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ARTICLE INFO ABSTRACT
Keywords: Photovoltaic-thermal (PVT) concept is a novel methodology to lower the PV module temperature and consec-
PVT utively produce thermal and electrical energies. This study assesses the thermal and electrical advancements of a
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PVT system using iron oxide (FeyO3) single nanofluid and titanium oxide-iron oxide (TiO2-FeyO3) hybrid
nanofluid at 0.2 % and 0.3 % concentrations. The PVT energy and exergy efficiencies were presented and
analyzed concerning the effect of proposed single and hybrid nanofluids. Study findings disclosed that dispersing
0.3% of TiO,- Fe303 nanocomposites into water has enhanced the nanofluid thermal conductivity, improving the
Nusselt number by 90.64 %, while Fe,O3 nanoparticles achieved 31.75 %. Furthermore, employing TiO»- FexOs3-
based nanofluid at 0.3 % has enhanced the PVT electrical efficiency by 13 % and, thermal efficiency by 44 %
compared to FepOs-based nanofluid, which exhibited 12 %, and 33 %, respectively. Besides, the PVT electrical
exergy efficiency was augmented by about 13 % using TiO»-FepOs-based hybrid nanofluid, against 11 % using
Fep03 nanofluid. Reversely, the pressure drop was increased by a maximum of 62.9% when TiO,- Fe;O3 was
applied due to the raised nanofluid density compared to the reference base fluid. Conclusively, hybrid nanofluid
has a superior influence on the PVT performance than single nanofluids. However, further investigations are
required to explore cost-effective hybrid nanofluids with a low pressure drop.

sunlight and generate thermal or electrical energies. In the electric
generation field, photovoltaic (PV) technology is a fundamental solar
system to produce electricity, occupying a wide range of industrial,
agricultural, and domestic applications [4-6]. However, the main
weakness of this technology is the rising operating temperature due to
the low conversion efficiency of PV modules especially in hot regions
[7]. Since PV modules are generally made from semiconductors,
increased solar radiation and ambient temperature heating the module,
cause degradation in the conversion efficiency, particularly when the
operation temperature exceeds 25 °C [8,9]. Besides, it was reported that
increasing the PV module temperature by more than 45 °C causes a
degradation in the conversion efficiency, and local hotspots may appear,
which reduces its lifetime [10]. Therefore, energy production from PV
modules needs to be adjusted towards optimal operation conditions by
maintaining the operating temperatures at an optimal level. Various
passive and active techniques were introduced in the literature to
minimize the PV cell temperature and improve its overall efficiency.

1. Introduction

The energy sector encounters a great challenge year after year due to
the increase in humankind’s energy requirements and the danger of
climate change. Besides, global economic growth in modern society is
contingent upon the availability of energy although numerous concerns
arise in the energy sector, such as scarcity of energy resources and
escalating energy needs for human measures [1]. Nowadays, fossil fuels
are the primary electric power foundation which contributes to air
pollutants and greenhouse gases. Alongside the volatility of fossil fuel
costs, other concerns have encouraged the adoption of renewable en-
ergies in various energy sectors, especially solar-based ones [2]. Solar
energy is leading the widespread solutions proposed in this regard due to
its sustainability, reliability, cost-effectiveness, environmentally-
friendly and flexibility to be used in different applications [3]. Solar
systems are highly efficient renewable energy methods to harness
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Nomenclature

A PV module area, m?

Cp Specific heat, kJ/kg. °C
S Solar radiation, W/m?
Isc Short circuit current, A
Ly Electric current, A

K Thermal conductivity, W/m-K
m mass flow rate, L/min
Py, Electrical power, W

T Temperature, °C

TiO4 Titanium oxide

Vv Voltage, V

Nu Nusselt number

Tavg Average temperature °C
Re Reynolds number

pPr Prandt Number
Subscript

amb Ambient

DI Deionized

FF Fill factor

bf Base fluid

in Input

np Nanoparticles

out Output

nf nanofluid

g Gravity, m/s>

D¢ Tube diameter, m

PV Photovoltaic

Greek symbols

Neh Thermal efficiency, %
Nov Overall efficiency, %
Net Electrical efficiency, %
p Density, kg/m>

u Viscosity, kg/ms

Ex Exergy, W

g, Exergy efficiency, %

17 Volume concentration, %
NWs Nanowires

Passive methods mainly involved the use of fins [11], turbulators [12],
phase change materials [13], thermoelectric generators [14], radiative
cooling coatings [15], tracking mechanisms [16] and many others. Be-
sides, active techniques included the use of air flow [17], water stream
[18], bi-fluids [19], geothermal energy [20], and nanofluids [21].
However, several studies considered emerging methods by integrating
two or more passive/ active techniques [22-26].

The photovoltaic-thermal (PVT) approach is one of the advanced
solutions, which includes a PV module and a heat exchanger (collector)
with an absorbent plate and attached tubes or channels to the rear of the
PV module [27]. Researchers have mainly considered two paths in the
PVT technology; enhancing the heat exchanger geometry using micro
channels heat sinks, internal and external extended surfaces, and/or
applying novel nanofluids [28-30]. In the latter technique, cooling
fluids are circulated on the rear side of the PV module to help reduce its
temperature and reuse the absorbed heat in other thermal applications,
which improves the system efficiency [31]. Water is commonly
employed as a cooling fluid in PVT systems although it showed limited
improvements in the system performance due to its relatively low
thermal conductivity [32]. Therefore, nano-based fluids were intro-
duced as an appropriate coolant due to their high thermal properties
compared to water [33]. Nano-based systems are revolutionary tech-
nology nowadays which involved in many thermal applications,
including buildings, transportation, power generation and other tradi-
tional and renewable energy sectors [34-38].

