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ARTICLE INFO ABSTRACT
Article history: This study investigated the performance and efficiency of a photovoltaic thermal (PV/T)
Received 28 June 2023 system utilizing a metal-based nanofluid, specifically MgO nanofluid. This research

Received in revised form 4 September 2023 proposes MgO as nanoparticle to mix with base fluid because it demonstrated to have
Accepted 13 September 2023 superior features with the highest thermal conductivity and lowest viscosity among the
Available online 29 September 2023 metal oxide. The nanofluid offered improved thermophysical properties that enhanced
the PV/T system performance. The study focused on formulating a stable nanofluid,
determining its thermophysical properties, and analysing the overall system
performance. 0.2wt% MgO nanofluid were successfully developed and demonstrated
excellent stability over a 14-day period by using a two-step method which 20 minutes of
homogenization at 1000rpm and 30 minutes of ultrasonication. Tests were conducted
to determine the thermal conductivity and viscosity of the nanofluid at various
concentrations and temperatures. Results showed that increasing the concentration and
temperature enhanced thermal conductivity, while viscosity increased with
concentration but decreased with temperature. The thermal and electrical efficiencies
of the PV/T system at various irradiances (200W/m2, 500W/m?2 and 800W/m2), and flow
rates (10L/h, 20L/h, 30L/h) were examined, calculated and compared between water
and the MgO nanofluid as working fluids. At 10L/h, it was observed that nanofluid had
the highest 74% of thermal efficiency increment compared to the water at 500W/m?
followed by 71% at 200w/m? and 55% at 800W/m?2. Also, Nanofluid demonstrated a 5%

Keywords: increase in electrical efficiency at 200W/m2, 2.1% increase at 500W/m?, and 1.9%
Electrical Efficiency; MgO Nanofluid; increase at 800W/m?2 compared to water. The nanofluid exhibited superior thermal and
Overall Efficiency; Surfactant; Thermal electrical efficiency compared to water, indicating its potential for improving system
Efficiency performance hence, surpassing the performance of a standalone PV system.

1. Introduction

The energy crisis and greenhouse gas emissions are currently the two major issues plaguing the
entire globe. The primary component of greenhouse gases, CO,, had a sharp increase between 2021
and 2021, which led to an increase in Earth’s temperature. CO; emission grew from 390 parts per
million in 2011 to 414.47 parts per million in 2021 [1,2]. As a result of increasing energy demand and
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environmental concern, developing renewable energy technologies has received strong and
sustained interest for a few decades. Among the renewable energy sources available, solar energy is
a renewable energy which doesn’t release a harmful natural gases or hazardous products unlike with
other energy sources such as fossil fuels and nuclear energy [3]. Solar power facilities tend to reduce
the environmental impacts from the combustion used in fossil fuel power generation, such as impacts
from greenhouse gases and other air pollution emissions [4].

Photovoltaic cells (PV) are made of semiconductor materials which produce electricity by
converting sunlight radiation which stimulates electrons [5]. As only a fraction of the solar spectrum
is utilized in this process to excite electrons to create electron-hole pairs, the photovoltaic cells have
limited electrical efficiency. Photovoltaic cells mainly absorb the solar spectrum between 700 nm and
1100 nm [5]. Shorter or longer wavelengths are not collected but converted to heat that can reduce
cell efficiency or, to some extent, cause damage. The PV panel temperature is considered a critical
issue when forecasting energy production. When solar irradiance falls on the PV cell, it cannot fully
convert the solar energy into electric energy. A fraction of the solar radiation is transformed to heat
energy that raises the PV cell temperature. PV efficiency decreases around 0.5% for every degree of
temperature increase of the panel [5,6]. Only a part of solar energy is converted into electrical energy
while the other part of energy is converted into heat energy. The conversion of efficiency is from 12%
to 18% [7]. Produced heat accumulated on the surface of the PV panels increases its working
temperature hence decreases the electrical efficiency of the PV panels. Therefore, to improve the
efficiency of the PV systems, thermal collectors are combined with and installed beneath the PV
panels. The combination of these systems is known as photovoltaic thermal (PV/T) system consisting
of a heat transfer fluid inside a tube or container with a solid surface that absorbs heat [8].

In contrast, PV/T system is one of the ways to solve the problem of heat accumulated on the PV
panel by absorbing the heat through the working fluid and at the same time produce electricity. PV/T
system is combination of PV panel and solar collector where the PV panel produces electricity while
solar collector act as a solar absorber to absorb the excessive heat around PV panel and transfer it
for another usage [9,10]. However, the use of air and water as a working fluid in the PV/T had limited
the efficiency of PV/T system in terms of electrical and thermal due to its low thermal conductivity
of air and water which are 0.00623W/mK and 0.598W/mK respectively [11]. So, nanofluids which had
great potential to enhance heat absorption as well as transportation capacity were introduced by
most of the researchers [1,12]. Since their inception, a lot of research has been done with respect to
application of nanofluid as heat absorbing and transport medium in heating and cooling systems. A
Nanofluid is a fluid in which nano-sized particles suspended in the base fluid form a colloidal solution
of nanoparticles in the base fluid have been found to possess enhanced thermophysical properties
such as thermal conductivity, thermal diffusivity, viscosity, and convective heat transfer coefficients
compared to those of base fluids like oil or water [13,14]. The nanofluid which has high thermal
conductivity is a crucial point to enhance the performance of the PV/T system in terms of electrical
and thermal efficiency.

