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This review focuses on the potential of carbon-based hybrid nanofluids to
enhance the performance of solar thermal energy systems. Solar thermal
technology is pivotal in transitioning towards renewable energy sources,
offering sustainable alternatives to conventional fossil fuels. However,
traditional heat transfer fluids (HTFs) often exhibit limitations in thermal
conductivity (TC), which hinders the overall efficiency of solar collectors. The
introduction of nanofluids, particularly hybrid nanofluids that combine two or
more types of nanoparticles, has emerged as a promising solution to address
these challenges. Among various nanomaterials, carbon-based materials such as
graphene and multi-walled carbon nanotubes (CNTs) have garnered significant
attention due to their exceptional thermal properties. This review critically
analyses the thermal and rheological characteristics of carbon-based hybrid
nanofluids and their effects on solar thermal applications, including flat-plate
collectors and parabolic trough collectors. The unique synergy achieved by
integrating carbon-based nanoparticles with metallic nanoparticles results in
improved TC, enhanced heat transfer rates, and greater stability compared to
single-component nanofluids. Despite the notable advantages, challenges such
as increased viscosity and the need for long-term stability under operational
conditions remain pertinent. Future research directions should prioritize
optimizing nanoparticle concentrations, exploring cost-effective alternatives,
and investigating the long-term performance of hybrid nanofluids in dynamic
environments. The findings of this review underscore the transformative potential
of carbon-based hybrid nanofluids in improving the efficiency and effectiveness
of solar thermal systems, thus supporting the broader adoption of renewable
energy technologies. This exploration is essential for advancing solar thermal
applications and addressing the ongoing challenges of energy sustainability and
efficiency in the face of growing global energy demands.

carbon nanomaterial, hybrid nanofluid, carbon nanotube, graphene, solar
collector, efficiency

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenrg.2024.1509437/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1509437/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1509437/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1509437/full
https://www.frontiersin.org/articles/10.3389/fenrg.2024.1509437/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2024.1509437&domain=pdf&date_stamp=2025-01-10
mailto:hadeyola@gmail.com
mailto:hadeyola@gmail.com
https://doi.org/10.3389/fenrg.2024.1509437
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2024.1509437

Borode et al.

1 Introduction

Solar thermal energy systems harness the sun’s radiant energy to
generate heat, playing a pivotal role in the transition toward
renewable energy sources (Kassem et al, 2016). These systems
offer a sustainable and environmentally friendly alternative to
conventional fossil fuel-based energy generation, mitigating
greenhouse gas emissions and promoting long-term energy
security (Bellos et al., 2016; Patel et al, 2018). Solar thermal
technology systems are particularly effective in regions with high
solar irradiance, where they can significantly reduce dependence on
conventional energy sources. The simplicity of solar thermal
systems, combined with their ability to store thermal energy for
later use, makes them an attractive option for residential and
industrial applications.

Solar thermal energy systems can be utilized for specific
applications, including water heating, space heating, industrial
processes, and power generation (Bellos and Tzivanidis, 2017;
Wang et al., 2016). These systems convert sunlight into thermal
energy using solar collectors, which are designed to absorb and
transfer heat to a working fluid. Common types of solar thermal
systems include flat-plate collectors, evacuated tube collectors, and
different
presents a

parabolic trough collectors, each optimized for

temperature ranges and applications. Figure |
classification of the different types of solar collectors.

Among various solar thermal collector technologies, parabolic
(PTCs)
temperatures suitable for applications requiring substantial
thermal energy (Hussein et al., 2024; Panchal et al,, 2022). PTCs
concentrate sunlight onto a receiver tube filled with a heat transfer
fluid (HTF) using a parabolic reflector (Ajbar et al., 2023; Elshamy
et al., 2021). Flat plate solar collectors (FPSCs) and evacuated tube
solar collectors (ETSCs) also utilize HTF. FPSCs circulate it beneath
a flat absorber plate made of copper or aluminum, effectively

trough collectors are notable for achieving high

providing domestic hot water and space heating, although they
operate at lower temperatures. In contrast, ETSCs enhance efficiency
in colder climates by using a vacuum to minimize heat loss,
containing a heat pipe or fluid-filled tube that absorbs solar
radiation and transfers heat. The choice among these collector
types
temperature range and geographic location.

