nanofluid. In contrast, the
lonanofluid performed better than MWCNT/Water nanofluid in terms of electrical
efficiency. To conclude, the formulated lonanofluid can be a viable alternative to water-
based nanofluids for medium-temperature-based coolant applications where water-
based nanofluids are not feasible. In addition, the exergetic performance of using

lonanofluid in a solar PV/T system can be demonstrated through further research.
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