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Abstract: Harnessing solar energy using photovoltaic cells seems a good alternative to fossil fuels as
the power from sun intercepted by earth is about 1.8 x 1011 MW. However the heat trapped in
photovoltaic cells during operation decreases the efficiency of the system. Recent advancements in
nanotechnology have enabled scientists to enhance the efficiency of solar power generation by
employing nanofluids and PCM based coolant in PV/T systems. This study comprehensively
analyses the effective parameters of nanofluids and PCM that enhance the thermal, electrical and
overall efficiency of the PV/T system. In this work nanofluid as a coolant and optical filter, nanofilm
as optical filter, their merits and demerits were emphasised. This covers both experimental as well as
numerical work performed by researchers in the field of hybrid PV/T systems with different
nanofluids, various level of particle concentration, different geographical location and their end
result in an elaborative sense. This review can become a good guide for the further researches to be
made in the field of hybrid PV/T systems and can provide new directions to work in this field by
working on the various designs in which nanofluid is used as coolant and optical filter.
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1. Introduction

The escalation of world’s population has led to an increased demand of resources including
water, electricity, and housing [1]. Consumption of fossil fuels has also increased in order to meet the
human demands resulting in environmental degradation [2,3]. Scientists and researchers are putting
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their efforts to look after some alternate eco-friendly/renewable sources of energy which are
economical and less polluting. One such clean source of energy, i.e., olar energy can be harnessed in
two possible ways. Thermal energy coming from the sun is harnessed by constructing solar collectors
with heat absorbers like water or any other fluid. Light energy can be harnessed by semiconductor
photovoltaic panels which convert light energy directly to DC current. Solar radiation is an energy
source with tremendous potential for developing countries, particularly the ones located in temperate
and tropical zones [4]. PV cells have a wide range of application and are clean and eco-friendly
source for power production [5]. Photovoltaic systems have various advantages such as independent
operation, reliable long life, no fuel and fumes, easy installation low maintenance, and low recurrent
costs as compared to other sources [6]. However the PV systems tend to get heated due to non-direct
absorption with continuous operation which obstructs the efficiency of PV system. This absorbed
heat results in increase of the PV cell temperature [7,8]. A non-inflammable fluid is generally chosen
which flows beneath the PV panel and acts as a heat exchanger. It absorbs the solar thermal energy
directly, reducing the heat loss and hence enhancing the thermal efficiency. The system formed in
this way is called a photovoltaic thermal (PV/T) system, which can supply electrical and thermal
energy simultaneously [9—11]. The conventional fluids like air and water which are used in hybrid
PV/T system are not much effective due to low thermal conductivity and low heat carrying
capacity [12—-16]. Thus efforts are being made to synthesize an ideal heat exchange fluid for these
systems. Different compositions and types of nanofluids are also being employed in these systems
due to their high thermal conductivity. Some researchers have used PCM based cooling of PVT
system however, due to lower heat removal capability nano-enhanced PCM is used to improve the
performance of PVT system.

The aim of the present review paper is to present an extensive literature survey on the
applications on nanofluids and PCM in a PV/T system. The authors have also tried to configure in
detail the effects of properties of nanofluids and PCM on the thermal, electrical and overall
efficiencies associated with PV/T system. Furthermore efforts were made to summarise the nanofluid
as a coolant an optical filter alongwith nanoflim, their merits and demerits. We have also proposed
some possible modifications which can be done for hybrid Photovoltaic system to achieve maximum
electrical efficiency of PV panel and thermal efficiency of the Nano fluids and PCM.

2. Potential capabilities of nanofluids and PCM

Use of conventional fluids like air and water in PV/T systems limits the amount of heat that can
be transferred from the panel. Researchers have tried to eliminate this shortcoming by using
nanofluids and nano-PCM as a heat transfer carrier with higher thermal conductivities [17-19].
Nanoparticles due to their smaller size can pass through pumps and plumbing without causing any
wear and erosion in contrast to the micron-sized particles [20-25].

2.1. Experimental studies in Nanofluid based PV/T system
An extensive literature survey showed that the impending roles in which nanofluids are used as
a coolant or as an optical filter in the hybrid PV/T systems. These primary classifications are further

divided into sub categories based on the simulative work and experimental work and the summary is
stated in the tabular form.

AIMS Energy Volume 8§, Issue 3, 365-393.



367

2.1.1. Utilzation of nanofluid as a coolant

Majority of researchers have focused on lowering the PV cell temperature and utilizing the excess
heat by employing nanofluid as a coolant on the back side of the PV panel. Al-Shamani et al. [26] used
different types of nanofluids (SiO,, TiO, and SiC) in the PV/T system. The experimental results
showed that the PV/T collector with SiC nanofluid has the highest PV/T electrical efficiency of
13.52% and combined photovoltaic thermal (PV/T) efficiency of 81.73% was recorded at a mass
flow rate of 0.170 kg/s and insolation of 1000 W/m?. Yun and Qunzhi [27] prepared MgO-water
nanofluid has been and applied over the silicon PV panel in order to reduce the heat of solar cells.
The transmittance of light, temperature of solar cells, optical properties and temperature dropped
from inlet to outlet and output power of solar cells had been compared for different mass
concentration of fluid produced. The particle size of the nanofluid used was approximately 10 nm and
the concentrations taken were 0.02 t%, 0.06 t% and 0.1 t%. The designed PV/T system having a 2 mm
thick liquid layer had efficiency above 60%. Also, there was no gain in electrical efficiency if
compared to that of traditional PV system but overall efficiency achieved was enhanced. Michael and
Iniyan [28] used CuO/water nanofluid in hybrid PV/T system. They observed that 0.05% volume
fraction of CuO/water nanofluid made a remarkable improvement in the thermal efficiency up to
45.76% compared to water.

Rejeb et al. [29] studied the performance of a nanofluid based photovoltaic thermal (PV/T)
system. Different types of nanoparticles (Al,Os and Cu) dispersed in different based fluids (pure
water and ethylene glycol) with varying concentration were used. The best thermal and electrical
efficiency was attained by using Cu/water in the place of Cu/ethylene glycol, and same as for
AL Os/water in comparison with Al,Os/ethylene glycol. Sardarabadi et al. [30] used silica/water
nanofluid as a coolant and studied its effect on the thermal and electrical efficiencies of a
photovoltaic thermal system. Silica nanoparticles of 11-14 nm diameter were mixed with water in
two concentrations, i.e., 1% and 3% by weight. A thin copper tube was attached to the solar cells in
which the coolant was circulated at constant mass flow rates. The experiment results exhibited that
the thermal efficiency of the system was increased considerably when nanofluid was used as a
coolant. There was an increase of 7.6% in thermal efficiency for nanofluid with 1% wt and for 3% wt
the thermal efficiency was increased by 12.8%. It was also observed that the overall efficiency was
also upgraded with the use of nanofluid, for 1% wt the increase was 3.6% whereas it goes to 7.9% in
case of 3% wt.

AIMS Energy Volume 8§, Issue 3, 365-393.
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Figure 1. Schematic diagram showing PV/T Collector connected to storage tank [28].