depends on specific application needs, including

The heat transfer fluid (HTF), typically oil or water, absorbs
concentrated solar radiation and transports thermal energy for use
(AbdEl-Rady Abu-Zeid et al., 2024; Al-Rabeeah et al., 2022; Habchi
et al.,, 2023). The efficiency of solar collectors is closely linked to the
HTPF’s thermal conductivity (TC), which affects its ability to absorb
and transfer heat (Asaad Yasseen et al., 2022). While conventional
HTFs are affordable and accessible, they have limitations, such as
relatively low TC, which restricts efficient heat absorption and
transport. This results in elevated thermal losses and reduced
system efficiency (AbdEl-Rady Abu-Zeid et al, 2024; Rovira
et al, 2016). Additionally, conventional HTFs can degrade and
become unstable at high temperatures, requiring frequent
maintenance and reducing lifespan, which impacts economic
viability. Their high viscosity can also increase pumping power
requirements, further affecting energy efficiency and operational
costs. To enhance thermal performance in PTCs, researchers are

exploring nanotechnology, including nanofluids.
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Nanofluids, which are suspensions of nanoparticles in a base
fluid, have gained attention for their ability to enhance the
performance of conventional heat transfer fluids. This is due to
their superior thermal conductivity, stability, and heat transfer
properties compared to traditional fluids, enabling more efficient
energy management in various industrial and engineering
applications (A.O. Borode et al., 2021). Incorporating high TC
nanoparticles, such as metals or carbon nanotubes (CNTs),
significantly improves heat absorption and transport, leading to
faster heat transfer rates and better system efficiency (Ganvir et al,,
2017). HNFs, which combine multiple types of nanoparticles, have
shown particular effectiveness in enhancing thermal performance by
leveraging the complementary properties of different materials
(Ranga Babu et al, 2017). Carbon-based HNFs, combining
carbon materials like graphene or carbon nanotubes with metallic
nanoparticles, are especially promising due to their exceptional
thermal properties (A.O. Borode et al, 2021). Carbon-based
nanofluids demonstrate superior TC due to the intrinsic
properties of carbon structures (A.O. Borode et al., 2021). When
integrated into HNFs, these materials enhance heat transfer rates
and stability, reducing the risk of particle agglomeration and
2022).
nanofluids, especially carbon-based HNFs, allow for tunable

sedimentation over time (Vardaru et al, Moreover,
viscosity (Babar et al, 2019), optimizing flow and heat transfer
within the collector. Additionally, carbon-based nanoparticles can
lower the specific heat of the working fluid, requiring less energy to
achieve desired temperatures, thus further improving efficiency.
Figure 2 illustrates various forms of carbon nanomaterials.
Extensive research has shown that nanofluids can outperform
conventional fluids in thermal properties, and the synergistic effects
of HNFs lead to even greater enhancements (Akhgar and Toghraie,
2018; Borode et al., 2023a; Zadkhast et al., 2017). This review
carbon-based HNFs and their
applications in solar thermal systems, highlighting the untapped

comprehensively — analyses
potential in this area. It critically examines how combining carbon-
based materials with metallic nanoparticles enhances the overall
performance of solar thermal systems.

2 Thermophysical properties

The thermophysical properties of carbon-based HNFs have
garnered significant attention in recent years, driven by their
promising potential to enhance heat transfer processes across a
variety of industrial applications. Key properties such as TC,
viscosity, specific heat capacity (SHC), and density significantly
impact the performance of nanofluids, and several studies have
explored how hybridizing carbon-based nanoparticles with metallic
or metal oxide particles can further optimize these properties.

2.1 Thermal conductivity

Thermal conductivity is a critical property that dictates the heat
transfer capability of nanofluids. A defining characteristic of carbon-
based HNFs is their remarkably high TC, surpassing that of both the
base fluid and individual nanofluids (Akhgar and Toghraie, 2018;
Soltani et al, 2020). This superior TC stems from the inherent
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FIGURE 1

Classifications of solar collectors (Alam et al,, 2021).

properties of carbon nanomaterials, particularly graphene or multi-
walled carbon nanotube (MWCNT), renowned for its exceptional
heat conduction capabilities (Kumar et al., 2021; Vardaru et al,
2022). The incorporation of these nanomaterials into the base fluid
creates a network of interconnected pathways that facilitate efficient
heat transfer, enabling rapid absorption and transport of thermal
energy from the concentrated solar radiation.

Several studies have showcased the remarkable TC enhancement
achieved with carbon-based HNFs. For instance, (Borode et al,
2023b) reported up to 17.82% increase in TC in GNP-alumina HNFs
across various concentrations. This improvement is largely
attributed to the synergistic effect between the graphene’s high
TC and the alumina’s ability to disperse heat within the base
fluid effectively. However, a potential drawback in this study is
the lack of focus on the long-term stability of the nanofluid. While
initial increases in TC are promising, future studies should explore
how stable these nanofluids remain over time, especially when used
in dynamic systems where agglomeration may occur.