Al-Ghezi et al., [15] conducted an experimental study using CuO nanofluid in PV/T systems.
Different weight ratios (0.5%, 1.0%, 1.5%, and 2%) of CuO nanoparticles in water were prepared. The
results showed that the electrical efficiencies increased by 3.3%, 12.97%, 20.3%, and 29.92% for the
corresponding CuO weight ratios. Similarly, the thermal efficiencies increased by 12.65%, 26.9%,
37%, and 61.08% with increasing CuO concentration. The overall efficiencies of the PV/T system also
improved, reaching 15.95%, 38.87%, 57.3%, and 91% for the respective CuO weight concentrations.
In an experimental study by Sardarabadi et al., [16] the use of SiO; nanofluid in a PV/T system was
investigated. The results showed a maximum electrical efficiency of 13.31% for a SiO; nanofluid with
a mass fraction of 3%. The equivalent thermal efficiency was significantly higher for the SiO2 nanofluid
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compared to the conventional system, with values of 69.2% and 72.1% for mass fractions of 1% and
3%, respectively, compared to 28.9% for the conventional system. The average overall efficiencies
for the system were 49.8% and 52.4% for the SiO2 nanofluid with mass fractions of 1% and 3%,
respectively, while the reference system had an average overall efficiency of only 11%. So, Table 1
and Table 2 summarize some of the recent works in this field which focus on nanofluid metal based
on PV/T systems.
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Table 1
Summarise of the previous research

Study Nanoparticle  Concentration PV Panel Optimum  Thermal Efficiency Electrical Efficiency Total Overall Ref
Type Type & Base Fluid Specifications Flowrate = Enhancement Enhancement Efficiency
Exp Al203 05,1,2,3,4 110w - Al20s - 1.96% - - Al-Waeli
CuO vol% APM-P 110-12 Cu0-3.42% etal., [11]
SiC H20 SiC-4.8%
Exp Cuo 0.5,1,1.5,2 APM-P 110-12 - Cu0 0.5wt% - 12.65% CuO 0.5wt% - 3.3% CuO 0.5wt% - 15.95%  Al-Ghezi
wt% CuO 1wt% - 26.9% CuO 1wt% - 12.97% CuO 1wt% - 38.87% et al., [15]
H20 CuO 1.5wt% - 37% CuO 1.5wt% - 20.3% CuO 1.5wt% - 57.3%
CuO 2wt% - 61.08% CuO 2wt% - 29.92% CuO 2wt% - 91%
Exp Fes04 3 wt% 30W mono- 20 L/min At 20 L/min: At 20 L/min Fes04/Si0: Khan et
SiO2 Deionized crystalline silicon 30 L/min Fes04 - 38% Fes04-12.5% 20 L/min: 57% al.,, [17]
Fe304/Si0: water 40 L/min SiO2 - 40% SiO2-13.15% 30 L/min: 62%
Fes04/Si0z - 42% Fe304/Si02- 13.85% 40 L/min: 67%
Exp Al203 0.3 vol% Mono-crystalline 0.2 L/s Al203 - 34.4% Al03-12.1% - Hussien et
H20 al., [18]
Exp Fes04 1, 3 wt% 40W mono- - 1100W/m? 1100W/m? Fes0s 1 wt% - 76% Ghadiri et
Distilled water crystalline silicon Fes0s4 1 wt% - 65.96% Fes041wt%-7.23% al.,, [19]
Fes0s3 wt% - 68.42% 600W/m?
Fes04 3 wt% - 7.14%
Exp & SiC 1 wt% 110W 0.05- SiC—-87% 500W/m? - Hasan et
Num TiO2 H20 polycrystalline 0.167 kg/s TiO2 - 86% SiC-16.5% al., [20]
SiO2 silicon SiO2 - 80% TiO2- 15.5%
SiO2- 14.4%

Exp = Experiment, Num = Numerical Analysis, Ref = Reference
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Table 2

Summarise of the previous research using MgO nanofluid

Study Nanoparticle  Concentration PV Panel Optimum  Thermal Efficiency Electrical Efficiency Total Overall Ref

Type Type & Base Fluid Specifications Flow rate  Enhancement Enhancement Efficiency

Exp MgO 0.08 vol% Solar Collector - At 2.5 L/min - - Choudhary
EG/Distilled Flat plate MgO 0.2% etal., [21]
water (1:1 -15.57%
vol%) MgO 0.14 %

-13.2%
MgO 0.08%
-9.3%

Exp MgO 0.25, 0.5, 0.75, Solar Collector 0.5,1,1.5, At1.5L/min mass Verma et
1,1.25,1.5 Flat plate 2, flow rate, al.,, [22]
vol% 2.5L/min MgO 0.75 vol%

Double distilled enhanced 9.34%

water compared with water
Enhancement lesser
for 1.5 and above
vol% due to
agglomeration"

Exp MgO 0.02, 0.06%, 25W PV Module 8 L/h PV/T with a 2mm PV/T with a 2mm thick  PV/T with a 2mm Cui and Zhu
0.1% thick liquid film: liquid film: 14.7% thick liquid film: [23]
Deionized 47.2% 61.9%
water PV/T with a 4mm thick

PV/T with a 4mm
thick liquid film: 32%

liquid film: 14%

PV/T with a 4mm
thick liquid film:
46%

Exp = Experiment, Num = Numerical Analysis, Ref = Reference
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2. Methodology
2.1 Experiment Setup and Configuration

The experimental setup for PV analysis consists of two NSD-15W polycrystalline silicon
photovoltaic modules, each housing 12 solar cells. The PV module’s specification is summarized in
Table 3. Among these modules, one of the modules is equipped with a collector, allowing it to
function as a PV/T unit, while the other module does not have a collector and serves as a standard
photovoltaic module. The PV/T comprises a copper serpentine pipe with an inner diameter of 10mm
and a thickness of 1mm, securely welded to a copper plate to enhance heat transfer capabilities at
the back of the PV as shown in Figure 1.