Al-Waeli et al. [31] observed that by adding the 3% wt of SiC nanofluids with water increases
the fluid density and viscosity by 0.0082% and 1.8% respectively. The electrical efficiency was
increased up-to 24.1%.The overall efficiency of the PV/T system which was compared to the PV
system was about 88.9% by using 3% wt of SiC as a nanofluid. Jing et al. [32] used Silica/water
nanofluids to study the optimal operational condition for PV/T system. The particle sizes of
nanofluids were 5 nm, 10 nm, 25 nm and 50 nm. When concentration level was 40 and at flow rate
of 0.015 m/sec, the enhancement in the exergetic efficiency of PV/T system was 7.0% as compared
to that of DI water. When the concentration was 100 and at optimum flow rate of 0.1 m/sec,
exergetic efficiency was enhanced by 9.5%.

Radwan et al. [33] studied novel cooling strategy for low concentrated photovoltaic thermal
system by introducing a micro channel heat sink with different nanofluids (Al,O; and SiC) at
different concentration ratio. Then the optimization of the results was made on different
concentration levels of the nanofluids and influence of mass flow rate of the cooling fluid was also
analysed. Silicon Carbide (SiC) was found more effective than aluminium oxide (Al,Os—water)
nanofluid as higher reduction in the temperature was found in the case of the SiC- nanofluid water.
The results showed a drop in the temperature of the cell to 38 °C and electrical efficiency improved
to 19% while using nanofluids. Karami and Rahimi et al. [34] studied the behaviour of the water
based nanofluid with small amount of Boehmite in the PV/T system. They made two different
configurations, one was straight channel and other was helical channel based.The performance of the
water based nanofluid containing boehmite was evaluated and it was found that the nanofluid
increased the efficiency of the PV/T system as compared to that of the water based system. The
temperature drop was higher in case of nanofluid as compared to water. The electrical efficiencies of
both the systems were 20.57% and 37.67% for straight and helical respectively. Thus the helical
configuration with Boehmite nanofluid was a better option to increase the performance of the PV/T
system.

Hussien et al. [35] investigated the thermal and electrical efficiency of the PV/T system by
using nanofluid as the coolant. They constructed a cooling water technique and studied the effects of
the nanofluid by using different concentration ratios on the system. The base fluid used in the
experiment was water and Al,Os; nanoparticles of size 30 nm were used in five different
concentrations ratios as (0.1%, 0.2%, 0.3%, 0.4%, and 0.5%). The results showed that when
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nanofluid is used as the coolant the thermal and electrical efficiencies were increased considerably.
They concluded that for an optimum concentration ratio 0.3% of the nanofluid, the electrical
efficiency increased to 12.1% and thermal efficiency increased to 34.4%. Al-Waeli et al. [36] studied
the effect of nanofluids in increasing efficiency of PV/T system. The nanofluids used were Al,Os,
CuO and SiC each for concentration of 0.5 vol%, 1 vol%, 2 vol%, 3 vol% and 4 vol% using water as
base fluid. It was seen that the SiC provided the best thermal efficiency among all of these nanofluids.
The diameter of nanoparticles of Al,O3, CuO and SiC were around 30-60 nm, 35-45 nm and 45-65
nm respectively. For 4 vol% for each case, the thermal efficiency enhanced by 1.96%, 3.42% and 4.8%
by using nanofluid Al;Os3, CuO and SiC respectively.
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Figure 2. Schematic of PV cell connected to storage tank [28].
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Figure 3. Schematic layout of experimental setup of PV/T system [29,37].

Sardarabadi et al. [37] investigated the effect of Al,O3, TiO; and ZnO nanofluids with water as
base fluid in PV/T system. The concentration taken for each nanofluid is 0.2 wt%. The diameter of
nanoparticle Al,O; was 20 nm. The particle size for that of TiO,was about 10-30 nm and for ZnO it
was 10-25 nm. The enhancement achieved in electrical efficiency for deionized water, TiO, ZnO
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and AlLO; was about 5.48%, 6.54%, 6.46% and 6.36% respectively. Bellos and Tzivanidis [38§]
examined the impact of nanofluid on the efficiencies of a hybrid PV/T system. The nanofluid
examined was Cu/water and the results were compared to that those with the water based system.
They examined the hybrid PV/T system with different storage tanks, the reason for using the storage
tanks was the effect of storage on thermal output. The result of the experiment showed that for 150 L
storage tank when Cu/water nanofluid was used the electrical efficiency enhanced by 1.49% and the
thermal efficiency was increased by 4.35%. They also found that the mean yearly thermal efficiency
for Cu nanofluid obtained was 43.8% which was 42% in case of water and the mean yearly electrical
efficiency increased from 12.4% to 12.5% when the results were compared with water.

Lari et al. [39] experimentally investigated the effects of nanofluids as a coolant on the
performance of PV system. The nanoparticle used in the experiment was silver with particle size 10
nm, the concentration of particles taken was 0.5% vol and was mixed into the deionized water
forming Ag/water nanofluid. The results of the experiment showed that there was an increase in
electrical output by 8.5% and an increase in thermal output by 13% when the performance was
compared to the watercooled system. Sardarbadi et al. [40] investigated the impact of nanofluid as a
coolant on the PV thermal system and its effect on the efficiencies associated with the system. In the
experiment ZnO nanoparticles of size 35-45 nm were suspended in deionized water, the
concentration of the nanofluid taken was 0.2% wt. The results showed an increase of 13% in the
electrical efficiency and an increase of 5% in thermal efficiency as compared to the conventional PV
module. Al-Shamani et al. [41] experimentally observed the performance of a PV thermal system by
using the nanofluid as a heat exchanging medium. The thermo-physical properties of the nanofluid
such as thermal conductivity, viscosity and density etc. were determined and their effects on the PV
thermal systems were observed.The nanofluid used in the experiment was SiC. The experiment
concluded that the electrical efficiency of the system was enhanced from 8.77% to 13.52% and the
overall efficiency of the system was increased from 8.4% to 13.1% when nanofluid was used in place
of the conventional fluids.