Several attempts have been carried out by researchers to improve the
PVT thermal performance by employing single nanofluids [39,40]. For
instance, Chen et al. [41] numerically investigated the potential of the
aluminium oxide (AlyO3)-based nanofluid to cool a standard PVT sys-
tem. An empirical formula was developed to predict the PVT tempera-
ture reduction and efficiency at various concentrations and mass flow
rates. Outcomes indicated that the PVT average temperature was
reduced by a maximum of 8.92 °C at 5 % concentration. Besides, the
temperature decrement was further increased to 9.94 °C, when
increasing the nanofluid mass flow rate to 0.12 m®/h. however, the PVT
efficiency was predicted to increase from 10.84 % to 12.36 % when
increasing the Al;Oz/water from 1 % to 5 %, compared to a standard PV
module. Venkatesh et al. [42] experimentally examined the thermal
contribution of graphene nanoplatelets (GnPs)/water nanofluid to a PVT
efficiency under 0.085, 0.075, and 0.065 kg/s mass flow rates, and 0 %-
0.3 % concentrations. The study outcomes demonstrated that

incorporating GnPs/water nanofluids has reduced the PVT surface
temperature by a maximum of 20 °C at 0.3 % concentration and 0.085
kg/s flow rate. Correspondingly, GnPs/water nanofluid has improved
the PVT energy efficiency by about 23 %. Menon et al. [43] experi-
mentally explored the influence of CuO/water nanofluid in a serpentine
tube integrated unglazed PVT system to advance building performance
and increase efficiency. Study results showed that water cooling has
reduced the PVT temperature by 15 °C and enhanced electrical effi-
ciency by about 12.32 % more than the reference PV module, which
attained 12.98 %. Besides, employing CuO/water nanofluid has incre-
mented the electrical efficiency by 35.67 % as a result of reducing the PV
module’s temperature by about 23.7 °C. The research concluded that the
dispersing of CuO nanoparticles into water has improved its thermal
conductivity drastically. In this way, the thermal efficiency in the case of
CuO nanoparticles dispersion was exceeded up to 71.17 % compared
with water which conversely delivered a peak thermal efficiency of
58.77 %. Another indoor experiment was conducted by Nasrin et al. [44]
on a PVT system under 200-1000 W/m? solar radiation, 32 °C inlet
temperature, and 0.5 L/min of constant mass flow rate. The system was
cooled by MWCNT nanofluid with different concentrations, ranging
from 0 % to 1 % circulated into aluminium pipes, connected to the
backside of the PVT system. Moreover, numerical simulations were
carried out for the PVT system 3D module under the same operation
conditions using COMSOL Multiphysics software. The numerical out-
comes displayed good agreement with the experimental results in which
the PVT system efficiency was enhanced by 9.2 % when cooled by water.
Moreover, system thermal performance was improved numerically by 4
% and experimentally by 3.67 % when cooling by nanofluid. The
maximum numerical overall efficiency calculated was 89.2 %, against
87.65 % in the experimentation under the nanofluid cooling and 1000
W/m? solar irradiation. Hissouf et al. [45] proposed Cu and Al,O3
nanofluids for cooling a PVT system by building a mathematical model
derived from energy balance equations of system components. The
research outcomes showed that the PVT electrical and thermal effi-
ciencies were enhanced by 1.9 % and 4.1 %, respectively when
dispersing 2 % of the Cu nanoparticles compared to the water-based
cooling. The study further concluded that applying Cu-based nanofluid
led to better enhancement in the system performance as compared to
Al;03-based nanofluid. Fudholi et al. [46] experimentally studied the
use of TiOy nanofluid at 0.5 % and 1 % concentrations for a PVT system
cooling under different solar radiation rates (specifically, 500, 700 and
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900 W/m?) and mass flow rate varying between 0.012 and 0.0255 kg/s.
A theoretical model was created to compare the theoretical and exper-
imental outcomes, showing an inverse proportion between high thermal
and electrical efficiencies as the PV surface temperature increased at
high solar radiation. Cooling by TiO, nanofluid at 0.1 % has enhanced
the PVT system performance from 85 % to 89 % thanks to improved heat
transfer coefficient. In contrast, cooling by water depicted enhancement
from 60 % to 76 % at 0.0255 kg/s. Furthermore, the study indicated an
exergy performance enhancement by 6.02 % at 1.0 % compared to
cooling by water. Besides, the theoretical and experimental findings
showed a high agreement, with an accuracy ranging from 97.6 % to
99.2 %. Another experimental and numerical investigation carried out
by Sardarabadi and Passandideh-Fard [47] using deionized water,
Al03, TiO3, and ZnO nanofluids as a coolant to a PVT system at 0.2 %
concentration. The system’s electrical efficiency was assessed taking
into account both the system’s surface temperature and the fluid’s
output. Study outcomes revealed that employing TiO3 and ZnO nano-
fluids has enhanced the PVT electrical performance more than Al,03 and
water. Besides, utilizing ZnO nanofluid showed superior thermal effec-
tiveness compared to other fluids. Dashtbozorg et al. [48] investigated
MXene/ethanol nanofluid included into heat pipe as a potential cooling
fluid for a PVT system at 0.5 %, 1.0 % and 1.5 % concentrations. The
study findings showed that employing MXene with 1 % concentration
into ethanol has minimized the PV/T temperature by 19.21 °C,
improving the electricity output by 1.62 W compared to water as a
cooling fluid. Furthermore, the study indicated that the optimum PVT
inclination angle was 30°, with 50 % filling ratio to obtain the highest
performance.

Recent literature studies have reported that hybrid nanofluids are
generally more effective than single-based cooling nanofluids in various
solar systems [49]. In this regard, several research works were con-
ducted on PVT systems, utilizing the remarkable thermal advancements
of hybrid nanofluids. For instance, Sharaby et al. [50] experimentally
employed multi-walled carbon nanotube/ zinc oxide (MWCNT-ZnO)-
based hybrid nanofluid to cool three PVT modules, compared to an
uncooled and water-cooled PV module. The study explored the module
energy and exergy efficiency under 0.156 kg/min mass flow rate and a
0.1 % MWCNT-ZnO concentration. As a general outcome, the study
displayed that employing MWCNT-ZnO hybrid nanofluid has notably
augmented the PVT electrical efficiency by 16.8 % over the water-cooled
module, while the thermal efficiency of the MWCNT-ZnO nanofluid and
water-cooled modules were 51.3 % and 45.5 %, respectively compared
to the uncooled PV module. Besides, the PVT exergy efficiency was
advanced using MWCNT-ZnO hybrid nanofluid more than the water-
cooled module by 7 %, and by 27 % more than the uncooled PV mod-
ule along with 3.5 % entropy generation reduction and exergy
destruction than the base (uncooled) PV module. Kazemian et al. [51]
employed various hybrid nanofluids, namely MWCNT-Al,03, MWCNT-
SiC, G-Aly,03, and G-SiC-based water, into a connected PVT system
and thermal collector in series. System evaluation was conducted con-
cerning the fundamental principles of the 1st and 2nd thermodynamics
laws. Through the analysis of entropy production, valuable insights were
attained regarding the system’s efficiency and performance. This
assessment has comprehended the energy dissipation and possible en-
hancements inside the system utilizing thermodynamic rules that offer a
thorough method for maximizing the system’s performance. Inclusively,
the MWCNT-SiC nanofluid reached the best performance, achieving
thermal/electrical efficiency of about 56.55 %,/13.8 %, and high entropy
generation. Hooshmandzade et al. [52] installed an aluminium plate
and copper tube heat exchanger on a PV module’s rear side, and fibre-
glass was utilized to fill the pores in indoor and outdoor experiments.
The electrical and thermal efficiencies of the proposed system were
assessed considering the use of SiO3-Al;03 hybrid nanofluid at 0.5 %-
0.5 % mixing ratio and their single nanofluids. The research findings
disclosed superior performance for SiO,-Al;03 over single nanofluids, in
which the PVT thermal and electrical efficiencies were enhanced by
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65.05 % and 13.17 %, respectively under outdoor conditions, while the
increase was about 65.08 % and 11.47 %, respectively for the indoor
experiments. Comparatively, cooling by pure water has increased the
overall PVT system performance by 48.54 % and 63.26 %, respectively
while utilizing hybrid nanofluid has improved the overall efficiency by
about 68.09 % and 75.26 % for indoor and outdoor experiments,
respectively. A summary of literature studies and their key findings is
reported in Table 1.