To simulate the required solar irradiation for evaluating the photovoltaic modules, a solar
simulator features 12 halogen lamps, each with a power rating of 500W was employed. The lamps
are arranged in a 3 x 4 matrix to ensure uniform distribution of irradiance as shown in Figure 2. A
voltage regulator controller facilitates adjustments to the lamp intensity, allowing from a range of
100 W/m? to 1200 W/m?2. Apogee’s pyranometer is used to measure the incident irradiation by the
solar simulator by positioning parallel to the photovoltaic surfaces. The modules’ temperature is
recorded by using PicoLog TC-08 and while the electrical performances were assessed by using an
Array 3721A 400Watt Programmable DC Electronic Load.

Table 3

Specification of PV Module

Solar module type NSD-15W Polycrystalline Silicon
Peak power 15W

Max. power voltage 6V

Max. power current 2.5A

Open circuit voltage 7.2V

Short circuit current 2.75A

Tolerance 5%

Operating temperature -20°C - 90°C

—

Fig. 1. Copper serpentine tube welded Fig. 2. Arrangement of the halogen
on the copper plate at the back of the lamps
PV/T module

In terms of experimental parameters, various solar irradiance levels were tested, ranging from
200W/m?, 600W/m? and 800W/m?. Additionally, the mass flow rate of the working fluid was adjusted
using a water flow meter DK800-6, with increments set at 10L/h, 20L/h, and 30L/h. The working
fluids, which were water and nanofluid utilized were stored in a tank and circulated around the PV/T
via a circulation pump brand Verderflex Rapide R3. The whole experiment system schematic diagram
is shown in Figure 3.
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Fig. 3. Schematic diagram of the experiment setup
2.2 Characterization of Nanoparticles

To determine the characteristics of the nanoparticles MgO, FESEM and XRD were employed.
FESEM analysis was performed using device Hitachi SU 500. The FESEM images captured with this
instrument were utilized to examine the morphology, assess agglomeration, and measure the
particle size of the MgO nanoparticles in the magnification of 25kX and 100kX. Meanwhile, the XRD
analysis conducted on PANalytical XPert PRO operating at Cu K radiation (A = 1.5406 A) in the 26
range of 10-80 degrees, with a scanning step of 0.05 degrees and a scan speed of 5 degrees per
minute as referred to Bdewi et al., [24]. XRD analysis was utilized to validate the purchased MgO
nanoparticles, assess their purity, and determine particle size by identifying crystal structures and
analyzing diffraction peaks. As referred to Salman et al., [25] the particles size was determined by
using Debye-Scherrer equation as shown in Eq. (1):

KA
b= (B cos 6) (1)

where B represents the full width at half maximum height (FWHM) of the diffraction peak at an angle
(in radians), 6 is the angle of Bragg diffraction, A is the XRD wavelength (in nm), and K is a
dimensionless shape factor.

2.3 Synthesis of Nanofluids
A two-stage method was employed for the synthesis of nanofluid in the present study. Different
concentrations of nanofluid (0.2, 0.4, 0.6, 0.8, 1.0 wt%) were mixed to determine the most stable

formulation. A two-stage method involving homogenization 20 min at 1000rpm using homogenizer
HG-15D and sonication using Easy Elmasonic device for 30min ensuring a well-mixed and stable
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nanofluid for further experimental analysis. The required quantity of nanoparticles needed for a

particular volume concentration of 100ml nanofluid was calculated using the following Eq. (2) [26-
28]:

(mp/pp)
0f =
¢% (mp/pp)+(ms/py)

x 100% (2)

where ¢ represents the weight concentration of the nanofluids, m,, m; are the mass of
nanoparticles and base fluid, p,, p; are the density of the nanoparticles and the base fluid. Table 4
and Table 5 showed the details and properties of the nanoparticles and base fluid included the CAS
number of distilled water and MgO nanoparticles which represent the series number of the items.

While Table 6 presents corresponding weights of nanoparticles required to achieve specific
concentrations of the nanofluid.

Table 4
Details of the material used in the present study
Name Category Function CAS Number
Distilled water Dispersed phase Base fluid 7732-18-5
MgO nanoparticles Dispersion medium Nanoparticle 1309-48-4
Table 5
Nanoparticle and base fluid properties
Particle pp(kg/m?) ke (W/m°C) Purity (%) dp (nm) Colour
MgO 3580 48 99.8 40-60 White
Base fluid prlkg/m?) ks (W/m°C) CPs (J/kg°C) pr (nm) Colour
Distilled Water 997.1 0.608 4184 0.000957 Colourless
Table 6
Weight of the MgO for different weight concentrations
MgO concentration (wt%) Mass MgO (g)
0.2 0.7195
0.4 1.4419
0.6 2.1673
0.8 2.8955
1 3.6267