Hasan et al. [42] performed an experiment that studied the effects of the nanofluid on the
electrical, thermal and overall efficiency of the system. The setup consists of 36 nozzles and 4
parallel tubes. The nozzles inject the nanofluid on the back of PV system. Three nanofluids were
used in the experiment (SiC, TiO, and SiO:) and the base fluid used was water. The results depicted
that the SiC/water nanofluid showed the highest efficiency. The electrical, thermal and overall
efficiency of the system in case of SiC nanoparticle was documented 12.75%, 85% and 97.75%
respectively. Gangadevi et al. [43] investigated experimentally the effect of Al,O3/water nanofluid
of 1% wt and 2% wt by circulating in a PV/T system on the thermal, electrical and overall
efficiencies with the flow rate of 40 L/H. The results showed that by using 2% wt of Al,O; with
water caused an enhancement in the electrical efficiency and thermal efficiency by 13% and 45% and
the overall efficiency was up to 58% as compared to water based PV/T system. Chandrasekar et al. [44]
compared the electrical and thermal efficiency of the PV/T system using water, Al,Os/water
nanofluid and CuO/water and also compared their efficiency when no cooling fluid was used. The
maximum temperature reached was dropped by 11% and 17% when cooled by CuO nanofluid and
AlLO; nanofluid respectively when compared to that when without cooling fluid. The maximum
electrical efficiency when no cooling was provided was 9% and which was increased to 9.4% and 9.8%
when cooling fluid CuO nanofluid and Al,O3 nanofluid respectively was used.
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2.1.2.  Nanofluid and nanofilm as an optical filter

Many types of NPs from different materials (metallic, oxide, etc.) with various structures
(homogeneous, core—shell, etc.), sizes, shapes, plasmonic and thermo-optical properties were
investigated for absorption of solar radiation. Nanomaterials in the form of either nanofluids
(nanoparticle suspended fluids), nanofilms and nanowires have also been widely investigated and
applied to emerging spectral-splitting technologies owing to their unique optical properties. An
optical filter absorbed the infrared and ultraviolet components of the visible light spectrum and hence
increases the temperature of the nanofluid. An et al. [45] developed a concentrating PV/T collector
with fluid based spectral splitting filter. The oleyl amine solution of CuySs nanoparticle was
implemented in the filter to produce the moderate-temperature heat in the outdoor condition and was
also used to investigate the performance of the collector. The results showed that the PV efficiency

AIMS Energy Volume 8§, Issue 3, 365-393.
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of Si cell itself improved when the CuySs nano fluid was employed as the optical filter. The
experimental maximum overall efficiency of the PV/T collector was about 34.2%, which was 17.9%
more than the PV collector having no filter. The schematics of their setup are shown below. Xu and
Kleinstreuer [46] studied use of SiO; nanoparticle in a CPV/T system. They made a new design of
dual concentration photovoltaic thermal system (CPV/T) via optical techniques that increased both
thermal and electrical efficiencies of the system and reduction in the solar cell material usage was
also achieved. They made a new thermal conductivity model for nanofluids and then efficiencies of
the system were evaluated at different climatic conditions. The results obtained showed increased
efficiency of the system when temperature of the solar cell was 62 °C the overall efficiency of the
system reached 70% and electrical efficiency was found to be 11% whereas the thermal efficiency
was 59% while using nanofluids in the CPV/T system.

Hjerrild et al. [47] designed a system which was composed of suspended core—shell Ag—SiO,
nano discs and carbon nanotubes (CNTs) in water. By using Ag-SiO; as a nanofluid in the PV/T
system caused an enhancement in the electrical efficiency of 18% compared to the water cooled
PV/T System and the maximum enhancement in the thermal efficiency with compared to the water
cooled is 59%. The increase in overall efficiency was about 30% on using the Ag-SiO, as a nanofluid
with a concentration of 0.026 wt%. Otanicar et al. [48] investigated that for a PV/thermal system
using mild thermal connection could lead to increase in the efficiency. In this design, a fluid filter
absorbed energy directly in the fluid below the band gap. By using the above system, it was found
that the combined efficiency had increased up to 38%. Taylor et al. [49] used different PV cells such
as InGaP, CdTe, InGaAs, Si, and Ge and provide an optimization on nanofluid based PV/T system
by using water and therminol VP-1 as a base fluid with SiO, For InGaP, CdTe and InGaAs water
was used as a base fluid and for Si and Ge therminol VP-1 was used as a base fluid. By using water
and therminol VP-1 as a base fluid with SiO, caused an 4%—-8% enhancement in the efficiency of the
PV/T system as compared to the water based PV/T system. Hassani et al. [50] simulated the thermal
and electrical efficiencies of different collector configurations, working fluids and solar
concentrations. Their results showed that PV-T collectors with a nanofluid filter can delivered
higher-grade heat and a shorter payback time compared to conventional PV-T collector designs.

Nanofilm-based filters are generally used to provide a selectively reflective effect in which only
a part of the solar spectrum can pass through the filter, while the rest is reflected. Otanicar et al. [51]
developed hybrid PV/T collectors. They investigated the theoretical performance of the optical filter
in the form of thin film of nanofluid in hybrid PV/T system. The TiO,/Si0, nanofilm filter was also
investigated by Dorodnyy et al. [52], who designed a 60-layer irregular TiO,/SiO; structure
positioned over Si solar cells. The optimized thickness of the different layers was, again, in the range
from 10 to 110 nm. The nanofilm-based selectively reflective thin-film layer can also been applied to
multi-junction solar cells without a thermal absorber. For example, a significantly higher electrical
efficiency of the multi-junction solar cells was achieved with the help of a selectively reflective thin-
film layer in Refs. [53]. Nevertheless, a few investigators have reported on the long-term
performance of nanofilm-based filters, which needs further investigation in future work. The
nanoparticle based fluid filters system has 4% higher thermal efficiency than conventional thin film-
based optical fluid filters.

The cost of spectral-splitting filters is also an important selection criterion in commercial
applications. Solid filters are usually proposed for CPV-T collectors to save material and the
associated costs. Fluid filters are more common in the literature and cheaper than solid filters. Water
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is the most common and affordable liquid filter which has a high absorptivity in the IR. Nanofluids
are the most expensive liquid filters, followed by synthetic oils and glycols. A complete economic
analysis is necessary in spectral-splitting filter screenings and downstream selection and optimization
for PV-T applications. the economic analysis conducted by Liang et al. [54] reported a payback time
of about 22 years for a PV-T system using SiO,/TiO, interference thin films. Some researchers
suggest that nanofluids can be inexpensive (<$1/L) [55], however, in general the cost of nanofluids
depends highly on the material, size and concentration. As large-scale implementation of
nanomaterials has not yet been realized in PV-T applications, there is insufficient data and
information available for evaluating the cost of nanomaterials. In either case, further work is required
in this space for further cost reduction, prototype demonstration and to understand the full cost
implications of deployment.

2.2. Computational studies in nanofluid based PV/T system

Khanjari et al. [56] considered pure water and Alumina-water nanofluid as coolant fluids for
CFD simulation. The proposed model considered conduction and convection heat transfer
mechanisms by including a water riser tube and an absorber plate. The result showed that by
increasing the volume fraction of nanoparticles the efficiency and heat transfer coefficient was
enhanced. The maximum increase percentage of heat transfer coefficient for alumina-water was 12%.
For alumina-water nanofluid, increasing the heat transfer coefficient with respect to the inlet fluid
velocity at volume fraction 5% was in the range of 8—10% as comparison to pure water.
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Figure 6. Sketch of collector [45].
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Xu and Kleinstreuer [57] performed computational study to scrutinize the thermal heat transfer
carried out by Al,Os—water as cooling fluid in the PV cell that are closely packed. They altered
various specifications such as volume fraction of nanofluid, inlet temperature, inlet Reynolds number
and different channel heights. The system efficiency achieved was 20%. However, the efficiency can
further be optimized by lowering the inlet temperature of nanofluid. Al Waeli et al. [58] performed
technical assessment of nanofluids in a GCPV/T system. The system was installed and data was
evaluated for power and efficiency. They used MATLAB software for the simulations and evaluated
the electrical performance of the system. The results of the experiment showed that by using
nanofluids the efficiency of the GCPV/T system was improved to 9.1%.

