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Abstract: Because of its potential to directly transform solar energy into heat and energy, without
harmful environmental effects such as greenhouse gas emissions. Hybrid nanofluid is an efficient way
to improve the thermal efficiency of solar systems using a possible heat transfer fluid with superior
thermo-physical properties. The object of this paper is the study the latest developments in hybrid
applications in the fields of solar energy systems in different solar collectors. Hybrid nanofluids are
potential fluids with better thermo-physical properties and heat transfer efficiency than conventional
heat transfer fluids (oil, water, ethylene glycol) with single nanoparticle nanofluids. The research
found that a single nanofluid can be replaced by a hybrid nanofluid because it enhances heat transfer.
This work presented the recent developments in hybrid nanofluid preparation methods, stability
factors, thermal improvement methods, current applications, and some mathematical regression
analysis which is directly related to the efficiency enhancement of solar collector. This literature
revealed that hybrid nanofluids have a great opportunity to enhance the efficiency of solar collector
due to their noble thermophysical properties in replace of conventional heat transfer working fluids.
Finally, some important problems are addressed, which must be solved for future study.

Keywords: hybrid nanofluids; efficiency; solar collectors; thermal properties

1. Introduction

A safe and prosperous world now needs more than ever an environmentally friendly
and effective source of energy [1–3]. In the face of the challenges of eliminating fossil fuels
and reducing exhaust emissions from those fuels, one of the major divisions of renewable
energy is solar energy. Although the option of energy sources has always been low-priced,
solar energy has never really been used globally. More to the point, while the energy of
the sun is free, it is expected that the maintenance charge of such systems, including the
construction of devices and systems, would surpass the total cost of the usable source [4–6].
Looking closely at renewable technologies and their recent development estimates, the
world has a perceivable interest in solar energy systems, accounting for almost 60 percent of
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the overall growth in the renewable energy potential of more than 250 GW in 2021–2022 [7].
There have been major efforts taken to increase the performance of the existing energy
conversion systems [8,9].

In recent years, several academics and researchers have made progress in nano-fluid
technologies. The number of papers published in the field of nano-fluids per year should is
presented in Figure 1. The figure below illustrates the importance of nanofluid flows in
the different engineering sectors as well as the solar energy sector. [10–20]. The evolution
of technologies of nanofluids has drawn the attention of assorted researchers in recent
years. With the aid of nanofluids, researchers have focused on research in many scientific
fields, including warming, climate control, electronics and microelectronics, new energy,
medicine, as well as energy and fuel management [21–26].
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The heat-transfer system plays a crucial role in many industries related to thermal
and chemical processes. The heat-transfer process is always treated by using fluids. The
main aim of the use of mixtures (hybrid nanofluid) is to improve the potency of the
mixture’s thermal properties, and the mixture of various nano-sized particles with fluid is
called hybrid nanofluid. In practice, numerous methods have been applied to enhance the
thermal properties of fluids. Nanoparticles are the most common and the most up-to-date
technological trend in terms of improving heat-transfer efficiency [27]. Nanofluids have
an excellent ability to increase the thermal efficiency of the solar collector by different
nanoparticles used in different types of solar collectors [28]. Hybrid nanofluids were
found to be the most efficient approach when used as a working fluid in solar energy
systems [29]. The hybrid nanoparticles consist of a synthesis of two or more nanoparticles
and are propagated into the base fluid. This is due to the synergistic effect of the hybrid
nanofluid heat-transfer change compared to a nano-fluid containing a nano product. A
hybrid nanofluid can have good thermal characteristics compared to the simple fluid
and nanofluid-containing single nanoparticles [30]. The choice of the base fluid, size of
nanoparticles, viscosity, fluid temperature and stability, dispensability of nanoparticles,
purity of nanoparticles, method of preparation, size and shape of nanoparticles, and
compatibility of nanoparticles have contributed significantly to the improvement of hybrid
nanofluid heat transfer, resulting in the harmonious nanofluid mixture [31–35]. The primary
goal of using hybrid nanofluids is to improve thermal conductivity at a lower cost and with
acceptable stability due to the synergistic effect of its constituent materials. Stability is a term
used to describe the long-term performance and thermal efficiency of nanofluids [36,37].
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In comparison to mono nanofluids, hybrid nanofluids can significantly improve heat
transmission. The pressure drop caused by the friction factor escalation, on the other hand,
remains a major concern in hybrid nanofluids. The increase in pressure drop is a direct
result of the increase in hybrid viscosity, which results in the penalty of high pumping
power [30].