Jin et al. (2024) prepared HNFs using ethylene glycol (EG)/water
(50:50) enhanced with graphene oxide (GO) and MXene (1:1)
nanoparticles. Testing at temperatures between 20°C and 60°C
revealed that both TC and viscosity increased with GO/MXene
dosage. The nanofluid with 0.3 wt% GO/MXene demonstrated the
largest TC enhancement of 33.49% at 60°C while maintaining low
viscosity. In a separate study, Mehrali et al. (2017) characterized the
thermophysical and magnetic properties of GNP/FesOs HNFs,
reporting an 11% enhancement in TC. Huminic et al. (2024)
investigated the TC of silver nanoparticles-reduced graphene
oxide dispersed in a water and ethylene glycol mixture (Ag NPs-
rGO/W + EG). Their findings indicated that TC was influenced by
both concentration and temperature, achieving a maximum
at 323.15 K and 0.10 wt%
concentration compared to the base fluid.

enhancement of 1.13 times

Shahsavar et al. (2015) investigated a water-based hybrid nanofluid
(HNF) containing FesOs magnetic nanoparticles and CNTs. They found

Frontiers in Energy Research

that optimal TC enhancement, ranging from 13% to 34.26%, was
achieved with 5 min of ultrasonication at temperatures between 25°C
and 55°C compared to the base fluid. They observed that shorter
(eg, 25 min) resulted in
dispersion. In  contrast, prolonged
compromised the CNTs aspect ratio and network structure, thereby

sonication  durations inadequate

nanoparticle sonication
reducing the effectiveness of TC enhancement.

Virdaru et al. (2023) studied the TC of water-based silver-
(Ag-rGO)
concentrations and temperatures. They found that Ag-rGO

reduced graphene oxide nanofluids at varying
nanofluids significantly enhanced TC compared to conventional
liquids due to the high conductivity of solid nanoparticles. Adding
0.4 g/L of CMCNa surfactant to deionized water resulted in a
minimal TC improvement of 0.703%. The TC increased with
temperature, driven by enhanced Brownian motion, reduced
viscosity, and increased particle collisions. At 20°C, TC
enhancements for 0.050, 0.075, and 0.10 wt% Ag-rGO were
1.65%, 5.24%, and 8.39%, respectively, rising to 6.14%, 7.80%,
and 10.69% at 50°C. This improvement is attributed to the
formation of long Ag-rGO particle chains at higher temperatures,
which create effective heat conduction pathways, and the deposition
of silver nanoparticles on graphene oxide sheets, enhancing heat
transfer within the nanofluid.

Alsangur et al. (2024) investigated the magnetic field-dependent
TC of FesO4/CNT-water and FesOas/Graphene-water HNFs. They
found that TC increased with magnetic field strength and particle
concentration, with FesOas/Graphene-water showing up to three
times greater enhancement than FesOs/CNT-water, achieving
maximum TC improvements of approximately 12% and 9% for
FesO4/CNT-water and 51% and 21% for FesOa/Graphene-water
under parallel and perpendicular magnetic fields, respectively.
Additionally, Srinivasan and Ponnusamy (2024) developed
distilled water-based hybrid phase change materials (NFPCMs)
using oxygen-functionalized graphene nanoplates and copper
oxide nanoparticles, achieving maximum TC enhancements of
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FIGURE 2
Various forms of Carbon nanomaterials (Atta et al.,, 2015).

(2D) Graphene

30.75% in the solid state and 17.69% in the liquid state compared to
the base PCM.

Vardaru et al. (2022) investigated the TC of graphene oxide-
silicon (GO-Si) HNFs in water at varying temperature ranges and
mixture ratios, particularly at a concentration of 0.25 wt%. Their
study revealed that TC increased with both temperature and GO
concentration, consistently outperforming the base fluid. This is
because higher temperatures enhanced molecular interactions,
leading to more frequent collisions between molecules, which
promoted energy transfer and improved heat conduction. HNFs
with a higher GO content (0.8 GO: 0.2 Si) demonstrated better
thermal performance than those with a higher Si content (0.2 GO:
0.8 Si), with maximum TC enhancement reaching 7.97% at elevated
temperatures. The stability of the nanofluid and the high TC of the
dispersed nanomaterials were crucial for these improvements.
Additionally, the increased temperature enhanced the Brownian
motion of nanoparticles, intensifying micro-convection and
improving local mixing within the fluid.

Similarly, (Yarmand et al., 2016a) demonstrated that GNP-
platinum (GNP-Pt) HNFs exhibited a 22.22% increase in TC at a
0.1 wt% nanoparticle concentration, attributed to platinum’s high
further
concentration increases can lead to diminishing returns due to

TC and graphene’s large surface area. However,
particle agglomeration and sedimentation, underscoring the need
to optimize nanoparticle concentration in practical applications.
Future research should aim to balance TC enhancement with the
challenges of increased viscosity and sedimentation. Mehrali et al.
(2018) demonstrated a 24% improvement in TC with graphene-
silver HNFs. The enhanced performance is attributed to metallic
particles, like silver, which create efficient thermal pathways.
However, the high cost of silver limits its industrial scalability,
raising concerns about its cost-effectiveness. Exploring more
affordable alternatives, such as graphene-copper hybrids, could
offer comparable thermal enhancements without the financial
constraints of silver.