2.3. Role of nanofluids as coolant and optical filter

Hassani et al. [50] studied the effects of nanofluids as a coolant and as an optical filter on the
PV/T system. In the experiment, they used two designs GaAs and Si fabricated PV cells at different
concentration ratios from 0.001% to 1.5%.They obtained the results that by using nanofluid as
coolant the electrical efficiency for GaAs cells and Si cells was increased by 9% and 5.6%
respectively and the overall efficiency of the system with GaAs cells and Si cells was improved
from 24.2% to 30% and from 19.8% to 24.4% respectively. Saroha et al. [59] proposed a model in
which nanofluid act as heat transfer carrier as well as optical filter. In this paper, they designed a
novel PV/T hybrid collector by using gold and silver nanoparticles on a silicon PV cell. By
performing this experiment they analysed that nanoparticles represent feasible and viable
multifunctional media in PV/T solar systems. Zhao et al. [60] designed a PV/T system in which the
infrared radiation was absorbed by working fluid and remaining visible light was transferred to the
PV system. The quantity of infrared absorbed by thermal unit was about 89% and the conversion of
visible light into electricity was about 84%. The results showed that infrared radiation caused an
enhancement in the electrical efficiency about 9.6%, thermal efficiency about 40% and the exergetic
efficiency of the system was increased up to 22%.

AIMS Energy Volume 8§, Issue 3, 365-393.
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From the above discussion, it is clear that almost all the authors either experimentally or
numerically have concentrated their research on limited types of nanoparticles such as SiC, Al,Os,
TiO,, MgO, Cu, Au, Ag, ZnO, SiO; and Ag-SiO,. Nevertheless, carbon-based nanoparticles such as
multiwalled carbon nanotubes (MWCNTs), Hybrid nanofluid, graphene and MXenes are yet to be
investigated. These novel nanofluids can further improve the PVT performance and create avenues
for future research.

2.3. PCM based cooling of PVT system

Phase change material which stores energy in form of latent heat during which it changes its
phase from solid to liquid is a well-known passive technique. To store large amount of energy, PCM
must have high latent heat [61]. PCMs are classified into inorganic salt hydrates, organic fatty acids
and eutectics. These are mostly used for cooling, heating and energy storage purposes due to
availability of various phase transition temperatures and high latent heat [62]. Zondag et al. [63] used
PCM for thermal energy storage in lab scale prototype for industries at different temperatures and
flow rates. It was concluded that temperature difference had a strong impact on the performance of
PCM compared to flow rates while considering natural convection. Wang et al. [64] presented
inorganic salts and metal alloy in a novel dual PCM thermal energy storage system. Metal PCM was
encapsulated over tubes which were inserted in inorganic salts to increase its charging and
discharging time. Simulation resulted in quick transmission of heat from tubes to inorganic salts.
However, it was concluded that metal PCM is better than solid PCM in terms of heat storage
capacity and reinforcement.

Raul et al. [65] employed encapsulated PCM for latent heat thermal energy storage in solar
energy applications. It was observed as temperature of heat transfer fluid increases, energy stored in
PCM rises. When temperature of fluid decreases, heat is transferred from PCM to fluid thus,
resulting in higher thermal efficiency. Maximum efficiency of 75.7% was obtained at 8.2 lpm flow
rate with 180 and 120 °C inlet heat transfer fluid temperatures during charging and discharging
respectively. Mousavi et al. [66] explained key parameters affecting PV-PCM system using Paraffin
C18, Paraffin C22, Pal/Cap acid, salt and Paraffin C15. Best performance was showed by Paraffin
C22 with 83% thermal efficiency; however, electrical efficiency was enhanced with all PCMs. Su et
al. [67] stated that increase in thickness of PCM layer results in higher thermal capacity but gives
lower heat transfer coefficient between PCM layer and PV panel. For a PCM of 40 °C melting
temperature, optimal layer thickness should be 3.4 cm to obtain maximum overall energy.

Enhancement in electrical and thermal efficiency was further achieved by merging both active
and passive cooling in a single module. Zhou et al. [68] performed simulation on PV/T with PCM
system with water as working fluid. It was concluded that with the increase in mass flow rate and
decrease in inlet fluid temperature results in improved electrical efficiency. Maximum reduction in
temperature was from 70 °C to 30 °C at 0.25 kg/s flow rate. Yang et al. [69] compared performance
of PV/T system with and without PCM experimentally. Thermal efficiency of PV/T and PV/T with
PCM system was 63.93% and 76.87% respectively. Thus, addition of PCM to PV/T system resulted
in better overall performance and minimum surface temperature.
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Table 1. Summary of research done in nanofluid based PVT system with mathematical

modelling.
Type of Study and ) . Parameters
Authors Mathematical Modelling of the system
System Evaluated
Ner = Nr(1— B(Tpm -T.))
where, 7, is the electrical efficiency, 1,. is the reference
E . efficiency of the PV module, f is the temperature coefficient,
= Experimental.
. Tom is the temperature of the solar cells and T, is the reference
Al-Shamani " PV/T system having Electrical
stainless steel tube temperature.
et al. [26] _ 6_R 2 6_R 2 . a_R 271/2 efﬁciency
absorber Wr = {(ax1 wi) + (axz wp)® + ot (axn Wn)“}
where, R is uncertainty - function of the independent variables
X1, X2, X, and wy, W,,w, represents the uncertainties associated
with independent variables.
QutP .
Npve = Nen +Me = m' Qu = mCp(T, = T)
= Experimental $ t
Yun a?d = PV/T system m is the mass flow rate, L is the solar intensity, A, is the Ovehall
Qunzhi [27] collector area, C, is the specific heat, T, and T; are outlet and efficiency
inlet fluid temperatures respectively
_
Ntn I, X A,
* Experimental and where e is the thermal efficiency
: Numerical Ug Ur
Michaeland " & e [( )% Jenerm = CIY + (52 + (0 Thermal
Iniyan [28] Ingle rectangular Efficiency
absorber PV/T where, U—denotes uncertainty, rn—mass flow rate of water,
T—temperature difference between the outlet and inlet fluid and
G—incident global solar radiation
Heat transfer modeling of collector was developed in
FORTRAN language, based on the finite volume method. Thermal
. Qu
= Experimental and Men = 4, and ¢ = 1o(1 = B(Tpy — 298)) Efficiency
Rejeb et al. Numerical Uniy Uiy,  Ys, , Ury,
[29] [(_) ltherm = (_) + (_) + (_)
= Sheet and tube PV/T Electrical
[( ) letec = ( —)* + ( %+ ( —0)? Efficiency
where, V is voltage and I is current
M pw 18 the overall efficiency which is the sum of the thermal
and electrical efficiencies (1 ¢, and n ¢, respectively):
t2 n "
_Ep+E, o1 (ACE"th + ApyE" o) dt
Mpvt = E,, = pvt — A o
= Experimental study ¢Jez (Gepr)at
Sardarabadi  u ppage change material = Nth +I-Nel Thermal
et al. [30] = Comparative Analysis where A.—area of the collector, A, —area of PV cells and r— efficiency

packlng faC tor.
1 ) ( 2 ) ( n )
? 1 5 2 5 n

where OR is the uncertainty of function R.