Nanoparticles are subject to various parameters of their thermal conductivity, in-
cluding concentration, temperature, particle size, pH, shape, material, and perhaps, the
production process. Theoretical models for thermal conductivity and viscosity deter-
mination. The stability of nanofluids or hybrid nanofluids in terms of settlement and
agglomeration is still troublesome for practical applications, particularly in higher concen-
trations. Hybrid nanofluids, therefore, exhibit greater thermal conductivity compared to
the individual nanofluids, which separately contain nanoparticles. Therefore, this paper
focuses on evaluating the research of hybrid nano-fluid to recognize and resolve the latest
technology by way of a forefront study into the economic feasibility of this technology in
the future. The reported theoretical, digital, and experiential work on single nanofluid
has revealed that nanofluid cooling, cameras, microcomputers, displays, heat exchangers,
and space-craft applications can be implemented in various possible ways. Many thermal
product reviews are found in the literature. However, single nanofluids are characterized
and prepared. Few articles are available on hybrid nanofluid preparedness and thermal
characteristics. The purpose of this paper is therefore to provide a further consideration of
recent developments in various engineering applications in a hybrid nanofluid. Moreover,
the critical challenges of hybrid nanofluids are presented, such as long-term stability, cost
of preparation, and production. More experimental research is needed to address several
issues related to hybrid nanofluids, such as instability and an increase in the friction factor,
to reduce pumping power in solar systems. These issues appear to be critical for hybrid
nanofluid commercialization and general applications. More importantly, the cost of prepar-
ing hybrid nanofluids is high and must be reduced. Future research should concentrate on
finding a balance between the hybrid nanofluid’s high thermal efficiency and the cost of
preparation. This is a critical step toward the commercialization of hybrid nanofluids-based
solar systems.

2. Historical Background

A key parameter of all the specifications which have contributed enormously to the
improvement of heat transfer is thermal conductivity. Several studies have reported that
the use of nanofluids has improved thermal conductivity undoubtedly [38–42]. Nanofluid
hybrid is a brand-new type of nanofluid, which is massed by dispersing two distinct
nanoparticles into an agreed heat-transference fluid. Hybrid nanofluids are possible fluids
that have improved thermo-physical properties over traditional thermo-transfer fluids, an
increased thermo-efficiency (oil, water, and ethylene glycol) and nanofluids with single
nanoparticles. The scientific findings have shown that the hybrid nanofluid can be substi-
tuted with one single nanofluid as it enhances heat transfer, especially in the automotive,
electro-mechanical, manufacturing, HVAC, and solar industries [43].

In solar collectors, a wide ranges of functioning fluids have been tested. Historically,
water, grease, ethylene glycol, and various lubricants have been used to promote the
performance of solar collectors, as shown in Figure 2 [44–49]. In anchor fluids (water,
ethylene glycol or oil/lubricant), nanosized metals (Al, Cu, Zn, Ag, Au, etc.), metal oxides
(SiO2, TiO2, Al2O3, ZnO, CuO, etc.) or organic particles (carbon nanotubes, graphene
oxide, diamond, etc. could be disseminated to create hybrid nanofluids) [50,51] are used to
enhance the thermophysical properties and heat transfer efficiency, and hybrid nanofluid
synthesis is crucial. The Al2O3-Cu nanofluid, for example, was developed using the
hydrogen reduction method using Al2O3 and CuO (90:10 ratio) to improve the viscosity to
be steeper than concentration conductivity [52,53]. The MWCNT-Fe3O4 nanocomposite
particle has been synthesized empirically (0–0.3 volume percentage) to test their thermal
properties [54]. Improved thermal conductivity was achieved with Ag/MWCNT-HEG
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hybrid nanofluids at 25 ◦C by 0.08 percent with 0.04 percent of volume fraction. The
rheological properties of nanocomposite MWCNT-Ag can be measured by covalent and non-
covalent working methods [55]. A 20.2% increase in the thermal transfer coefficient relative
to the base fluid has been discovered in a platform exchanger by the MWCNT-TiO2/water
hybrid nanofluids [56]. The performance of the heat exchanger served by bringing together
0.0111% MWCNT/water nanofluid with 1.89% Al2O3/water. The appeal for graphene
nanoplatelets (GNPs) has enormously increased despite the excellent use of MWCNTs for
hybrid nanofluids [57]. Its diffusion in distilled water showed a 17.77% advancement in
thermal conductivity at a 0.1% weight concentration and 40 ◦C. Another study investigated
the impacts of particle concentration (range, 0.0–2.3%) and temperature (range, 25–50 ◦C)
on the thermal conductivity of f-MWCNTs-Fe3O4-EG hybrid nanofluid [58]. The effects of
various flows and geometrical parameters of solar thermal collector depend on different
nanoparticles, base fluids and the thermophysical properties of different nanoparticles.
This study indicated that the hybrid nanofluids significantly enhanced the exergy efficiency.
The assessment criteria of the examined cases are the thermal, energetic, and overall
performance and background of solar collector.
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3. Preparation of Hybrid Nanofluids