The existing studies have presented notable findings for PVT systems,
employing various nanofluids all around the world. However, most in-
vestigations considered the thermal contribution of single nanofluids to
improve the PVT performance. Besides, limited researchers have dis-
cussed energetic and exergetic analysis of PVT performance evaluation,
giving an incomplete view of the technology. Consequently, this
research aims to comparatively investigate the energetic and exergetic
efficiencies of a PVT system employing single and hybrid nanofluids.
Besides, the essential thermofluidic parameters, such as the heat transfer
coefficient, Nusselt number, Reynolds number, and pressure drop were
presented and discussed under various nanofluid concentrations.
Therefore, a 3D model for a validated PVT module was numerically
simulated using ANSYS Fluent software, in which Fe,O3/water (single
nanofluid) and TiO,-Fe;Os/water (hybrid nanofluid) fluids were inves-
tigated for various concentrations. The findings attained are believed to
offer a good starting point for further future research to develop efficient
and sustainable solar energy systems.

This work consists of four sections, as follows:

e Section 1 indicates the research actuality, scope, literature gaps, and
work novelty,

e Section 2 presents the numerical model and evaluation approach,
involving the model components, nanofluids employed, energy,
exergy analysis, PVT geometry, assumptions, boundary conditions,
and model validation,

e Section 3 highlights the results and their discussion, including a
comparison with previous studies,

e Section 4 presents the conclusions derived from numerical results,
limitations of current work and some notes for future studies.

2. Numerical model and evaluation approach
2.1. Model components

The numerical model adopted in this research is composed of a
polycrystalline PV module (nominal output power of 50 W) integrated
with a heat exchanger, and examined under the weather conditions in
Miskolc City, Hungary. The system consists of a serpentine-shaped tube
heat exchanger placed on a copper plate and positioned on the PV
module’s rear surface to cool the PV module by collecting surplus heat.
Fig. 1 illustrates the PVT module and its components. The serpentine-
shaped tube heat exchanger is characterized by a dense layout of
tubes distributed on the absorber plate, increasing the heat exchange
area and heat transfer efficiency. This arrangement could increase heat
conduction between the contact regions (tubes and absorbing plate),
and heat convection between (the tube’s wall and circulating fluid),
increasing the heat removal from PV cells. Table 3 shows more details
about the properties of the PVT heat exchanger.

2.2. Nanofluids

Nanofluids-based Iron oxide (FeyOs) nanoparticles and titanium
oxide-iron oxide (TiO»-Fe;O3) nanocomposite were presented in the
current study as coolants. These metal oxides were adopted in this study
due to their high thermal properties reported in the literature, avail-
ability with cost-effectiveness, and overlooked application in a hybrid
form for PVT cooling. Besides, these metal oxides were stable during
preparation and economically feasible, according to our earlier
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Table 1

Summary of literature studies presented in the current research.
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Researchers Study type Nanofluid type PVT configuration Main findings
(concentration %)
Chen et al. [41] Numerical Al,0O3/water The PVT module is provided with fluid e The PVT average temperature was reduced by a
(1 %, 3 % and 5 %) flow pipes. maximum of 8.92 °C at 5 % concentration.
e The PVT efficiency was increased by 12.36 % ata 5
% concentration of Al,O3/water, compared to a
standard PV module.
Venkatesh et al. [42] Experimental Graphene nanoplatelets The PVT module with a finned multi- e The PV/T energy efficiency was improved by a
(GnP)/water block container of phase change material. maximum of 23 %.
(0.1 %, 0.2 % and 0.3 %)
Menon et al. [43] Experimental CuO/water An unglazed PVT combined a serpentine o The PVT thermal efficiency cooled by the nanofluid
(0.05 %) coil mounted on a sheet and thermal reached 71.17 %, against 58.77 % when cooling by
absorber. water.
Nasrin et al. [44] The PVT attached heat collection pipes o Total PVT performance was improved using
from the rear side and combined them MWCNT/water by 3.81 numerically and by 4.11 %
Experimental MWCNT/water with a centrifugal pump and a radiator experimentally compared to water-based fluid.

Hissouf et al. [45]

Fudholi et al. [46]

Sardarabadi and
Passandideh-Fard
[47]

Dashtbozorg et al.
[48]

Sharaby et al. [50]

Kazemian et al. [51]

Hooshmandzade et al.

[52]

and numerical

Numerical

Theoretical and
experimental

Experimental
and numerical

Experimental

Experimental

Numerical

Experimental

(0 %, 0.3 %, 0.6 % and 1 %)

Cu and Al,03-based water
(0 %, 0.01 %, 0.02 %, 0.03 %
and 0.04 %)

TiOy/water
(0.5 % and 1 %)

Al03, TiO5 and ZnO-based
water

(0.2 % in experimental work,
and from 0.05 % to 10 % in
the numerical work).
MXene/ethanol

(0.5 %, 1.0 % and 1.5 %)

MWCNT-ZnO/ water
(0.1 %)

MWCNT-AlL,03, MWCNT-SiC,
G-Al;03, and G-SiC-based
water

1 %: 1 %)

Single nanofluid: SiO, and
AlLO;

(0.1 %, 0.3 %, and 0.5 %),
Hybrid nanofluids: SiO,-Al,03
(0.1 %-0.1 %, 0.3 %- 0.3 %
and 0.5 % — 0.5 %).

for heat dissipation.