2.4 Stability Test (Observation Method)

After preparation, the nanofluid samples were carefully transferred into individual containers,
ensuring proper labeling and identification. The containers were securely sealed to prevent
evaporation or contamination and stored under controlled temperature conditions to maintain
consistency. As referred to Ali et al., [29], visual observation or sedimentation and centrifugation
methods were then conducted to assess the presence and extent of sedimentation within the
nanofluid samples. The samples were examined for visible settling or sedimentation at the
container's bottom. The nanofluids are considered to be stable when the particle size of bouncy
particles keeps constant while unstable if there were sedimentation occurred at the bottom of the
bottle. Additionally, the clarity and homogeneity of the nanofluid were evaluated. Photographs of
the nanofluid samples were captured within 24 hours after preparation, as well as 7 and 14 days after
synthesis, to observe the stability of the nanofluids over time.
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2.5 Thermophysical Properties Test
2.5.1 Density

The density of MgO nanofluids were estimated by using theoretical models. One widely accepted
model for calculating the density of nanofluids is the Pak and Cho mode. As referred to Ali et al., [26]
the Pak and Cho model is represented by Eq. (3):

Pnr = 1- q—'))pbf + ¢pnp (3)

where the p,rrepresent of density of nanofluid, ¢ is the weight concentration, py;, and pyy is
density of the nanoparticles and base fluid respectively.

2.5.2 Specific heat capacity
Based on mixture law specific heat of nanofluids can be expressed as a function of the volume
concentration and density of individual element [26]. The nanofluids specific heat capacity can be

calculated using following Eq. (4):

(1—¢)(Pcp)bf+¢(l)cp)np
Pnf

(4)

pnf —

where the C, ,, represent of specific heat of nanofluid, C,r and G,y is specific heat capacity of the
nanoparticles and base fluid respectively, ¢ is the weight concentration and p,,, and p is density
of the nanoparticles and base fluid respectively.

2.5.3 Thermal conductivity

Tempos Thermal Analyzer with KS-3 sensor was utilized to measure the thermal conductivity of
the nanofluids. KS-3 sensor was selected for its capability to measure thermal conductivities ranging
from 0.02-2.0 W/m-K. Before initiating the test, the Tempos Thermal Analyzer was calibrated
following the manufacturer's guidelines. Once the calibration was complete, the KS-3 sensor was
connected to the Tempos Thermal Analyzer. The sensor was securely placed within the sample cell
of the analyzer to establish proper contact with the nanofluid specimen to ensure accurate and
reliable thermal conductivity measurements throughout the testing process. The measurement
process was repeated multiple times to ensure the accuracy and consistency of the results [30].

In order to obtain the thermal conductivity results of the nanofluid at various temperatures, the
nanofluid sample was allowed to reach thermal equilibrium with the desired test temperature. This
was achieved by utilizing a hotplate stirrer. The sample was carefully placed on the hotplate and
stirred gently to ensure uniform temperature distribution. The heating process was carefully
monitored until the nanofluid reached the desired test temperature. Once the sample reached
thermal equilibrium, the thermal conductivity test was performed by repeating the step above.

2.5.4 Viscosity
The viscosity of the nanofluids was determined using an IKA ROTAVISC lo-vi viscometer equipped

with a VOL-SP-6.7 and VOL-C-RTD-1 chamber. The viscometer was calibrated according to the
manufacturer's instructions to ensure precise and reliable measurements. The VOL-SP-6.7 spindle
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and VOL-C-RTD-1 chamber were securely attached to the viscometer. Prior to each measurement,
the chamber was carefully cleaned and dried to prevent any potential contamination During the
measurement, the VOL-SP-6.7 spindle was immersed into the nanofluid sample, and the rotational
speed was set to 150 rpm, covering the range of nanofluid viscosities. The viscometer was then
initiated, and three readings were taken for each concentration to ensure accuracy. To avoid any
cross-contamination, the spindle was cleaned and dried between measurements.

To assess the viscosity of the nanofluid at different temperatures, the sample was allowed to
equilibrate with the desired test temperature. This was achieved using a hotplate stirrer. The sample
was placed on the hotplate and gently stirred to ensure uniform temperature distribution. Once the
targeted temperature, the viscosity test was performed as described above.

2.6 Solar Simulator Setup, Validation and Testing
2.6.1 Uniformity test

Uniformity test of a solar simulator is conducted to assess the evenness of the irradiance
distribution from the halogen lamps across the target area since the solar irradiance is manually
controlled by the voltage regulator. A paper with a grid (12cm x 10cm) was positioned beneath the
halogen lamps as shown in Figure 4. The pyranometer was utilized to measure irradiance at each
point of the grid and the results were recorded. 200W/m?, 500W/m? and 800W/m? of irradiances
were tested for its uniformity and ensure the results within the range of plus minus 10% of the set
irradiance.

N\ =
; \ Paper gri
A\

-

Fig. 4. Set up of uniformity test
2.6.2 Spectral characteristics test

The aim to conduct the spectral characteristics test was to observe and identify the differences
between spectral wavelength of halogen lamps and natural sun light. The spectral wavelength test is
conducted to analyze the spectral distribution of the light emitted by the halogen lamps of the solar
simulator and the natural sunlight. The test involved collecting the halogen light wavelength within
the range of 200W/m? to 800 W/m?, as well as the real sun's wavelength at regular intervals from
8am, 10am, 12pm, 2pm and 4pm by using spectrometer.
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2.6.3 Temporal test

The objective of this test was to observe the cooling behavior of the modules and determine the
time it took for them to reach the initial temperature. The temporal test for a PV and PV/T module
involves monitoring and observing the temperature of the module as it gradually drops to the
ambient temperature or normalized temperature. The temporal test for the PV and PV/T modules
involved subjecting them to an 800W/m? irradiance level under a solar simulator for a duration of 5
minutes. After the exposure, the PV and PV/T were isolated from any additional heat sources and left
it to cool down naturally. The measurements were recorded over time until the modules reached a
stable temperature close to the initial temperature.