=2
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Type of Study and ) . Parameters
Authors Mathematical Modelling of the system
System Evaluated
The total efficiency (17,) = the thermal efliciency+the
electrical efficiency
Q,+P
Nt = Nthermat 1 Netectricat = T.x A,
N t .
Electrical
Al-Waeli et where, A, the total area of the panel and collector. - |
-Waeli e . : ) ) erma
Experimental study  Cpange in the operations by: ,
al. [31] OR OR OR efficiency
= —e)% + (—e,)% + - + Z 32105
en = Ggy-e? + Gg-e2) Gy el
where, ep: uncertainty in the results, R: a given function of the
independent variables y;, y,, .., yg or R = R(V},V,, ..., 1), e;:
uncertainty interval in the n,;, variable.
The solar cell generated electrical energy per unit area, thermal
efficiency, friction factor and net produced power are
Radwanet  a pxperimental study calculated as follows: Thermal
P .
al. [33] P = nscﬁschG(t)~CR> Nen = G.CRt.};sc efficiency
AP.m
Priy. ==
and friction Pus
The values of friction factor w were calculated using the
Karami and following equation: .
Rahimi etal, * EXperimental study _ Apcp Dy Elect.rlcal
[34] Tor 2 Lo 0r U2 Lo efficiency.
where, D.,—hydraulic diameter.
Hussien et ™ Hybrid PVT systems. Hybrid PVT system overgllfeff;ciin;y (iistg-li_V? ;sl:dt Overall
al. [35] " Experimental study Neotal = Nen T Nete = ] To = 1) efficiency.
A,J (tdt
The total efficiency (n,) = the thermal efliciency+the
electrical efficiency
+ Q,+P
N =1 n ical =7 o 4
» Photovoltaic thermal t thermal electrical Is x At Overall
Al-Waeli et PV/T collectors where A—the total area of the panel and collector. system
OR OR OR .
al. [36] =—e )2 + (—e,)2 + - + 7, 32705 efficiency
€r [(avl el) (aVZ ez) (a]/n en) ]
where, ep: uncertainty in the results, R: a given function of the
independent variables y, y,, ..., yg or R = R(V,V,, ..., 1},) and
e;: uncertainty interval in the n;, variable.
Electrical efficiency of PVT system can be estimated as
n =Eelec=Vocx]scXFF
clee Ein Geffective
* Experimental and where V—open circuit voltage and I;.—short circuit current and
Sardarabadi Numerical study FF—Fill factor Electrical
et al. [37] — G_R 2 4 a_R 24y G_R 210.5 efficiency
€r [(avl el) (aVZ ez) (a]/n en) ]

where, ep: uncertainty in the results, R: a given function of the
independent variables y;, y,, ..., yg ot R = R(Vy,V,, ..., 1), e;:
uncertainty interval in the n;, variable.
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Type of Study and ) . Parameters
Authors Mathematical Modelling of the system
System Evaluated
. The total exergy based on daily solar irradiation (Z; ) is Thermal
Bellos etal. " Experimental study ~ evaluated using following model: efficiency
38] = Performance Analysis 2= 4ot (1 4 (Tam) .\ 1 (Tam)4) Electrical
i o 3 Tsun 3 Tsun efﬁciency
Summation of the thermal and electrical efficiencies constitutes
overall efficiency given by:
tz n n
o = Bt B Sy (ACE" i + ApoE" o) dt
pvt =" = pvt =
Ein ACfttlz(G"eff)dt
= Experimental study = N + Ny Thermal
Sardarbadi : ffici
tarl ar4g ! Phase change material. where, A—area of the collector, A,,—area of PV cells, r— ;1 1ct1e.nci/
ctal. [40] = Comparative Analysis  ,acking factor defined as Ap/A.. e .rlca
efficiency
= (L) + (Roy) ot (D)
A Sv, Sv, "
where SR—uncertainty associated with R, dv;—uncertainty
associated with v;
. The PV module efficiency is determined using: npy = (HEl:j )+ Overall
< - . ExPerlmental Study 100 (%) rie efficiency
amant et w Grid connected PVT . o Eac
al. [41] systems The system efficiency is given as: 15y,s = (KAC) * 100 (%) Electrical
The inverter efficiency is given as: 1, = (22€) * 100 (% ) .
Epc efficiency
Overall thermal efficiency of the PVT system is given by: .
= Experimental study Tl.y_ T, Y 8 Y Electrical ,
Hasan etal. " Jet array nanofluids Nene = Fr(ta) — FrUL( Gr ) therm‘al and
[42] impingement on PVT  The electrical efficiency of the PV module can be determined combined
collectors using the following equation: Photovoltai
ffici .
Nete =Nr(1 —y(T. = T;)) : ¢ ethiciency
t " "
~ Eth + Eel _ _ ftl (ACE th + Ava el)dt .
= Experimental Work Npvt = E, Pt A 2, . Electrical ,
Gangadevi ‘ - ©Jer (G erp)at thermal and
g » Hybrid PV/Spiral flow e + 1.1
et al. [43] = th 0 Tlel overall PVT
thermal collector system where A.—area of the collector, A,,—area of PV cells and r— .
P efficiency.
packing factor given as A,,/A,
The efficiency of the PV module (1) is calculated by :
P
=210
E i mental Work Probable errors in the variables of the problem are calculated
= Experimental Wor
Chandraseka P which is further used to estimate the uncertainties associated
retal. [44] with experimental results as: Electrical
AP av)., Al o Efficiency
BRI e
n 2 2 D 2105
— = [()%+ ()2 + ()"
L= [+ ) + (G 7]
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Type of Study and ) . Parameters
Authors Mathematical Modelling of the system
System Evaluated
n= (ppv + Pth)/G_CA
where, 7 is overall efficiency, va is average electrical power,
= Experimental P,y, is average thermal power, G is Average solar irradiance, C is
Anetal. = Concentrating PV/T concentration ratio and A is Area of Cell unit. Overall
[45] collector Sx = Max(x; — X) efficiency
X
where, dx is Relative error, x; is testing value and X is average
value
The electrical efficiency of the CPV /T system is defined as the
Xu and = CPV/T system Ne = Gec-nopt-nc(;ll-ninv - I/Vsys Elec‘frical
Kleinstreuer " Experimntal and ) rec ) , . efficiency
u ) where 1,5 is the optical efficiency, 1., is the cell efficiency, Overall
[46] numerical study o s ) v
Njny- Is the electrical inverter efficiency, and W, is the efficiency
electrical power required for running the CPV /T system
The value of w (worth factor) is derived from the relative
= Experimental Study value of electricity and thermal energy and the fact that thermal
Hjerrild et . Hybrid Ag-SiO2 power plants typically convert three units of heat into one unit 9%
al. [47] /Carbon nanofluids of electricity efficiency
MF = w x Ppy + Prp,
w * PPV,no filteer
Nanofluid is used as a bandpass filter, overall efficiency is given
by
longA shorti 4um
 Jihoria EaTad2) B N EsThdd) Jionga EaTad2)
= Experimental Study - flongfl E.dA shortA 4pm
2dA) J E;d2) Jromaz E2d2)
Tayloretal. Optical Fibres in PVT sho.rtl ) 0 . . tong . Overall
[49] systems where E) is the is the amount of solar irradiance per unit efficiency
wavelength.
A perfectly transparent (T = 1) filter between the short and
long edges which is also perfectly absorbing (T = 0) outside of
that range, will achieve an efficiency of 1.
Sgen(th D k [(aT)2 + (aT)z] Overall
emal) = —[(+ — v
Xu and = Experimental study o T2 "0y oy system
;(Sl;z]mstreuer = Numerical Study Sgen (frictional) = Sgen (frictional) + Sgen(frictional) efficiency