The PVT supplied with a sheet and
serpentine
tube.

A PVT is provided with a unilateral

channel for the fluid flow.

The PVT was provided with a sheet and
tube collector.

The PVT provides an array of two-phase
closed heat pipes.

The PVT is provided with a serpentine
absorbing sheet and tube.

The PVT was connected in series with a
thermal collector.

The PVT is provided with an aluminium
plate and copper tube heat exchanger.

Cu/water nanofluid showed a better performance
enhancement than Al,O3/water.

Cu/water nanofluid improved the thermal and
electrical efficiencies by 4.1 % and 1.9 %
respectively, over water.

The PVT energy efficiency attained at 1 % nanofluid
and 0.0255 kg/s mass flow rate was 85 % — 89 %,
compared to 60 %-76 % achieved by water cooling.
The PVT exergy efficiency was increased by 6.02 %
over that cooled by water under the same
concentration and mass flow rate.

Increased metal oxide concentration from 0.05 % to
10 % has improved the PVT thermal performance
by four times.

The PV/T temperature was minimized by 19.21 °C
using MXene/ethanol at 1 %, and the electricity
output was augmented by 1.62 W compared to the
water cooling fluid.

The PVT electrical efficiency was augmented by
16.8 % over the water-cooled module employing
the nanofluid.

The PVT thermal efficiency using MWCNT/ZnO
and water-cooled modules were 51.3 % and 45.5 %,
respectively compared to the uncooled PV module.
The PVT exergy efficiency was advanced using
MWCNT/ZnO hybrid nanofluid by 7 %, and 27 %
more than the water-cooled and uncooled PV
modules.

MWCNT-SiC hybrid nanofluid achieved the highest
electrical energy efficiency of 13.85 %, and thermal
energy efficiency of 56.55 %.

Under outdoor conditions, the PVT thermal and
electrical efficiencies were enhanced by 65.05 %
and 13.17 %, respectively, while increased by
65.08 % and 11.47 %, respectively for the indoor
experiments.

The PVT overall efficiency using SiO»-Al;03 has
improved by 68.09 % and 75.26 % for indoor and
outdoor experiments, respectively.

experimental research [53]. Hybrid nanofluids are characterized by high
thermophysical properties (increased thermal conductivity, specific
heat and low density) which positively improve the PVT energy and
exergy efficiencies more than single nanofluids [54]. Economically, it
was reported that employing hybrid nanofluids achieved better eco-
nomic feasibility with a shorter payback period [53,55], making them
an effective option for cooling applications. Besides, the low density of
hybrid nanomaterials helps increase the stability of hybrid nanofluids

more than single nanomaterials, giving another desired property [56].
The real thermal and physical characteristics of TiOy-FexOs nano-
composites were examined at the University of Miskolc, while those of
the FeyOs nanomaterials were considered from previous studies.
Nanofluids’ thermophysical properties are determined using equations
(1-5) [57-60]. Table 2 lists the thermophysical characteristics of
nanomaterials delivered during modelling.

The density of of nanoparticle (Prp)s nanofluid (pnf), and the base
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Fig. 1. (a) PVT layers, (b) absorbing plate and serpentine tubes, (c) schematic view of PVT serpentine tubes with dimensions.

Table 2

Thermophysical properties of nanomaterials.
Property Unit TiO2-Fe,03 Fe,03 [61]
Density kg/m> 3473 5240
Thermal conductivity W/m-K 75.32 20
Heat capacity J/kgK 1321 650

fluid (pbf) was calculated by Eq. (1), as follows:

Pog = Py + (1 = )iy @

where ¢ is the nanoparticles concentration, which can be computed
from Eq. (2). Moreover, my and my, signifies the mass of base fluid and
nanoparticles. Besides, the thermal conductivity of nanoparticles (ky),
nanofluid (k.), and the base fluid (kss) was calculated by Eq. (3).

Map

b= w”""m x 100 )

Pnp Pof

IE _ knp + 2kbf + 20 (knp - kbf) 3)
kop  knp + 2key — @ (knp — Kiy)

The specific heat of the nanofluid (C, ), nanomaterial (Cp ), and the
base fluid (C, z¢) was calculated by Eq. (4), while the nanofluid viscosity
was calculated by Eq. (5), as follows:

& (PopCpn) + (1 — &) (PorCpayr)

Conf =
i pnf

4

_ Hof 5
Hng (1 _¢)2.5 6))

2.3. Energy analysis

The electrical performance of PVT could be quantified as the input

energy (Ey,= Py, FF) divided by the output energy (Eo, = S-Ac). The
electrical efficiency is a crucial indicator to assess the system perfor-
mance, which could be calculated from Eq. (6) [62].

E out

Ein (6)

Nete =

where Py, =I,,- V), is the electrical power W, I, is the current A, V},, is the
voltage V, and FF is the fill factor which could be determined from Eq.
(7) [62]. S is the incident solar emissions W/mz, while A, is the PVT

system’s area in m?.

Vv X Ipy

FF =
VOc X ISc

)

The enhancement in the PVT thermal efficiency depends on the heat
transfer from the PV rear surface to the cooling fluid inside tubes over
the absorbing plate. This transfer can be quantified by Eq. (8) [63].

Gy (Tow — Tin)

N AS ®

where m is the mass flow rate (L/min), C, is the fluid’s heat capacity (J/
kg-K), Tin and T, are the inlet, and outlet cooling fluid temperatures
(°C). The entire performance of the PVT system is determined by the
combined thermal and electrical efficiencies, using Eq. (9) [64].

Noy = Mel + N (9)

Nanofluid thermophysical characteristics influence the heat transfer
rate, affecting the PVT thermal and electrical efficiencies. Besides,
nanofluids’ flow pattern in tubes affects the heat transfer rate from the
PV module. These flow patterns are predicted by quantifying the Rey-
nolds number, which can be determined by Eq. (10) [65].