2.7 Measurement of Efficiency
2.7.1 Thermal efficiency

To calculate the thermal efficiency of the PV/T system for different kind of working fluids, the Eq.
(5) is used as referred to the previous study by Al-Waeli et al., [11]:

— (h-cp (To—T; )

A X 100 (5)

Ntn

where the m represents the mass flow rate in L/s, ¢, represents the specific heat capacity, T, and T;
represents the temperature outlet and inlet of the PV/T system, I represents the solar intensity and
A, is the collector area.

2.7.2 Electrical efficiency

To calculate the thermal efficiency of the PV/T system in different kind of working fluids, as
referred to Al-Waeli et al., [11] the Eq. (6) was employed:

Pmax

where the P, is the maximum power produced by the PV/T, I is the solar intensity and A_is the
collector area.

2.7.3 Overall efficiency

As referred to Al-Waeli et al., [11], the overall efficiency performance of the PV/T system is
calculated by Eq. (7) below:

Ntotal = Ne T Ntn (7)

where the 17, and 7, obtained from the Eq. (5) and Eq. (6) respectively.
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3. Results
3.1 Solar Simulator Setup, Validation and Testing
3.1.1 Uniformity test

Based on the results at Table 7, 8 and 9, it was found that the solar simulator exhibited a high
degree of uniformity in the irradiance distribution for all three levels of irradiances 200W/m?,
500W/m? and 800W/m?2. The measured intensities at different points on the grid were within the
acceptable range of plus or minus 10% of the set irradiance. This meant that the solar simulator
provides consistent and uniform irradiance conditions for subsequent experiments.

Table 7

Result uniformity test for 200W/m?

192 | 198 | 194 | 188 | 200 | 213 | 199
219 | 217 | 190 | 182 | 196 | 206 | 197
213 | 216 | 203 | 203 | 209 | 212 | 206
211 | 218 | 211 | 220 | 220 | 218 | 203
210 | 213 | 217 | 220 | 215 | 217 | 204
220 | 216 | 219 | 203 | 214 | 222 | 207
196 | 209 | 210 | 200 | 220 | 210 | 215
180 | 193 | 197 | 210 | 219 | 211 | 218
183 | 188 | 184 | 199 | 219 | 219 | 215

Table 8

Result uniformity test for 500W/m?

480 | 495 | 485 | 470 | 500 | 533 | 498
548 | 543 | 475 | 455 | 490 | 515 | 493
533 | 540 | 508 | 508 | 523 | 530 | 515
528 | 545 | 528 | 548 | 550 | 545 | 508
503 | 533 | 543 | 550 | 538 | 550 | 510
550 | 540 | 550 | 508 | 535 | 550 | 518
490 | 523 | 525 | 500 | 550 | 525 | 538
450 | 483 | 493 | 525 | 548 | 528 | 545
458 | 470 | 460 | 498 | 548 | 548 | 538

Table 9

Result uniformity test for 800W/m?

720 | 743 | 728 | 730 | 750 | 799 | 746
821 | 814 | 713 | 683 | 735 | 773 | 739
799 | 810 | 761 | 761 | 784 | 795 | 773
791 | 818 | 791 | 825 | 818 | 818 | 761
754 | 799 | 814 | 800 | 806 | 825 | 765
825 | 810 | 825 | 761 | 803 | 833 | 776
735 | 784 | 788 | 750 | 825 | 788 | 806
740 | 724 | 739 | 788 | 821 | 791 | 818
734 | 762 | 720 | 746 | 821 | 821 | 806

3.1.2 Spectral characteristics test
From Figure 5, the graph showed that there is a significant overlap in the wavelength range

between sunlight and the halogen lamps. This indicates that the halogen lamps are capable of
emitting light within the desired spectral range for solar simulation. Although the wavelength ranges
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overlap, it was observed that there was an approximate 18% deviation between the values obtained
for sunlight and halogen lamps by calculated the area under the graph. From Figure 6, the graph
shows that while the solar irradiance increases, the pattern in spectral radiation intensity also
increases, but the wavelength pattern maintains constant. These results showed that as the radiation
intensity increases, the energy emitted by the light source also intensifies. The constant wavelength
indicates that the light emitted by the source remains consistent or constant in terms of its frequency
and color. This result can be proved by previous research by Ghitas [30] where the pattern of spectral
is increased within radiation intensity and remains constant in wavelength.

1152023 Outdoor Sua

‘Sunlight

900 1000
SosctaWate) 2014 SeataNet

|RAD> Ware:72609%nm Poci05) Val 0652 Time2iom Avgl Sl 30 Teoe el Chl Wrdé0-1000 &d73

Fig. 5. Comparison of wavelength between sunlight and halogen lamps at 400W/m?

1232023  Indoor U0 W/ml
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Waveleagth in Nanometars towtalVizte) 2014 StataNe

Fig. 6. Graph spectrum vs wavelength for indoor solar simulator
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3.1.3 Temporal test

The results obtained from the temperature versus time graph in Figure 7 below indicate that the
PV module takes approximately 40 minutes to reach a stable initial temperature, while the PV/T
system takes around 54 minutes to cool down to initial temperature. This information is important
as it provides the cooling characteristics of the PV and PV/T modules. It allows the planning of timing
and duration of subsequent experiments, ensuring that the modules were at the stable desired
ambient temperature before starting the next set of experiments to get a reliability result.