Hybrid nanofluids are new fluids that are generated in a mixture or composite form
to increase the heat transmission by suspending two or more nanoparticles [59]. By using
hybrid nanostructures consisting of multiple materials with nano dimensions, the ther-
mophysical properties of nanofluids can be further enhanced [43,60]. Water is the basic
fluid exposed to radiation. This hybrid mixture uses a larger wavelength combination
and absorbs heat. For various concentrations, diameters, and container heights, graphite
and the numeric value for the mixture are added into the water of gold, silver, aluminum,
graphite, and silicon dioxide gold nanoparticles [61]. Quite a few studies have studied
and modeled the thermophysical characteristics of these hybrid fluid forms [62]. It has
been found that relative to the base fluid at a volumetric concentration and a temperature
of 0.86%, the thermal conductivity ratio of the hybrid nanofluid increased to 20.1% [63].
The reviewed literature indicates that hybrid nanofluids are an attractive candidate for
thermal convective fluids in solar systems. Furthermore, hybrid nanofluids have a variety
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of benefits, which make them more useful for the increase in heat transfer. A summary of
solar power is given in this report. Subsequently, the use of hybrid nanofluids is reviewed
and the findings are analyzed in various forms of solar-driven technologies [64]. The
two-step process of nanofluid preparation includes the induction of the mechanical or
chemical action of nanoparticles in powder form, followed mixing them with base fluid as
shown in Figure 3. In the base fluid, powdered nanoparticles are dispersed by an intense
shearing action known as ultrasonic. Both strength and ultrasonic length play a critical role
in the stability of hybrid nanofluids [65].
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By scatting around 0.2–1.5 vol.% of these nanoparticles in water and ethylene gly-
col, Al2Cu, and Ag2Al nanoparticles synthesized by mechanically alloying the prepared
nanofluids, the nanoparticles were identified by X-ray diffraction and transmission electron
microscopy and the nanofluid thermal conductivity was found by employing a changed
thermal comparator. The findings suggest an increase in the thermal conductivity ad-
vancement of existing nanofluids by 50–150%. Both experimental findings and empirical
analysis suggest that the degree of change strongly depends on the dispersed nanoparti-
cles’ identity/composition, scale, volume fraction, and shape [67]. The two-step method
was used to generate a 0.1 percent volume fraction Al2O3-Cu/water hybrid nanofluid.
As a surfactant, sodium lauryl sulfate (SLS) was used. Before that, over several steps,
a thermochemical synthesis process that included spray drying, precursor powder oxi-
dation, hydrogen-atmosphere reduction, and homogenization was used to prepare the
nanocrystalline alumina–copper (Al2O3-Cu) hybrid powder [68]. The two-step technique
was introduced to generate identical hybrid nanofluids as prepared by Suresh et al. Dry
f-MWCNT and nanoparticle Fe3O4 were prepared with a mixture of equivalent volumes.
For the development of hybrid nanoparticles (f-MWCNT-Fe3O4) dispersed in ethylene
glycol, a two-step method was employed [58].

MXene with a Ti3C2 chemical theorem was synthesized by applying the wet chemistry
method and suspended in pure olein palm oil (OPO) to formulate a new type of heat-
transfer fluid by applying COMSOL Metaphysics to investigate its thermal and energy
efficiency numerically in a hybrid PV/T solar thermal structure. In addition to this research,
the hybrid PV/T solar thermal device contrasts Al2O3–water-based nanofluid with MXene-
OPO nanofluid. With a loading concentration of 0.01, 0.03, 0.05, 0.08, 0.1, and 0.2 percent,
the MXene-OPO nanofluid was prepared. At a 0.2 percent loading concentration, the
MXene-OPO nanofluid exhibits a 68.5 percent higher thermal conductivity than pure OPO
at 25 ◦C. When the temperature increased from 25 ◦C to 50 ◦C for the nanofluid with 0.2 wt.
percent of MXene, the maximum viscosity reduction was observed as 61 percent. The
MXene-based nanofluid shows about a 16 percent higher thermal efficiency improvement
at a 0.07 kg/s flow rate compared to PVT with Al2O3–water-based nanofluid. For the
PVT with MXene nanofluids, a heat transfer coefficient improvement of approximately
9 percent was observed compared to PVT with Al2O3–water heat-transfer fluid. Compared
to the stand-alone PV modules, the MXene nanofluid can reduce PV temperature by
40 percent [69].