4m

Re,,f (1 0)

B 7Dy

where y; is the fluid viscosity and Dy is the hydraulic diameter. Eq. (11)
determines the Nusselt number, the ratio of the convective and
conductive heat transfer [66].
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hD;,) _ mCy(Th; — Thy) Dy an

Nu,s =
i (an A(Tag — Tw) Xan

h is the heat transfer coefficient, and Ty, is the wall tube mean temper-
ature. The friction factor is an intrinsic parameter that influences the
fluid pressure drop with a Reynolds number change, which occurs due to
a viscosity growth resulting from the rise in Nanomaterials’ volume
concentration in the base fluid. Both fraction factor and pressure drop
are determined by Eq. (12) and (13). [67,68]

f =[1.58InRe — 3.82] 2 12)
2
L .
ap I A (13)
2Dtubes pfﬂD2

where n is the number of heat exchanger tubes and L is their length.
2.4. Exergy analysis

Exergy analysis is a crucial concept for evaluating the energy effi-
ciency generated by the system when it is in thermodynamic equilibrium
with its surroundings [69]. The efficiency of electrical and thermal
exergy is affected by the system’s amount of exergy inputs (solar exergy
and exergy of mass flow) and exergy outputs (electrical exergy, thermal
exergy, and exergy destruction). The solar exergy (EX solar) computed
using Eq. (14) [70] considering the amount of solar radiation absorbed
by the PVT, and the exergy of mass flow is the inlet cooling fluid to the
system.

. T,
ExXgoar =S (1 - —'"”) 14

sun

where T, and Ty, are the ambient and sun temperatures (5800 K)
[71]. Consequently, the PVT energy efficiency in terms of both thermal
and electrical performance was calculated by Eq. (15) and (16) [72].

”le.nf |:( f.out Tf_jn) — ]amb In <ﬂ> :|
fin x 100

Nexper = S (1 " Tamd >
Tsun
P, FF

Mix, =7 N
S (1 - %)

T}, and T, are the input and output fluid temperatures, respectively.

(15)

x 100 (16)

2.5. PVT geometry, assumptions, and boundary conditions

The suggested PVT model comprises a glass protector, PV modules,
and an absorbing plate, which is in direct contact with a serpentine tube
heat exchanger. The geometry was generated using SolidWorks which is
introduced to the ANSYS 19.2 software. The numerical model charac-
teristics are presented in Table 3. The solar emission collected by the

Table 3
Characteristics of model components.

Cover glass PV module Absorber Tubes

Area: 0.2928 m? Tube length: 5

Thickness: 0.002 m m

Material: Copper Tube thickness:

C, =381J/kg K, k = 0.001 m

387.6 W/mK, p = 8978 Outer diameter:

kg/m® 0.01m
Material:
Copper

Emissivity: Riser’s number
0.88 modules: 60
Area: 0.355 m?
Absorptance: 0.9
Emissivity: 0.88
n, =15%, p.=
0.0045 °C™*
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absorbing plate was made of copper and relies on the transmittance of
the section of cover glass and the PV module’s absorptivity, which can
be understood as a constant heat flux [73].

The following assumptions have been applied during the simulation:

i. Fluid flow is steady-state, uniform and incompressible,

ii. A rate of the solar radiation falling on the PV module is converted
into electrical energy, while the other rate warms up the PV module.

iii. Nanoparticles and base fluid are assumed as a single fluid in
computations (a common concept in the literature [74-76]).

iv. The heat loss by radiation is disregarded as a result of the PVT
system temperature reduction.

v. The absorbing plate’s bottom surface is thermally insulated from
the surface tubes.

vi. The PVT system components are in ideal contact. Therefore, the
temperature is consistent across all layers.

Concerning the assumptions presented above, the governing equa-
tions of energy, continuity, and momentum (Egs. 18-20) are utilized in
the simulation [77]. These equations succinctly represent the boundary
conditions for the current scenarios.

Energy equation

V- (0 UnCpy T) = V- (ks VT) 18)

Continuity equation

V(o) =0 a9

Momentum equation

V- (pnfU,,fUnf) = —-VP+Vr +p,,fg (20)

The finite volume approach is employed to solve these equations. The
heat flux was specified based on the boundary conditions, while the fluid
temperature and its velocity at the inlet were specified. Then, the tur-
bulent intensity specification method was adopted considering Eq. (20)
and the hydraulic diameter. The fluid flow at the tube output is
considered to be fully developed. The flow regime was analyzed using
the k-epsilon model. PVT systems typically involve forced convection to
flow the fluid within channels or ducts, exhibiting turbulence, in most
cases, due to high Reynolds numbers. The fluid flow is often charac-
terized by boundary layer separation, heat transfer across surfaces, and
varying temperature gradients. Thereby, the k-epsilon turbulence model
is appropriate for high Reynolds numbers and efficient simulation time
as it offers an efficient balance between computational cost and accu-
racy. The second-order upwind is employed by available spatial dis-
cretization schemes from the CFD environment for the diffusion,
convection and radiation terms. The PVT system component properties
and thermophysical parameters of nanofluids were adopted from the
software database. The rear side of the absorbing plate has adiabatic
boundary conditions, as does the external tube surface, with zero heat
flux. The heat rate generated on the PVT surface equals the solar radi-
ation absorbed by the system, assuming that this heat is transferred to
the surroundings in a convective-radiative form.

Meshing is an essential metric to obtain accurate results from CFD
simulations, notwithstanding solving times becoming longer when the
mesh is small [78]. However, the three-dimensional mesh generation is
significant to the CFD simulation of the absorbing plate and attached
tubes model. Fig. 2 shows the mesh shape with suitable aspect ratios,
which improved the quality of model meshing with 0.1 mm element size
and a total of 779,755 elements, which helped reduce the errors.
Meshing the PVT model helps optimize the simulation results and its
accuracy. The meshing process was performed with high smoothness,
one of the parameters required to assess the quality meshing of the PVT
model. The temperature gradient (in Fig. 4) displays no substantial
difference, confirming the optimal number of model meshing. It was
observed that no more improvement was attained after 779,775
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Fig. 2. Model mesh as presented in the ANSYS software.

elements, while the meshing process was performed with high
smoothness.

A convergence criterion indicates subsets that specify the conver-
gence of functions based on particular conditions, which continue until
the convergence is fulfilled. In the current study, the solution conver-
gence criterion was 108, 107, and 10°® for energy, continuity and mo-
mentum equations. The convergence criteria obtained from the
simulation determined the numerical stability of the results obtained.