Temperature vs Time

Temperature (°C)

o Q0 0 O 9 0O 9O 9 9 9 9O 0 Qo o 0 9o 9 9O o Q9 o Qo 9 o o o o 9 o O 9
e @eeeeeeaeeeeeeeoeeeeeeaeeeeee e
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Fig. 7. Graph temperature vs time for temporal test
3.2 Characterization of Nanoparticles

Figure 8(a) shows the surface topography of MgO nanoparticles under magnification 25.0k. The
high-resolution of FESEM image clearly shows the formation of nanoparticles, which the particles are
spherical in size and uniform with relatively smooth surfaces. Some agglomeration of particles was
observed, indicating a tendency for them to form clusters. Particles size of nano MgO observations
were made at a higher magnification of 100k shown in Figure 8(b) and Figure 8(c). It was found that
the particle size ranged between 65 to 200 nm.

As shown in Figure 9, the structural phase of MgO nanoparticles revealed that the diffraction
peaks at 26 = 36.9792°, 42.96206°, 62.37967°, 74.78366°, and 78.731° are associated at (111), (200),
(220), (311) and (222) crystallographic planes, respectively. which they can be constituted in a cubic
phase of MgO according to JPCDS card no. 45-0946 at 26 = 37.02°, 43.02°, 58.72°, 76.78°, and 78.73°
correspond to the plane (111), (200), (220), (311) and (222) [24,25]. No additional peaks were present
in the XRD pattern indicated that the sample is highly pure, with no detectable impurities or
additional phases. After calculating the particle size at each peak, the average particle size of the
MgO sample was calculated to be 265.518 nm presented in Table 10.
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Table 10

XRD analysis data and particle size measurement

Max. 20 Crystallographic Plane Intensity FWHW Particle Size (nm)
36.9792 (1112) 145.60 0.26228 316.076
42.96206 (200) 155.05 0.29697 284.175
62.37967 (220) 99.90 0.40023 229.364
74.78366 (311) 84.45 0.43771 225.814

78.731 (222) 80.91 0.37322 272.159

Average particle size 265.518

— Intensity (counts)

Fit Peak 1
Fit Peak 2
20000 - —— Fit Peak 3
Fit Peak 4
Fit Peak 5
Cumulative Fit Peak
~— 15000
¥
c
=
s}
o
2 10000 - ‘
{
2 ‘
=
5000 “ }i
| ‘
|| I !
0- S S| N .l_l'i\__
T T 1 1 1
0 20 40 60 80
26 (°)

Fig. 9. XRD pattern of MgO nanoparticles
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3.3 Stability of Nanofluids (Observation Method)

Table 11 summarizes the stability assessment of the nanofluid based on various concentrations
of the nanoparticles MgO. The stability of the nanofluid was evaluated through visual observations
of sedimentation and agglomeration. Table 12 shows the change of the mixed nanofluids in the
period 14 days. The results obtained indicated that the 0.2% MgO concentration exhibited the highest
stability among the five concentrations, with minimal sedimentation at the bottle's bottom.
Conversely, the 1.0% MgO concentration displayed the lowest stability, marked by a thick
sedimentation layer at the bottom of the bottle. In the present study, it was also observed that as
the MgO concentration increased, the stability of the nanofluid dropped at nanofluid without
surfactant. The higher the particle concentration, the poorer the stability of nanofluid [31,32].
Increase in particle concentration also increase particle cluster size due to lower interparticle
distance and enhanced Van der Waal attractive force which directly affects the settling velocity [33].

Next, the sedimentation of nanofluid in present study may be caused by the nanoparticle size.
Based on the Chakraborty and Panigrahi [33] claimed that the settling velocity of the nanoparticle is
dependent on the size of particle. Low particle size and minimal density difference between
nanoparticle and base fluid lead to lower settling velocity and therefore superior nanofluid stability
[34]. The suggested size for nanofluid metal oxide is below 100nm [34]. In the present study, the
average particle size is 265nm, which is much larger than the particle size done by previous
researcher which range below 100nm. Also, the density of the nanoparticle MgO and distilled water
is 3580kg/m3 and 997.1kg/m?3 respectively which the density difference is quite high.

The surface coating of the nanoparticle or functionalization layers may also be one of the factors
affected the overall stability of the nanofluid. As referred Roslan et al., [35], the choice of surface
coating is critical, as it can impact the stability of the nanofluid. the wrong or inadequate surface
coating can lead to instability, such as particle agglomeration or phase separation. A good matching
of the surface coating with the nanoparticles can improve the dispersion between nanoparticles with
base fluid. Oppositely, the coating of the nanoparticles will cause the repulsive between base fluid
and nanoparticles. In the present study, the specific coating on the MgO nanoparticles used in the
nanofluid formulation was not characterized. However, the instability observed in some nanofluid
samples may be attributed to the poor interactions between the coating layer and the base fluid.
Incompatibility or weak interactions between the coating and the base fluid can lead to reduced
stability, resulting in particle agglomeration or sedimentation.