This body of research underscores the remarkable TC

enhancements achieved with HNFs, which frequently outperform

Frontiers in Energy Research

NFs). The
performance of HNFs arises from the synergistic interplay of

single-component  nanofluids  (mono superior
multiple nanoparticles, leveraging their distinct properties to
achieve enhanced heat transfer compared to mono NFs, which
depend on the attributes of a single nanoparticle type.
Comparative studies offer valuable insights to elucidate these
differences. For instance, Soltani et al. (2020) investigated the TC
of mono and HNFs, revealing different behaviors with temperature
and volume fraction. Mono nanofluids like Oil/WOs and Oil/
MWCNTs showed steady TC increases, with Oil/WOs rising by
11.45% and Oil/MWCNTs by 14.5% from 20°C to 60°C. HNFs like
Oil/WOs-MWCNTs, however, demonstrated superior performance.
At 0.2% volume fraction, the hybrid reached 0.147 W/m-K at 60°C, a
5% increase, and at 0.6%, the TC improved by 19.55%. This
highlights the synergistic effects of combined nanoparticles, as
HNFs
demonstrating enhanced thermal performance.

Shajan et al. (2021) examined the TC of TH55-GNP/Al20s
HNFs and compared them with GNP and Al2Os mono-
nanofluids. TC increased with nanoparticle concentration and

consistently ~ outperformed  mono  nanofluids,

temperature, with TH55-Al20s showing a maximum TC boost of
8.44% at 65°C and THS55-GNP achieving 15.69% at 0.1%
concentration. HNFs performed better at higher GNP levels, with
a maximum enhancement of 18.72% for TH55-GNP(0.1%)/
Al203(1.0%). The improvement is due to enhanced micro-
convection from Brownian motion and GNP platelets attaching
to Al20s nanoparticles, improving heat transfer. Vardaru et al.
(2022) (GO-Si) HNFs
consistently outperformed mono-nanofluids in TC. The 0.8GO:
0.2Si HNF achieved a maximum TC enhancement of 7.97% at
Additionally, GO/water
demonstrated superior TC compared to Si/water nanofluids

found that graphene oxide-silicon

elevated temperatures. nanofluids
across various concentrations, indicating that adding graphene
oxide significantly boosts TC in silicon-based nanofluids.

Kanti et al. (2023a) observed that TC in nanofluids with varying
GO and MXene ratios increases with temperature due to enhanced

particle interactions. As shown in Figure 3, the TC of different GO/
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FIGURE 3

Thermal conductivity of different GO/MXene nanofluid mixtures relative to temperature (Kanti et al., 2023a).

MZXene nanofluid mixtures increases with rising temperature. At
25°C, TC enhancements for GO, GO-MXene hybrids (80:20 to 20:
80), and MXene ranged from 12.6% to 20.4% relative to water, while
at 60°C, these values rose to 24.6%-35.2%. Higher GO content in
HNFs showed superior TC improvements, which were attributed to
GO’s better heat conduction and stacking properties. While
MXene’s solvent compatibility is notable, its lower TC limits its
effectiveness. GO-rich HNFs are preferred for thermal applications,
particularly in temperature-sensitive systems like solar collectors,
though fluid stability and dispersibility need further investigation for
practical use.

Alfellag et al. (2024) examined the TC of CT-MWCNTs-TiOz/
DW nanofluids and found that TC increased with temperature for
all mixing ratios. The highest TC of 0.76 W/m-K was recorded at
50°C for the 60:40 MWCNT-TiO:z ratio, while the lowest, 0.64 W/
m-K, occurred at 30°C for the 20:80 ratio. TC improved with
increasing MWCNT content up to the 60:40 ratio, after which a
slight decrease was observed due to nanoparticle clustering. The
study reported a TC enhancement of 18.24% at 50°C for the 60:
40 ratio, outperforming mono-nanofluids. This improvement was
attributed to the combined heat transfer mechanisms of MWCNTS’
efficient conduction along their cylindrical structure and TiO2’s heat
scattering.

Tong et al. (2020) investigated the TC of FesOs and MWCNT/
FesO4 HNFs under varying temperatures and concentrations. FesOa
nanofluids showed increasing TC with and
nanoparticle concentration, reaching 0.541 W/m-K at 0.2 wt%
and 50°C. MWCNT/FesOs HNFs further improved TC, with a
maximum of 0.562 W/m-K at a 41 MWCNT to FesOa ratio at
50°C. The enhanced heat transfer was attributed to the synergistic
effects of MWCNT and FesOa, with stable dispersion due to the

temperature
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strong attachment between particles, forming chainlike structures
under a magnetic field, which boosts thermal energy transport. This
trend of increased TC with increased concentration of MWCNT was
consistent with findings by Balaga et al. (2019) on similar HNFs.
Balaga et al. (2019) experimentally measured the TC of f-MWCNT-
Fe20s HNFs with varying weight ratios of Fe20s and f-MWCNT,
using deionized water as the base fluid. The study explored weight
ratios of 4:1, 3:2, 1:1, 2:3, and 1:4 at concentrations of 0.01%, 0.02%,
and 0.03%, over temperatures ranging from 30°C to 60°C. TC
increased with a higher MWCNT ratio, peaking at the 2:3 ratio,
after which aggregation caused a decline. At 0.02% concentration
and 60°C, TC improved by 13.53% compared to 30°C,
demonstrating the positive correlation between TC, MWCNT
content, and temperature.