The gravitational acceleration is a crucial factor that influences the
convection in terms of buoyancy force (depending on the tilt angle of the
system setup). This feature has been enabled in the simulation and is
specified in the equations (24-26) [77]. The Dittus-Boelter equation was
employed to calculate the turbulent flow characteristics with a smooth
surface and fully turbulent conditions, as per Eq. (22).

1
I = 0.16Res8 21)
4
Nu = 0.023 Re5Pr" (22)
— CPI‘
Pr = . (23)
& = —gSind 24
& =0 (25)
8 = +gcosd (26)

2.6. PVT model validation

The numerical PVT model has been validated for more reliability
considering the outcome of our earlier experimental studies that were
performed for the same PVT system using CuO and FepO3 nanofluids
with 0.3 % volume concentration [55,79]. Consequently, similar envi-
ronmental operation conditions and PVT model geometry were
approved to determine the temperature drop, energy, and exergy effi-
ciencies as a reference for validating numerical results. The experi-
mental results when the CuO-based nanofluid was employed as a
working fluid showed a 10.06 °C in the PVT temperature declination,
while numerical results achieved a 10.34 °C (about 0.28 °C difference).

Moreover, numerical simulations displayed a PV module temperature
reduction of 15.33 °C when cooling by TiO2-CuO nanofluid, while
experimental results indicated a 14.5 °C temperature decrement
(0.83 °C temperature difference). Fig. 3 reveals the experimental and
numerical results performed in the current numerical model considering
the thermal/electrical efficiencies and thermal/electrical exergy effi-
ciencies at the same volume concentration. The figure discloses an
acceptable agreement between numerical and experimental outcomes,
in which the maximum thermal efficiency deviation was 3.59 %
employing CuO nanofluid, while employing TiO2-CuO nanofluid veri-
fied 2 %, only. Moreover, the maximum deviation of electric efficiency
was 3.1 % when CuO nanofluid was employed against 3.14 % attained
for TiO2-CuO hybrid nanofluid. Fig. 3 (b) displays that the variation in
the thermal and electrical exergy efficiencies for numerical and exper-
imental results using CuO and TiO,-CuO nanofluid also showed good
agreement with no more deviation than 4 %. Regarding thermal exergy,
it could be observed that the deviation was about 4 % and 3.98 % when
CuO and TiO2-CuO nanofluids were employed. Besides, the deviation
between numerical and experimental electrical exergy efficiencies was
4.13 % and 4.38 % employing CuO and TiO2-CuO nanofluids,
respectively.

3. Results and discussions
3.1. Temperature variation of numerical model

Fig. 4 (a) demonstrates the gradual heat transfer in tubes contacting
the absorbing plate under the nanofluid usage, in which a similar trend
was observed when cooling the PVT by Fe;O3 and TiOg- Fe3O3 nano-
fluids. The fluid temperature increment at the tube end is caused by the
buildup of heat as the nanofluid flows through the serpentine tubes. The
heat accumulation arises from the ongoing absorption of thermal energy
by nanoparticles. As a result, the fluid leaves the tube at a higher tem-
perature, indicating the effective transmission of heat inside the heat
exchanger system. The temperature variation on the absorbing plate was
quantified at a 14.8° tilt angle for a nanofluid concentration of 0.2 %
entering the input tube at 0.323 m/s velocity, 295 K initial temperature,
and 912 W/m? solar radiation intensity. The nanofluid cooling improves
the PVT’s overall efficiency and durability by helping to prevent over-
heating. Cooling nanofluid lowers the PV modules’ temperature as a
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Fig. 3. Validation of PVT system with experimental results (a) energy effi-
ciency, (b) exergy efficiency.

result of the absorbing plate temperature reduction, and then, its tem-
perature increases continuously as passing within the serpentine tube,
extracting thermal energy from the PV modules via the absorbing plate.
Fig. 4 (b) depicts the thermal characteristics of the cooling fluid as it
enters the input tube under low-temperature conditions. As could be
observed, the cooling fluid temperature was increased gradually,
reaching its maximum at the outlet tube end since the heat transmission
occurs in a conductive way between the absorbing plate and tubes and,
in a convective way to the nanofluid. This gradual increase in temper-
ature indicates the presence of effective heat transmission mechanisms
inside the system. The temperature contour designated a gradual rise in
temperature from the tube wall towards the fluid stream and the highest
temperature value was observed at the connection part between the heat
exchanger and the absorbing plate.

3.2. Energy analysis results

The impact of nanoparticle concentration on the PVT system’s
maximum, average, and minimum temperatures is indicated in Fig. 5. In
general, the gradual increase in nanoparticle concentration in water has
improved the nanofluid thermal conductivity, enhancing the absorbing
heat from the PVT system. Employing TiO2-Fe3O3 hybrid nanofluid to
cool the PV module has decreased the temperature more than using
Fe;03 nanofluid. The nanocomposite’s thermal properties and surface
area have been enhanced by loading TiO; NWs over Fe;O3 NPs. This has

Energy Conversion and Management: X 24 (2024) 100769

led to a progressive enhancement in the nanofluid’s performance by
improving heat transfer between the absorbent plate and the rear sur-
face of the PV module. A maximum temperature of 53.8 °C was attained
for the uncooled PV module. Cooling the PVT system with Fe,O3-based
nanofluids at 0.2 % and 0.3 % has lowered the maximum temperature by
11.68 % and 13.26 % over the uncooled PV module. Cooling with DI
water has minimized the PVT temperature by 4.06 % compared with the
reference PV module without cooling. Fig. 5 displays the PVT temper-
ature verified at 0.2 % and 0.3 % concentrations. In comparison to the
PVT cooling by DI water, the PVT temperature decreased gradually as
the nanoparticle concentration increased in the base fluid. Conversely,
the PVT temperature was significantly reduced by employing the hybrid
TiOs- Feo0O3 nanofluid as a result of its improved thermophysical char-
acteristics. Employing TiOg-Fe,O3-based nanofluid with 0.2 % and 0.3 %
concentrations has decreased the PVT temperature more than using
FeoO3 nanofluid and DI water. Consequently, employing TiOs-FepOs-
based hybrid nanofluid has significantly decreased the PV temperature
by 18.77 % and 21.12 % in comparison with the uncooled case.