Table 11
Level of stability of nanofluid in various concentration
MgO concentration (wt%) Level of stability

0.2 Good

0.4 Moderate
0.6 Moderate
0.8 Moderate
1 Unstable
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Table 12
Stability observation of nanofluid in different period

Various 1 day 7 days 14 days
Surfactant
Without
Surfactant

L
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3.4 Thermophysical Properties of Nanofluids
3.4.1 Density

It was found that as the weight concentration increased, the density of the nanofluid also
increased as shown in graph Figure 10. The result calculated had also validated as the line of present
study in line with Ali et al., [26]. This phenomenon can be explained by adding the nanoparticles
which nanoparticles have higher density compared to base fluid led to a higher overall mass per unit
volume resulting in an increase of the nanofluid density. Thus, the increased in the density improved
the heat transfer characteristics of the nanofluid because the higher the fluid density the higher the
thermal conductivity proved by Apmann et al., [36].

Density vs Weight concentration
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=== Present Study — ==@==Alj et al.
Fig. 10. Density versus weight concentration

3.4.2 Specific heat capacity

As shown in graph Figure 11, as the weight concentrations of the nanoparticles increased, the
specific heat capacity of the nanofluid decreased. The line trend from the calculation is validated by
Ali et al., [26]. This happened due to nanoparticles have a lower specific heat capacity compared to
the base fluid which is 903J/kg-K and 4184J/kg-K respectively. As the weight concentration of
nanoparticles increased, their contribution to the overall specific heat capacity of the nanofluid
became more significant, hence leading to a decrease in the specific heat capacity of the nanofluid.

200



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 109, Issue 2 (2023) 184-209

Specific Heat Capacity vs Weight concentration
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Fig. 11. Specific heat capacity versus weight concentration

3.4.3 Thermal conductivity

As shown in Figure 12, the result of thermal conductivity for MgO without surfactant revealed a
positive correlation between weight concentration and thermal conductivity. The line trend from
present study is validated by Verma et al., [22]. As the concentration of MgO nanoparticles increased,
the thermal conductivity of the nanofluid also increased. This can be attributed to the higher particle
concentration, which leads to increased interactions between particles and enhanced thermal energy
transfer within the nanofluid [11,21,22]. For Figure 13, it observed that as the temperature increased,
the thermal conductivity of the nanofluid also increased. The line presented the same trend as Verma
et al., [22]. The increase in temperature increase in thermal conductivity behavior was due to the
increased thermal energy and molecular vibrations at higher temperatures. As the temperature rises,
the particles within the nanofluid experience more energetic collisions which enhance the overall
thermal conductivity of the nanofluid [11,21,22].

Thermal Conductivity, K (W/mK) vs Concentration, ¢ (wt%)
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Fig. 12. Graph thermal conductivity versus concentration
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Thermal Conductivity (W/mK) vs Temperature (°C)
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Fig. 13. Graph thermal conductivity versus temperature

3.4.4 Viscosity

As shown in Figure 14, the results obtained showed that as the concentration of the nanoparticles
increased, the viscosity of the nanofluid increased. The line trend from present study is validated by
Verma et al., [22]. This is because as the MgO concentration rises, the interaction and collision
between the nanoparticles also increases hence causing the increase of viscosity [11]. For Figure 15,
it showed a negative trend which validated by Verma et al., [22]., indicating that as the temperature
increased, the viscosity of the nanofluid decreased. This is due to higher temperatures, the thermal
energy causes the nanoparticles and base fluid molecules to move more freely, resulting in reduced
intermolecular interactions and lower viscosity [11].
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Fig. 14. Graph viscosity versus concentration
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Viscosity, p (mPa.s) vs Temperature (°C)
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3.5 Measurement of Efficiency
3.5.1 Thermal efficiency

A bar chart analysis in Figure 16 showed that as the irradiance increased, the thermal efficiency
of the system decreased. In the case of using water as the working fluid, an increase in flow rate was
found to correspond with an increase in thermal efficiency. This can be explained by considering that
higher flow rates allow for better heat transfer and reduced residence time, minimizing heat losses
and improving overall system efficiency. Meanwhile, the thermal efficiency of the nanofluid exhibited
a different trend with flow rate whereas the flow rate increased, the thermal efficiency of the
nanofluid decreased. This was due to the optimum flow rate of the nanofluid was below 10L/h which
is not determined yet because it is not within the study scope range which is 10L/h, 20L/h and 30L/h
in the present study. This can be proved by previous research Verma et al, [22] where the
relationship between the thermal efficiency and flow rate is not straightforward, increasing the flow
rate of the working fluid resulted in an improvement in thermal efficiency. However, beyond a certain
optimum flow rate, further increases in flow rate led to a decline in thermal efficiency. The result
obtained in the present study was located at the decline trend which indicated that the flow rate
10L/h, 20L/h and 30L/h exceeded the optimum flow rate for nanofluid. The efficiency of a PV/T
system can be significantly influenced by various design parameters, including the diameter and
length of the serpentine tubes, as well as the choice of materials [21,37,38]. These factors collectively
impact the system's overall performance, particularly the optimal flow rate required to achieve peak
efficiency. It's important to acknowledge that distinct PV/T system designs will inherently possess
unique configurations, leading to varying optimum flow rates necessary for attaining maximum
efficiency [37,38].