_HOn, K,
_T%ﬂ 7

2.4. Mathematical modelling

In this section mathematical modelling adopted by various researchers are summarised in Table 1,
with type of system and parameters evaluated for performance indication. Table 1, includes
experimental study as well as study which resulted from combined numerical and experimental
performance evaluation. Some authors focussed on increasing the overall efficiency as a combined
parameter, some emphasis on electrical efficiency improvement and few were involved in increasing
thermal efficiency. All the studies mentioned in Table 1, includes the uncertainty and error analysis
and for they have used different approaches. However as far as electrical and thermal efficiency is
concerned all the studies seems to follow the same trend. Some have considered packing factor some
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of them neglect it as it did not affect efficiency at larger scale. Fewer studies are available that
includes friction factor through collector tubes. It was well established that moderate concentration
of nanofluid will not affect the friction and hence pumping power to much extent. Therefore
researchers neglect these parameters during study. In Table 2, only numerical studies related to PVT
and CPVT system were summarised to give a better taste to audience for further development in this
area. All the researchers followed the same methodology with little changes in symbols and
presentation. However some studies discussed the exergetic efficiency also along with energy
analysis. Few authors performed economic analysis also which is further help in development of
prototype and cost optimisation. Apart from these All have discussed the thermal , electrical and
overall efficiency of PVT and CPVT system.

Table 2. Summary of numerical studies in nanofluid based PVT and CPVT system.

Type of . . Parameters
Authors Mathematical Modelling of the system
Study and System Evaluated

« CPVT system. PV/T system overall exergetic efficiency is defined as,

Jing et al. T, Exergetic
[32‘? o Numerical study Ex, o= Eeh + Eele _ Non(1 =7 2) + Exel offi Cige ney

The total efficiency (7,-) = the thermal efliciency + the

electrical efficiency

Q,+P

Nt = Nthermat + Netectrical = I, x A, Overall
Al-Waeli * Photovoltaic thermal PV/T where A—the total area of the panel and collector. system
etal. [36] collectors ep = [(:_51 e))? + (08_52 €)% + -+ (g_VIi e,)?]°s efficiency

where, ep: uncertainty in the results, R: a given function of the

independent variables y;, y,, .., yg or R = R(V,,V,, ..., ;) and

e;: uncertainty interval in the n,;, variable.

o Numerical simulations using Thermal and
Lari et al. ANSYS 15.0 Computational Fluid Dynamics on PVT panels followed by Elec‘frlcal
[39] * Mesh generation using extensive economic analysis was carried out in this study. efﬁmenc.y
GAMBIT Economic
Analysis

Khanjari * Numerical Computational fluid dynamics (CFD) employing conjugate Heat transfer

o Sheet and tube PV/T system

etal. [56] heat transfer model is used for estimating the efficiencies. coefficient
PVT system overall efficiency is estimated as:
2 T, Electrical
. . Nov = Tet +/(z( 1 =M output
Hassani et ® Physical modelling - Thi Thp 1
al. [50] * Electrical Modelling where i represents the channel number, (1 — Ty /Ty ;) is the e erma
Xer
Carnot efficiency, K - usefull fraction of thermal energy taken gy
as 0.5, Thermal exergy efficiency—K X2, (1 — %)nth‘i output
nt
e Theoretical & Numerical
. . . . Thermal and
Saroha et Modelling In this study, a nanofluid based PV/T hybrid collector is Overall
vera
al. [59] o Indoor hybrid PV/T system  Proposed and numerically modelled. )
efficiency
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3. Summary of recent studies

Table 3 summarizes the maximum percentage of enhancement of electrical, thermal and overall
efficiency of the PV/T systems by using nanofluid as the coolant instead of base fluid, obtained from
the below mentioned papers. The greatest enhancement in electrical efficiency of 24.1% was
observed for SiC/water nanofluid with 3%wt. It is clear that SiC/water nanofluid is best among the
various coolant used in the studies mentioned below in Table 3. With the decrease in concentration
SiC nanoparticles plays the same role with lesser electrical efficiency attainment. SiC nanofluid with
1% wt. concentration shown 12.75% electrical efficiency wich further increases to 13.52% for 2% wt.
SiC is also used with Parrafin wax in nano-enhanced phase change material which improves the
electrical efficiency from 8.7% to 13.52% and the overall efficiency of the system was increased
from 8.4% to 13.1%. The thermal efficiency enhanced by 1.96%, 3.42% and 4.8% by using
nanofluid Al,O3, CuO and SiC respectively. So SiC has also shown better thermal performance as
compared to Al,O3 and CuO. However the highest thermal efficiency of 45% is observed by Al,Os
for 1% wt. which is also cost promising among the various nanofluid type. Ag and Au also shown
increment in electrical and thermal efficiency but these values are still lesser than other cheaper
nanofluid. Ag/water with 0.5% vol. concentration produced 8.5% enhancement in electrical
efficiency while 13% in thermal efficiency. In between Ag and Au with water as a base fluid Ag
shown better performance both in electrical and thermal output. When nanofluid is used as optical
filter than lesser concentration is sufficient to overcome the heating problem of PV panel and hence
can improve performance with lesser cost input. In Xu and Kleinstreuer [46] SiO, nanofluid is used
as optical filter which improves the performance to a larger extent. At 62 °C the overall efficiency of
the system reached 70% and electrical efficiency was found to be 11% whereas the thermal
efficiency was observed to be 59%. After silica—water nanofluid Ag shown second largest
enhancement in overall efficiency of about 30% then followed by CusSsto 17%. A single study using
hybrid nanofluid (Ag-SiO;)/water as an optical is also observed in the literature however adding
silica to silver nanoparticles does not add to enhancement rather the value dips to 30% for overall
efficiency in comparison to solo application of silica which gives highest overall efficiency when
used as an optical filter.
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Table 3. Performance evaluation of recent studies in nanofluid based PVT and CPVT system.