The quantitative PVT performance is demonstrated by the system
efficiency, which incorporates both electrical and thermal efficiencies.
Fig. 6 shows the PVT efficiencies at various cooling fluids and concen-
trations. As can be observed in the figure, employing Fe;Os-based
nanofluid has declined the PVT temperature at various concentrations as
compared to the cooling by DI water. Besides, the excess heat absorbed
from the PVT rear surface was maximized due to enhanced fluid char-
acteristics, improving the PVT electrical efficiency gradually. Quanti-
tatively, the PVT electrical efficiency was improved by about 66.19 %
when using Fe3O3 nanofluid in comparison with DI water. Employing
Fe;03-based nanofluid has improved the absorptance of surplus heat
from the PVT and enhanced its thermal efficiency, reaching a peak value
of 34.5 % at a 0.3 % concentration. In contrast, DI water showed a
thermal efficiency of about 24.38 % only.

The electrical and thermal efficiencies were significantly enhanced
by employing the hybrid nanofluid at various volume concentrations. In
this regard, incorporating TiO2-Fe;O3 nanocomposite into DI water has
substantially reduced the PVT temperature, superior to the effect of
using FepO3 nanofluid. Furthermore, TiO2-Fe;O3-based nanofluid has
improved the PVT electrical efficiency by 82.11 % at 0.3 % concentra-
tion, while the water usage yielded 7.1 %. Conclusively, enhanced
thermophysical characteristics of TiO2-FeoO3 nanofluid have augmented
heat transfer from PVT and increased the thermal efficiency by up to
78.42 % at 0.3 %.

Fig. 7 illustrates the impact of Fe3O3 and TiO3-FeoO3 nanofluids at
various concentrations on the Nusselt number, considering the Reynolds
number as an independent variable. In general, the Nusselt number
exhibited a gradual increase at increased Reynolds number due to
nanoparticle presence. Dispersing Fe,O3 nanoparticles with 0.2 % and
0.3 % concentrations has amended the Nusselt number by 25.84 % and
31.75 %, respectively over the DI water usage. When the TiOy- FexO3
nanocomposites are dispersed in the base fluid, the Nusselt number was
augmented to 81.23 % at 90.64 % at 0.2 % and 0.3 % concentrations
over the DI water. In this regard, it could be stated that higher Reynolds
numbers have augmented Nusselt numbers which positively improved
the heat transfer coefficient of TiO-Fe;O3 nanofluid.

Fig. 8 displays the effect of increased Reynolds number and nano-
fluid concentration on its heat transfer coefficient. The figure demon-
strates that the heat transfer coefficient was improved as the Reynolds
number augmented at various concentrations. Dispersing Fe;O3 to the
host fluid at 0.2 % and 0.3 % has augmented the heat transfer coefficient
by 15.06 % and 19.45 %, respectively over the DI water. Besides, the
addition of TiO,-FexO3 nanocomposite with these concentrations has
enhanced the hybrid nanofluid heat transfer coefficient by 41.35 % and
47.53 %, respectively. Accordingly, the PVT surface temperature was
decreased using nanofluids more than the water.

The TiO,-Fey03-based hybrid nanofluid experienced an augmenta-
tion in the heat transfer coefficient resulting from superior thermal
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Fig. 4. Temperature distribution contour: (a) serpentine tube, (b) inlet and outlet tubes.
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Fig. 5. Minimum, average and maximum temperatures of reference PV, DI
water-cooled PVT and PVT system cooled by Fe,O3 and TiO»-Fe;O3 nanofluids.
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Fig. 6. Electrical and thermal efficiencies of the PVT system cooled by DI

water, Fe;03, and Fe;03-TiO, nanofluids at different concentrations.
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Fig. 8. Relationship of Reynolds number and heat transfer coefficient for the
PVT cooled by DI water and nanofluids at various concentrations.

conductivity. However, the nanofluid density was augmented due to the
higher volume concentration, which negatively influenced the pressure
drop. Although the nanofluid’s thermal conductivity has greatly
improved the Nusselt number and heat transfer coefficient with
increasing nanofluid concentration, the nanofluid density has slightly
increased, affecting the pressure drop negatively. The nanofluid con-
centration significantly influences the heat conduction between the PV
module rear side and the absorbing plate attached to tubes, and heat
convection between tube walls attached to the absorbing plate and
circulating nanofluids inside tubes. Consequently, increasing the nano-
particles concentration has increased the Nusselt number and improved
the heat transfer coefficient of circulating nanofluids which increased
the heat exchange.

The fluid pressure drop is affected by the fraction factor and Rey-
nolds number. The fluid friction factor is influenced by the volume
concentration of dispersed nanomaterials into host fluids, while the
Reynolds number is affected by the circulated fluid viscosity. Accord-
ingly, increasing the nanomaterials concentrations could achieve a high
heat transfer coefficient, while raising friction factor and pressure drop.
The effect of increased Reynolds number and nanofluid concentration

10
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on pressure drop is illustrated in Fig. 9. The figure findings indicate an
augmentation in pressure drop with Reynolds number increment,
affected by the higher density of the nanofluid compared with water.
This behaviour is predictable due to the dispersing of FepO3 nano-
particles in the base fluid at various concentrations. As a result, the
higher nanofluid concentration has incremented the pressure drop by
35.55 % when employing Fe;O3-based nanofluid at 0.3 % concentration.
Correspondingly, immersing TiO»- Fe;O3 nanocomposite in the water
has resisted fluid movement, which increased pressure drop. The pres-
sure drop in this case has increased by 62.9 % and 69.41 % respectively
at 0.2 % and 0.3 % nanocomposite concentrations, over the water base
fluid. Increasing dispersed nanomaterial concentration in the base fluid
augments the fluid pressure drop due to increased nanofluids’ density,
even with an increased Reynolds number, requiring more power for
pumping nanofluids. Moreover, when the nanomaterial size exceeds the
optimal values leading to increased heat transfer augmentation with a
penalty of rising pressure drop. Agglomeration and sedimentation of
nanomaterials in the nanofluid due to gravity affect the heat transfer
surface, increasing the pressure drop with rising power pumping [80].