Due to the concern, a flow rate of 10 L/h was selected as a benchmark for the ease of the
comparison between two working fluids. As compared water and nanofluid in 10L/h, it was observed
that nanofluid had the highest 74% of thermal efficiency increment compared to the water at
500W/m? followed by 71% at 200w/m? and 55% at 800W/m?2. As referred to Figure 17, at 10L/h of
flow rate, the PV/T surface temperature for nanofluid as working temperature were slightly lower
compared water as working fluid where 1.61°C for 500W/m?, 1.27°C for 800W/m? and 0.84°C for
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200W/m?2. Although the exact optimal flow rate for the nanofluid was not determined in this study,
the result obtained evidenced that the nanofluid exhibits higher thermal efficiency compared to
water at 10 L/h under varying irradiance levels. This comparison had highlighted the superior
performance of the nanofluid in terms of thermal efficiency when compared to water. The
nanofluid's ability to enhance heat transfer and improve overall system efficiency at a flow rate of
10L/h demonstrates its potential for application in PV/T system.

Thermal Efficiency
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Fig. 16. Thermal efficiency for various flow rate of water and nanofluid in
various irradiance intensities
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Fig. 17. Graph final temperature PV/T versus flow rate at different irradiance

3.5.2 Electrical efficiency

The result in Figure 18 showed that a as the flow rate increased, the electrical efficiency for water
as working fluid increased, while for nanofluid, it presented a opposite trend compared with the
water. This phenomenon is related to the previous section 3.4.1 where the thermal efficiency had a
close interconnected to the electrical efficiency. The experimental results demonstrated a clear
correlation between the thermal efficiency and electrical efficiency. As the thermal efficiency of the
system improved, there was a corresponding increase in the electrical efficiency. This can be
attributed to the fact that a higher thermal efficiency reduces the PV/T surface temperature,
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resulting in a lower operating temperature for the PV module [20]. The lower temperature enhances
the electrical performance of the PV cells, leading to an overall increase in electrical efficiency
[12,20,27].

The electrical efficiency of the PV/T system was further analyzed in comparison between
nanofluid and water at flow rate 10L/h. Nanofluid demonstrated a 5% increase in electrical efficiency
at 200W/m?, 2.1% increase at 500W/m?, and 1.9% increase at 800W/m?, compared to water. These
findings indicate that the incorporation of nanoparticles in the nanofluid formulation positively
influences the electrical efficiency of the PV/T system. The experimental results also revealed that
nanofluid 10L/h exhibited the highest electrical efficiency among all the flow rates. This suggests that
the nanofluid has the ability to absorb heat not only at the PV/T surface but also throughout the
system. By effectively absorbing and distributing heat, the nanofluid enables a more efficient
conversion of solar energy into electrical power, leading to higher electrical efficiency compared to
water.

The relationship between electrical efficiency and the I-V curve in different solar irradiances was
also examined as shown in Figure 19(a), (b) and (c). It was observed that as the electrical efficiency
increased, the voltage output of the PV module also increased while the current output remains
constant due to the constant irradiance level during the experiments. With a higher electrical
efficiency, more of the incident solar energy is effectively converted into electrical power, resulting
in an increased voltage output [11,20]. When compared with the voltage PV, PV/T-water and PV/T-
nanofluid at 10L/h, PV/T nanofluid had an increment 2.7% of voltage compared to PV and 1.4% to
PV/T-water at 800W/m?2. While at 500w/m?, PV/T-nanofluid achieved a 2.3% increment of voltage
compared to PV and 1.3% to PV/T-water and 1.7% and 1% increased for PV and PV/T-water
respectively at 200W/m?2. Which means the higher the voltage, the higher the power output
produced.
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Fig. 18. Electrical efficiency for various flow rate of water and nanofluid in
various irradiance intensities
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3.5.3 Overall efficiency

The overall efficiency of the PV/T system was evaluated by considering both the thermal
efficiency and electrical efficiency. The results in Figure 20 demonstrated that water 30L/h exhibited
higher overall efficiency, but based on aforementioned, the nanofluid optimum flow rate was not
determined due to the optimum flow rate of the nanofluid was not fall in the range of study scope.
indicating its potential for improved energy conversion and utilization. As discussed earlier, nanofluid
at 10L/h flow rate exhibited higher thermal efficiency and electrical efficiency compared to water.
The combination of these enhanced efficiencies contributed to the higher overall efficiency of the
nanofluid-based PV/T system. By effectively absorbing and transferring heat, the nanofluid improved
the thermal performance of the system, reducing heat losses and optimizing heat utilization. The
increased electrical efficiency of the nanofluid allowed for a more efficient conversion of solar energy
into electrical power. This improved electrical efficiency correlated with the high thermal efficiency,
contributed to the higher overall efficiency observed in the nanofluid based PV/T system.
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Fig. 20. Overall efficiency for various flow rate of water and nanofluid in various
irradiance intensities

4. Conclusions

This study analysed the PV/T efficiency based on variations of irradiances and flow rates, using

nanofluid MgO and water as the working fluid. From our analysis, we drew several conclusions
discussed in the following:

MgO nanofluids with a concentration of 0.2% without surfactant demonstrated the highest
level of stability which did not show any significant sedimentation and agglomeration more
than 14 days among all the mixtures tested

Increasing the concentration of nanoparticles enhances the thermal conductivity of the
nanofluid, while higher temperatures also contribute to increased thermal conductivity.
With an increase in nanoparticle concentration, the viscosity of the nanofluid increased,
while rising temperatures resulted in a decrease in nanofluid viscosity.

Optimum flow rate was not in the range of scope study. However, at flow rate 10L/h,
nanofluid demonstrated a 5% increase in electrical efficiency at 200W/m?, 2.1% increase at
500W/m?, and 1.9% increase at 800W/m?, compared to water. Also, nanofluid had the
highest 74% of thermal efficiency increment compared to the water at 500W/m? followed
by 71% at 200w/m? and 55% at 800W/m?
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