In the study by Kumar et al. (2021), the TC performance of
HNFs combining multi-walled carbon nanotubes (MWCNTs) with
various oxide nanoparticles was analyzed. At a 2 vol% concentration
and 50°C, TC ratio (TCR) improvements were 16.53% for Al20s,
21.44% for TiOz, 27.09% for ZnO, and 33.62% for CeO2, with CeO2
showing the highest enhancement. Even at a lower concentration of
0.25 vol%, MWCNT-based HNFs demonstrated TCR
improvements ranging from 6.87% to 16.45%, depending on the
oxide used. The study highlighted the synergistic effects of oxide
nanoparticles and MWCNT, including Brownian motion, thermal
bridging, and particle-liquid which
collectively enhanced heat transfer properties, resulting in greater

interfacial interactions,
TC improvements compared to MWCNT alone.
Selvarajoo et al. (2024) investigated the TC of Al20s-GO HNFs,
finding significant enhancements over mono nanofluids. At a solid
volume concentration of 0.25%, the 0.25% Al20s-GO HNF exhibited
a TC of 0.836 W/m-K at 50°C, surpassing the 1.0% Al2Os mono
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nanofluid (0.777 W/m-K) and the 1.0% GO mono nanofluid
(0.705 W/m-K). The maximum TC for the 1.0% Al20s-GO HNF
reached 0.968 W/m-K at 50°C, indicating a TC enhancement of
approximately 24.6% compared to the 1.0% Al2Os mono nanofluid
and 37.3% over the 1.0% GO mono nanofluid. These improvements
are attributed to the synergistic effects of the two nanoparticle types,
which enhance energy transfer within the fluid.

Van Trinh et al. (2018) conducted a detailed study on the TC of
ethylene glycol (EG)-based nanofluids with nano additives:
(CNT-OH),
carboxylated graphene (Gr-COOH), and a graphene-carbon
nanotube (Gr-CNT) hybrid at 0.07 vol%. They found a
temperature-dependent increase in TC attributed to enhanced

hydroxyl-functionalized ~ carbon  nanotubes

Brownian motion and reduced agglomeration. At 30°C, TC
enhancements were 5.2% for CNT-OH, 10% for Gr-COOH, and
18% for Gr-CNT, with Gr-CNT showing nearly 3.5 times greater
enhancement than CNT-OH and 2 times greater than Gr-COOH.
At 50°C, Gr-CNT achieved a 50% enhancement, compared to 22%
for CNT-OH and 37% for Gr-COOH. The results underscore the
superior performance of hybrid nanomaterials, with Gr-CNT
benefiting from graphene’s high TC and carbon nanotubes’
strength, making HNFs a promising option for applications
requiring enhanced thermal performance in engineering systems.

Despite the consistent improvements observed in TC, there are
instances where the advantages of HNFs over single nanofluids are
less pronounced. For example, the study conducted by Borode et al.
(2021) investigated the TC of GNP-alumina HNFs, revealing that
TC increases with temperature for all tested nanofluids, including
distilled water. The addition of nanoparticles significantly enhances
the TC compared to water alone, with mono-GNP demonstrating
higher TC than hybrid formulations. Among the HNFs, a higher
proportion of GNP correlates with improved TC performance.
Specifically, TC enhancements at varying temperatures are as
follows: GNP-alumina (25:75) shows a 1.66%-3.09% increase,
GNP-alumina (50:50) 1.99%-4.23%, GNP-alumina (75:25)
1.83%-3.42%, and mono-GNP 4.48%-5.62%. This highlights the
superior effectiveness of mono-GNP as a standalone additive for
enhancing TC in nanofluids.

Wang et al. (2021) compared the TC of mono nanofluids
composed of FesO4 and CNT, along with HNFs combining both,
over a temperature range of 10°C-40°C at a 0.5% volume
concentration. Among the mono nanofluids, FesOs dispersed
with  surfactants  showed varying TC  improvements:
FesOs~-TMAH had the highest increase (3.47%-5.43%), followed
by FesOa-TSC (2.48%-4.72%) and FesOas—Colace (1.47%-4.21%).
CNT mono nanofluids exhibited even greater enhancements, with
CNT-SDS achieving an 8.23% increase and CNT-GA a 7.54%
increase. Overall, CNT-based mono nanofluids outperformed
FesO4 mono nanofluids, particularly with the SDS surfactant. The
hybrid FesOs—CNT nanofluids, especially FesO4—CNT-SLS, showed
improved TC over FesO4 mono nanofluids, with a 5.78% increase,
but still lagged behind CNT mono nanofluids like CNT-SDS and
CNT-GA, indicating that while hybridization enhances the TC of
FesOa-based nanofluids, CNT mono nanofluids remain superior in
overall performance.