Nanoflui
S.No. Authors Year  Location Nano particles Base fluid Concentration and size d Results
usage
Si0.. TiO, and SiC nanofluid had the highest PV/T electrical
i0,, TiO, an . . .
1. Shamani et al. [26] 2016 Malaysia S'C2 ? Water 0.5,1,2 wt.% Coolant  efficiency of 13.52% followed by TiO, and SiO,
i
nanofluids.
Yun and Qunzhi . 0.02%wt. 0.06% wt. 0.10% The designed PV/T system having a 2 mm thick
2. 2012 China MgO Water Coolant o ;
[27] wt. liquid layer had efficiency above 60%.
Michael and Iniyan . Improvement in the thermal efficiency upto
3. 2015 India CuO Water 0.05 vol%, 75 nm Coolant
[28] 45.76% compared to water.
The best thermal and electrical efficiency was
. Water & . . .
) Tunisialran 0.001-1.5%, attained by using Cu/water in the place of
4, Rejeb et al. [29] 2015 Al,O3 and Cu Ethylene Coolant
France Iveol 10 nm Cu/ethylene glycol and same as for Al,Oz/water
co
&y in comparison with Al,O;/ethylene glycol.
Increase of 7.6% in thermal efficiency for
nanofluid with 1% wt and for 3% wt the thermal
Sardarabadi et al. . 1,3 wt %, efficiency was increased by 12.8%.
5. 2014 Iran SiO, Water Coolant ] )
[30] 11-14 nm The overall efficiency was also upgraded with
the use of nanofluid, for 1% wt the increase was
3.6% whereas it goes to 7.9% in case of 3% wt.
The electrical efficiency was increased up-to
. . . 24.1%.
6. Al-Waelietal. [31] 2016 Malaysia SiC Water 3 wt.% Coolant .
The overall efficiency of the PV/T system was
about 88.9%.
7. Jing et al. [32] 2015 China SiO, Water 0.5,1,2 vol%, 5,10,25,50 nm Coolant  Exergetic efficiency was enhanced by 9.5%.
Al,O4 SiC was found to be more effective than
8. Radwan et al. [33] 2016 Egypt ) Water 0—4vo0l.%, 20 nm Coolant o ] )
and SiC aluminium oxide Al,O; nanofluid.

AIMS Energy

Continued on next page

Volume 8, Issue 3, 365-393.



383

. . . . . Nanoflui
S.No. Authors Year  Location Nano particles Base fluid Concentration and size d Results
usage
Karami and Rahimi Boehmite The electrical efficiencies for straight and helical
9. 2013 Iran Water 0.01,0.1,0.3 wt%, 5-10 nm Coolant .
et al .[34] (AIOOH.xH,0) systems were 20.57% and 37.67% respectively.
. The electrical efficiency increased to 12.1% and
10. Hussien et al. [35] 2015 Iraq Al,O4 Water 0.1-0.5% 30 nm Coolant . .
thermal efficiency increased to 34.4%.
0.5, 1, 2, 3, and 4% by vol .
The thermal efficiency enhanced by 1.96%,
) . Al,O3, CuO and Al,03:30-60 nm ) ]
11. Al-Waelietal. [36] 2017  Malaysia . Water Coolant  3.42% and 4.8% by using nanofluid Al,0;, CuO
SiC CuO: 3545 nm . .
. and SiC respectively.
SiC: 45-65 nm
Al,O5: 2 wt.%, 20nm
. . TiO,: 2 wt.%, The electrical efficiency for deionized water,
Sardarabadi et al. Al O3, TiO; and .
12. (37] 2016 Iran 710 Water 10-30 nm Coolant  TiO,, ZnO and Al,0; was enhanced by 5.48%,
n
ZnO: 2wt.%, 6.54%, 6.46% and 6.36% respectively.
10-25 nm
Electrical efficiency enhanced by 1.49% and the
13. Bellos et al. [38] 2017 Greece Cu Water 0%—4% Coolant . .
thermal efficiency was increased by 4.35%.
. Saudi There was an increase in electrical output by
14. Lari et al. [39] 2017 . Ag Water 0.5 vol%, 10 nm Coolant . .
Arabia 8.5% and an increase in thermal output by 13%.
) The results showed an increase of 13% in the
Sardarbadi et al. . . . .
15. [40] 2017  Iran ZnO Water 0.2% wt. 50 nm Coolant  electrical efficiency and 5% in thermal efficiency
as compared to the conventional PV module.
Ph The electrical efficiency of the system was
ase
. . . enhanced from 8.77% to 13.52% and the overall
16. Shamani et al. [41] 2016  Malaysia SiC Water change . .
terial efficiency of the system was increased from
materia

8.4% to 13.1%.
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Nanoflui

S.No. Authors Year  Location Nano particles Base fluid Concentration and size d Results
usage
The electrical, thermal and overall efficiency of
. SiC, TiO, and the system in case of SiC nanoparticle was
17. Hasan et al. [42] 2016 Malaysia . Water 1 wt.% Coolant
SiO2 documented 12.75%, 85% and 97.75%
respectively.
Gangadevi et al. ) Electrical, thermal and overall efficiency
18. 2017 India AlLO; Water 1% wt and 2% wt. 50 nm Coolant .
[43] enhanced by 13%, 45% and 58% respectively.
The maximum electrical efficiency when no
cooling was provided was 9% and which was
Chandrasekar et al. ) . . .
19. [44] 2012 India Al,O3and CuO Water 0.1 vol.% Coolant  increased to 9.4% and 9.8% when cooling fluid
CuO nanofluid and Al,O; nanofluid respectively
was used.
. Spectral ~ The overall efficiency of the PV/T system
20. An et al. [45] 2016 China CuoSs Water 22.3,44.6,89.2 ppm, 60.2 nm .
filter increased upto 17%.
At 62 °C the overall efficiency of the system
Xu and . Optical reached 70% and electrical efficiency was found
21. . 2014 u.S SiO, Water ;
Kleinstreuer [46] filter to be 11% whereas the thermal efficiency was
59%.
Ag-SiOy: . . .
.. ) ) Spectral ~ The increase in overall efficiency was about 30%
22. Hjerrild et al. [47] 2016  Australia Ag-SiO, Water 0.001,0.003,0.006,0.026 ) )
filter on using the Ag-SiO,.
wt.% 17.5 nm
Water and . An enhancement of 4%-8% in the efficiency of
. . ] Therminol VP-1: 0-0.01 Spectral
23. Taylor et al. [49] 2012 Australia Si0O, Therminol the PV/T system as compared to the water based
wt.% 20-50 nm filter
VP-1 PV/T system.
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Nanoflui

S.No. Authors Year  Location Nano particles Base fluid Concentration and size d Results
usage
For Alumina-water heat transfer coefficient
o Al,O4 increased by 12%.
24. Khanjari et al. [56] 2016 Iraq Water 0-12%, 50 nm Coolant L
& Ag For Ag-water heat transfer coefficient increased
by 43%.
Xu and . .
25. . 2014 U.S Al,O4 Water 5 vol.%, 38.4 nm Coolant  The system efficiency achieved was 20%.
Kleinstreuer [57]
Electrical efficiency was increased by 9% and
Water and Spectral . )
) i ) 5.6% respectively and the overall efficiency of