3.3. Exergy analysis results

The system’s thermal exergy performance is affected by several
factors, including fluid output temperature, nanomaterials concentra-
tion, and fluid mass flow rate. The PVT exergy efficiency at Fe;O3 and
TiO2-FeoO3 nanofluids cooling is presented in Fig. 10. As could be
demonstrated, the presence of Fe,O3; nanoparticles and TiOs-FeyO3
nanocomposites in the water has gradually increased its thermal exergy
compared to water. However, the thermal exergy performance was
much inferior to the electrical exergy performance. This might be
attributable to the slight discrepancy between the fluid temperature
leaving the outlet and the surrounding ambient temperature, which was
previously described in the literature [37]. Moreover, the PVT electrical
exergy efficiency was augmented as nanofluid concentration increased
and the heat transfer coefficient improved. Fig. 10 also shows a pro-
gressive increase in electrical exergy efficiency as the volume concen-
tration increases, reaching the highest value of 10.24 % when employing
Feo0O3 nanofluid at a volume concentration of 0.3 %, against 6.97 %
when DI water is employed.

The figure also exhibits that employing TiOs-Fe2O3 hybrid nanofluid
with 0.2 % and 0.3 % has augmented the PVT electrical exergy by about
11.79 % and 12.62 %, respectively. However, employing TiO,-Fe;O3
nanofluid has incremented the PVT electrical exergy efficiency by 69.26

65
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Fig. 9. Relationship of Reynolds number and pressure drop for the PVT cooled
by DI water and nanofluids at various concentrations.
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Fig. 10. Exergy efficiency of the PVT system cooled by DI water, Fe;Os, and
Fe,03-TiO, nanofluids at different concentrations.

% and 81.06 % at 0.2 % and 0.3 % nanocomposite concentration,
respectively. The improvement in electrical energy efficiency has
resulted in a significant increase in PVT total exergy over thermal energy
efficiency. This might be attributed to the cooling fluid’s high thermal
conductivity, which enhanced heat transfer between the fluid and the
tubes installed on the absorbent plate.

Table 4 compares the results obtained from the current study with
the outcomes achieved in previous studies. Some factors were consid-
ered in the comparison, such as the nanofluid type, volume fractions,
and the advancements in PVT efficiencies.

The comparison indicates the potential of TiOy-FesO3/water hybrid
nanofluids to improve the PVT system efficiencies compared to litera-
ture studies at different conditions. These findings may contribute to
developing more efficient and sustainable solar energy systems. Besides,
the significant outcomes of the proposed hybrid nanofluid may
encourage the investigation of traditional metal oxides to produce
thermally effective and cost-effective nanofluids.

4. Conclusions

Employed hybrid nanofluid for cooling PV cells is a novel

Table 4
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methodology for improving the PVT system performance and highlights
the potential of nanofluid as a cooling fluid. This work numerically in-
vestigates the influence of employing Fe;O3 and TiO2-Fe,O3 nanofluids
on the PVT energy and exergy efficiencies at 0.2 % and 0.3 % concen-
trations. The numerical outcomes demonstrated remarkable findings,
which could be summarized as follows:

Thermal properties of nanofluids improved when dispersing nano-
materials with 0.2 % and 0.3 % concentrations. However, high
nanoparticle concentration (i.e., 0.3 %) helped reduce the PVT
temperature by 13.26 %, and 21.12 %, employing Fe;O3 and TiO»-
Feo03 nanofluids.

Improving the heat transfer coefficient by 19.45 %, and 47.53 %
contributes to lowering the temperature between the absorptive
plate and the PVT rear surface, increasing the electrical efficiency by
up to 66.19 %, and 82.11 % using Fe;03 and TiO2-Fe2O3 nanofluid,
respectively.

Improved nanofluid thermal characteristics have increased heat ab-
sorption of the PVT, maximizing the thermal efficiency by 32.79 %
and 78.42 % for the FeyOs and TiOs-FeyOs-based nanofluids,
respectively.

Regardless of enhanced fluid heat transfer and the Nusselt number by
up to 31.75 % and 90.64 %, increasing nanoparticle concentration
has augmented pressure drop by 35.55 %, and 69.41 %, respectively
using Fe;O3 and TiO,-FeyOs-based nanofluids.

Employing FesO3 and TiO,-FepOs-based nanofluids has augmented
the PVT thermal efficiency by up to 32.79 %, and 78.42 %, respec-
tively, corresponding to 166.5 % efficiency improvement.
Enhanced nanofluid thermophysical properties have promoted the
PVT electrical exergy by up to 12.62 % for the hybrid nanofluid,
while single nanofluid attained 10.24 %.

The results achieved in the current work are limited to the proposed
PVT system and nanofluid types, which may be feasible for small in-
stallations for domestic applications in specific locations. Therefore,
more investigations of mega PVT systems are still needed since they
require more nanofluids quantities and cost-effective heat exchanger
design. Future studies could consider the heat exchanger design and
synthesis of low-cost hybrid nanomaterials with low density. Besides,
integrating thermal energy storage materials, such as phase change
materials, has a promising future in regulating the PVT thermal energy
for possible reuse after sunset. The concept of sustainability should be
extended in the PVT studies along with the economic and environmental
approaches to view a wider indication of this technology.

Summary of main outcomes of previous studies compared with the current study findings.

Reference Nanofluid type Concentration PVT efficiency advancements
Thermal efficiency Electric efficiency Exergy efficiency
Khanjari et al. [77] Ag 0.05 % 84.8 % 114 % 15.4 %
Al,03 82 % 11.2% 15%
Alktranee et al. [79] CuO 0.2 % 36.7 % 9.2 % 9.7 %
0.3 % 38.9 % 10.3 % 10.91 %
Fe,03 0.2 % 40.8 % 11.3% 12.22 %
0.3 % 43.3 % 12.1 % 13.01 %
Sardarabadi et al. [81] TiO2 0.2 % 44.34 % 13.63 % 11.93 %
Zn0 46.05 % 13.59 % 12.17 %
Al,O3 36.66 % 13.44 % 11.88 %
Hosseinzadeh et al. [82] ZnO 12 % 55.3 % 14.24 % -
Fayaz et al. [83] MWCNT 0.75 % 79.1 % 12.37 % -
81.24 % 12.5%
AL-Musawi et al. [84] SiO, 1% 36 % 30 % -
3% 40 % 31 %
Current study Fe,03 0.2 % 29.89 % 11.15% 11.15 %
0.3 % 32.79 % 11.8 % 12.21 %
TiO,- Fey03 0.2 % 41.48 % 12.74 % 14.11 %
0.3 % 43.5% 12.93 % 15.11 %
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