Critically, while many studies report significant improvements
in TC, few investigate the broader impact of these enhancements on
system-wide performance. For instance, increasing TC may not
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always translate directly to better overall heat transfer in real-world
applications, where factors such as fluid flow, pumping power, and
long-term stability play a role. Furthermore, the economic feasibility
of scaling up the use of graphene-based hybrids, particularly those
incorporating precious metals, remains a challenge. Studies focusing
on more cost-effective alternatives to platinum and silver, such as
copper or nickel, could provide a pathway to broader adoption.

Importantly, the superior TC of HNFs is not universal across all
compositions. Li et al. (2024) investigated the TC of hybrid graphene
oxide/silicon dioxide (GO/SiO2-DW) nanofluids and observed a
predictable increase in TC with rising nanoparticle concentration.
This aligns with the expectation that higher concentrations enhance
TC due to increased particle contact and improved heat transfer
pathways. The study also found that TC for both GO and GO-SiO2
nanofluids increased with temperature, likely due to enhanced
Brownian motion and particle interactions. Notably, a direct
comparison revealed that GO nanofluids outperformed GO-SiO2
counterparts at the same concentration and temperature. This
suggests that the addition of SiO2 may hinder the heat transfer
capabilities of GO, possibly due to increased interfacial thermal
Further
investigation into the impact of SiOz on the thermal behavior of
HNFs would be valuable.

Ahammed et al. (2016) experimentally analyzed the thermal

resistance or changes in nanoparticle dispersion.

characteristics of alumina, graphene, and HNFs, finding that
hybridizing graphene with alumina decreased TC. They reported
TC enhancements of 26.92% for graphene, 13.84% for the hybrid,
and 82% for alumina. This challenges the assumption that
hybridization improves TC, as the interaction between graphene
and alumina can disrupt thermal synergy due to alumina’s lower
intrinsic conductivity, leading to reduced heat transfer. Thus,
nanoparticle interactions in hybrids may be counterproductive
depending on the combination. Thus, in hybrid systems,
optimizing the ratio between different nanoparticles is critical. If
one nanoparticle acts as a thermal bottleneck, as suggested by
alumina’s impact on graphene, it could hinder the hybrid’s
overall effectiveness. These findings emphasize that while HNFs
hold promise, achieving consistent TC improvements requires
careful design and a thorough understanding of the interactions
at play. Table 1 summarizes the key findings on the TC of various
carbon-based HNFs.

In summary, while carbon-based HNFs, especially those
incorporating graphene or CNTs, show significant potential in
enhancing TC, there are critical challenges that must be
addressed. These include managing particle agglomeration at
higher concentrations, maintaining long-term stability, and
balancing cost-effectiveness. Comparisons between single and
HNFs consistently demonstrate the superior thermal performance
of hybrid systems. Still, future research should focus on mitigating
the drawbacks of increased viscosity and stability issues, particularly
for practical, large-scale applications.

2.2 Viscosity

While carbon-based HNFs exhibit substantial improvements in
TC, these enhancements often come at the cost of increased
viscosity, which can negatively impact flow and pumping power
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TABLE 1 Summary of the thermal conductivity results of carbon-based HNFs.

Authors

Hybrid

nanoparticle

Base fluid

Concentration
range

Temperature
(C)

10.3389/fenrg.2024.1509437

Thermal conductivity results

Kumar et al. (2024)

GO-MXene

Vanadium
electrolyte

0-0.1 wt%

15-45

1.57% and 6.81% enhancement for 0.01wt%
and 0.1 wt% HNF at 45°C, respectively

Li et al. (2024)

Kanti et al. (2024)

GNPs/Al20s

Red Mud (RM
(50:50)

)-GO

Oleic Acid

Water

GNPs: 0.1 wt%-0.4 wt%

Al20s: 1 wt%-4 wt%

0.1-0.75 vol%

30

60

A 10% GNP addition in the Al2Os HNF
resulted in the maximum enhancement of
12.84% at 4 wt%

Decrease in TC with increased addition of
GNP to 15%

Mono-GNP NF of 0.4wt% has a maximum
enhancement of 9.04%

0.75vol% HNF has the highest TC of 0.93 W/
mXK at 60°C

This HNF has a higher TC than mono RM
NF of 0.75 vol%

Jin et al. (2024)

GO/MXene (1:1)

Ethylene glycol
(EG)/water-based
(50:50)

0.01 wt%-0.3 wt%

20-60

TC increased with GO/MXene dosage

0.3 wt% HNF shows the greatest TC
improvement of 33.49% at 60°C

Alsangur et al. (2024)

Fez04/CNT, FesOa/
Graphene

Water

1-5 wt%

24

The TC of FesO4/Graphene is up to 2-3 times
more than that of FesO4/CNT

Under the external magnetic field effect, the
maximum TC enhancement results were
around 12% and 51% for 5 wt% of FesOa/
CNT-water and FesOa/Graphene-water,
respectively