26. Hassani et al. [50] 2016 Malaysia Ag Therminol 0.001-1.5 vol.%, 10 nm filter & .

the system was improved to 30% and 24.4%

VP-1 coolant ) .
respectively for GaAs and Si cells.
Au: 0.00019, 0.0093 vol.%
Spectral . . . .
. 5,10 nm Highest thermal and overall efficiency is achived
27. Saroha et al. [59] 2015 India Au and Ag Water filter and . .
Ag: 0.00025, 0.00193 vol.%, ant using Ag-water nanofluid.
coolan

5,10 nm
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3.1. Graphical comparison of results

[34]
[54]
[28]
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Figure 8. Performance comparison of various parameters of hybrid PVT systems using
different nanofluids (showing efficiency achieved by the system). (1) Al,O; based PV/T
system (2) SiC based PV/T system (3) SiO, based PV/T system (4) Cu9S5 based PV/T
system (5) MgO based PV/T system (6) CuO based PV/T system (7) Ag based PV/T
system (8) Boehmite based PV/T system.
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Figure 9. Performance of hybrid PVT systems using different nanofluids (showing
increment in efficiency). (1) Al,O3; based PV/T system (2) SiC based PV/T system (3)
Si0; based PV/T system (4) ZnO based PV/T system (5) Fe;O4 based PV/T system (6)
Cu based PV/T system (7) Ag based PV/T system.
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Figure 10. Comparison of performance of nanofluids used as coolants.

References
=

|

e

—
~
=)

e

[45]

[54] :

B Overall efficiency
B Electrical efficiency
| B Thermal efficiency
e
0 20 40 60 80

Performance parameters

100

Figure 11. Comparison of performance of nanofluids used as optical filter.

Hassani et al. [50] carried out the study for Ag/water-therminol as an optical as well as coolant.
It was observed Electrical efficiency was increased by 9% and 5.6% respectively and the overall
efficiency of the system was improved to 30% and 24.4% respectively for Ga-As and Si cells. Figure
8 & 9 depicts the Performance comparison of various parameters of hybrid PVT systems using
different nanofluids (Figure 8 showing efficiency achieved by the system and Figure 9 showing
increment in efficiency). Here y-axis represents the reference number from the bibliography while x-
axis represents the efficiency and the colour trend tells about the thermal, electrical and overall
efficiency. It is clear from figure 8, that the highest overall efficiency of around 96% is observed in
the study of [42] which incorporated the SiC/water nanofluid in PVT system. While the maximum
electrical efficiency is achieved by Boehmite based PV/T system, which reported 39% electrical
efficiency [34]. However the highest thermal efficiency is achieved in the study of [42] of about 82%.
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On the other side the lowest value of electrical, thermal and overall efficiency is achieved by [41] of
about 10%, [35] of about 37% and [45] of about 18% respectively. Maximum and minimum
percentage enhancement in the value of overall efficiency is observed in the study of [43] and [30]
respectively. Similarly maximum percentage enhancement in the electrical efficiency is observed
in [40] of about 16%. There exist studies in the literature which compare the role of nanofluid as a
coolant and also as an optical filter to filter out unwanted part of solar spectrum. Figure 10 & 11 both
demonstrate the capabilities of nanofluid as a coolant and optical filter respectively. Reference [42]
of the bibliography gives best performance of nanofluid as a coolant in terms of overall efficiency.
The overall efficiency achieved is 97% which is too high. However least overall efficiency of
about 16% is observed in the study of [41]. Similarly best optical filter as shown in Figure 11,
corresponds to reference [46] which improves the overall efficiency to maximum value of 70% and
thermal efficiency to about 60%. Reference [45] corresponds to study in which least overall
efficiency is observed when nanofluid is used as an optical filter.

4. Conclusions

In PVT system due to high temperature rise, inevitable heating is faced by PV panels which can
be further processed to useful thermal energy. A variety of approaches have appeared as promising
avenues to alleviate this problem and deliver high electrical efficiency and a better thermal delivery.
A comprehensive summary of nanofluid performance enhancement of Hybrid PV/T system is carried
out to ascertain the role of nanofluid as a coolant and as an optical filter their benefits and
improvement associated. Furthermore PCM capabilities were discussed and ways of efficiency
improvements were focussed in this critical review to lower the PV panel temperature. Spectral
filtering provision is also reviewed for the past decade in context with nanofluid and nanofilm. This
has included an up-to-date review of recent publications covering the development of relevant
approaches and of suitable existing and emerging nanomaterials as applied to spectral splitting, along
with a discussion of the arising challenges and opportunities in different approaches and applications.

Looking over the different papers in wide perspective we can say that nanofluid based hybrid
PV/T systems can meet the world’s energy demands. All the nanofluids are compared on different
parameters to make a biased comparison. According to the results of different authors worked in this
field, following conclusions were drawn:

e Effectiveness of nanofluid as a coolant is more remarkable for low flow rate as it get enough
interaction for heat transfer from wall to ambient.

e Effect of nanoparticle size over the efficiency of PVT system is negligible.

e The effect of the base fluid is found to be very well pronounced in the PVT systems.

e Performance of water is found to be better than EG-water and therminol-water as a base fluid.

e Nanomaterials have emerged as a particularly promising solution for achieving specific,
desired spectral-splitting characteristics and performance.

e Current nanofilm filters still suffer from considerable optical losses.

e The nanoparticle based fluid filters system has 4% higher thermal efficiency than
conventional thin film-based optical fluid filters.
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5. Future Direction

After conducting an exhaustive study of so many papers written in the last 20 years on PV/T

systems employing nanofluid cooling (active/passive) techniques, followings points can be
anticipated for further work in this field:

1)

2)
3)
4)
5)
6)

7)

8)

Today there are various methods by which nanofluid colloids can be prepared and further work
can be carried out in this way to explore new methods by which nanofluids can be prepared to
make them more and more stable.

Various heat transfer methods and different parameters can be overlooked employing various
CFD simulations in Hybrid PV/T systems.

Experimental and Numerical investigation can be carried out on deployment of various base
fluids except water like ethylene glycol etc. both ways as coolant and optical filter.

Various methods of nanofluid manufacturing are yet to be overlooked in which the increase of
thermal conductivity is more than the increase of its viscosity.

Performance parameters of Hybrid PV/T system can be found by using different combinations
of nanofluids. Different nanofluids with different thermal conductivity.

Some newly developed particles like MXene and grapheme can be employed with different
base fluid to get better performance.

Optimisation techniques can be employed to get optimal parametrs level for hybrid PVT
system. Machine learning approach can be employed for prediction of efficiency of PVT
system.

Nano-enhanced Phase Change Materials or other emerging techniques such as thermoelectric
devices can be employed for the cooling purpose of PV cells. This field is almost vacant and
needs to work extensively to explore more of its capabilities.
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