Without an external magnetic field, TC
enhancement for the HNFs is 6.7% and
14.6% for FesO4/CNT-water and FesOa/
Graphene-water, respectively. at 5 wt%

Alfellag et al. (2024)

Sreekumar et al.
(2024)

CT-MWCNTSs/TiO2

MXene/Carbon-dot

Water

Water

0-0.1 wt%

0.01-0.2 wt%

30-50

20-60

TC increased with an increase in CT-
MWCNT proportion from 20:80 to 60:40,
and then it experienced a slight decrease for
the HNF ratio of 80:20

HNF 60:40 has the highest augmentation of
18.24% at 50°C

MXene has the highest TC enhancement
(50%) over water, followed by hybrid (42.2%)
and C-dot nanofluid (33.2%)

Ibrahim et al. (2024)

Al20s-MWCNT

Water

0.3 vol%

10-30

TC is enhanced by about 48.86% at a volume
concentration of 0.3%

Selvarajoo et al.
(2024)

Al205-GO (80:20)

Deionized water

0.25-1.0 vol%

30-50

4.30% higher HNF TC than Al20s, 4.34%
higher than GO

Al-Rabeeah et al.
(2024)

Singh et al. (2024)

Graphene-FesOa

Graphene-ZrO2

Water

Water

0.01%-0.2%

0.05%-0.125%

20-60

30°C-70°C

4.87% enhancement for 0.2% HNF at 20°C

The TC of the nanofluid is enhanced by
16.87% at 70°C with 0.125% Graphene-ZrOz
nanofluid

Srinivasan and
Ponnusamy (2024)

Kumar Kanti et al.
(2023)

Oxygen-functionalized
GNP-CuO

CuO-GO

Frontiers in Energy Research

DI water

Water

0.1 wt%

0.1-1 vol%

07

30-60

30-60

The 50:50 ratio of hybrid NFPCM had the
highest enhancement: 17.69% (liquid state)
and 30.75% (solid-state) compared to the
base PCM

HNFs with a higher proportion of GO
demonstrate greater TC enhancement than
those with more CuO

GO mono-NF has the highest augmentation
of 52.4% at 60°C for 1 vol%

(Continued on following page)
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TABLE 1 (Continued) Summary of the thermal conductivity results of carbon-based HNFs.

Authors

Hybrid

nanoparticle

Base fluid

Concentration
range

Temperature

(C)

10.3389/fenrg.2024.1509437

Thermal conductivity results

Razavi Dehkordi et al.

(2023)

WOs-nG

Liquid Paraffin

0.005%-5%

25-70

HNF (50:50) has a 48.3% enhancement at
1 vol% and 60°C

Increased with the increment of mass
fraction percentage and temperature,
optimum value observed at 5% and 70°C

Bao et al. (2023)

Kanti et al. (2023a)

MWCNT/SIiC

GO-MXene

Water

Water

10 ppm MWCNTs,
80 ppm SiC

0.5 vol%

25

25-60

TC is enhanced by 0.43% at 0.1 wt%
(10 ppm) of nanoparticles

GO mono-NF showed the highest TC
enhancement of 35.2% at 60°C

GO-MXene (80:20) HNF has a 33.9%
enhancement at 60°C

TC enhancement decreased with increasing
MXene concentration in the HNF

Virdaru et al. (2023)

Ag-rGO (50:50)

Water

0.05-0.1 wt%

20-50

10.69% enhancement at 0.1 wt% and 50°C

Kanti et al. (2023b)

GO-Al203 (20:80 and
50:50)

Water

0.1-1.0 vol%

30-60

GO NF has a higher TC than the HNFs when
compared with water

GO-Al20s HNF with 20:80 and 50:50 ratio
has an enhancement of 39.6% and 46.6%,
respectively, at 1.0 vol% and 60°C

Kumar Kanti et al.
(2023)

GO-CuO

Water

0.1-1.0 vol%

30-60

GO NF has a higher TC than the HNFs when
compared with water

GO-CuO HNF with 20:80 and 50:50 ratio has
an enhancement of 41% and 48.3%,
respectively, at 1.0 vol% and 60°C

Kanti et al. (2022)

GO-SiO2
GO-TiO2

Water

0.05-1.0 vol%

30-60

Mono GO NF has a higher TC (52.8%) than
the HNFs when compared with water

The HNFs have a TC enhancement of 43.0%
and 38.4% for GO-SiOz and GO-TiOz2 HNF
at 1.0 vol% and 60°C, respectively

The addition of GO to TiO2z and SiO2 NF
improves its TC

Virdaru et al. (2022)

Kanti and Maiya.
(2022)

GO-Si

GO/coal fly ash (CFA)

Water

Water

0-0.25 wt%

0.1-1.0 vol%

25-50

30-60

HNFs with a higher proportion of GO exhibit
greater TC enhancement than those with
more Si

0.8 GO- 0.2 Si HNF has the maximum
enhancement of 7.97% at 0.25 wt% and 50°C

GO mono NF has the highest TC increment
of 52.4% for 1 vol% at 60°C

Increased addition of GO in the HNF
increases TC

GOJ/CFA (50:50) and GO/CFA (30:70) HNF
have an increment of 45.6% and 41.3%,
respectively, at 60°C for 1.0 vol% relative to
the water

Shajan et al. (2021)

Siddiqui et al. (2021)

Balaji et al. (2021)

Al20s-GNP

Ag-Graphene

Graphene-MWCNT

Therminol® 55

Water

Water

0.01-0.1 wt% (GNP),
1.0 wt% (Al203)

0.10%

0.01%-0.2%

20-90

20-100

20-60

Higher HNF TC than mono NF

10.28% HNF TC enhancement compared to
TH55-Al203, 3.03% enhancement compared
to TH55-GNP

2%-8% enhancement for MR-2 SGHF from
20°C to 70°C

25% enhancement for 0.2%
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TABLE 1 (Continued) Summary of the thermal conductivity results of carbon-based HNFs.

Authors

Hybrid

nanoparticle

Base fluid

Concentration
range

Temperature
(°C)

10.3389/fenrg.2024.1509437

Thermal conductivity results

Bakhtiari et al. (2021) | TiO2-Graphene Water 0.005%-0.5% 25-75 Graphene mono NF has higher TC than TiO2
mono NF and the HNF
The HNF has a TC increase of 27.84% at a
volume fraction of 0.5% and 75°C compared
to the base fluid

Said et al. (2020) rGO coated over F-CNF | Water 0.04 vol% 25-55 Enhanced TC of 0.798 W/m.K at 55°C when
compared to mono NFs

Kazemi et al. (2020) Graphene-SiOz (70:30) = Water 0.05%-1% 25°C-50"C Maximum TC enhancement of 36.12% for
1 vol% HNF at 50°C

Moghadam et al. GO-TiO2 Water 0.05%-1% 20°C-50"C The TC of the nanofluid is enhanced by

2020 32.8% at 50°C with a 1% volume fraction

Soltani et al. (2020) WOs-MWCNTs Oil 0.05%-0.6% 20-60 Maximum TC enhancement of 19.5% with
HNF of 0.6% and 60°C

Kishore et al. (2020) | Cu-GNPs Water 0.01%-0.02% Up to 100 0.02% HNF has the largest TC enhancement
of 9.95% in comparison to distilled water

Taherialekouhi et al. | Graphene Oxide-Al20s | Water 0.1%-1% 25°C-50"C The TC of the nanofluid increased by 33.9%

(2019) at 1% volume fraction and 50°C

Rostami et al. (2019) | GO-CuO EG/Water (50:50) 0.1%-1.6% 25-50 A maximum enhancement of 43.4% was
observed at the highest volume fraction

Dalkilig et al. (2018) CNT-SiO2 Water 0.1-1 vol% 25-60 Maximum enhancement of 26.29% was
observed in TC.

Van Trinh et al. Gr-CNT Ethylene Glycol 0-0.07 vol% 30-50 The enhancement in TC is 18% and 50% at

(2018) 30°C and 50°C, respectively

Askari et al. (2017) FesOas-Graphene Water 0-1 wt% 20-40 Maximum TC enhancement of 32% for
1.0 wt% HNF at 40°C

Syam Sundar et al. GO-Co;30, Water 0.05%-0.2% 20-60 19.14% enhancement for 0.2% at 60°C

(2017)

Mehrali et al. (2017) | rGO-FesOa Water 0.5 wt% 10-40 TC of rGO-Fe;0, nanofluid enhanced up
to 11%

Sarbolookzadeh F-MWCNT - FesOa EG 0-2.3 vol% 25-50 Max TC augmentation of 30% for 2.3% HNF

Harandi et al. (2016) at 50°C

Yarmand et al. GNP-Pt Water 0-0.1 wt% 20-40 The HNF has a 17.77% enhancement at

(2016b) 0.1 wt% and 40°C

Yarmand et al. Activated Carbon - GO | EG 0.02%-0.06% 20-40 The enhancement of TC is 6.47% at 400 C

(2016a) and a weight fraction of 0.06%

Yarmand et al. (2015) | GNP-Ag Water 0.02%-0.1% 20-40 For 0.1% weight concentration of GNP-Ag,
the enhancement of TC is 16.94% at 20°C and
nearly 22.22% at 40°C

Shahsavar et al. CNT/FesOa Water 0.1-0.9 vol% FesOa 25-55 Increasing the proportion of CNT in the

(2015)

0-1.35 vol% CNT

HNF enhances TC

The HNF with 0.9% FesOas and 1.35% CNT
showed the greatest improvement of 45.41%
and 152.95% in TG, respectively, without and
with exposure to a 470 mT magnetic field

requirements. For instance, Kishore et al. (2020) investigated
copper-graphene HNFs, reporting a 9.95% increase in TC and a
13.83% rise in viscosity. While the TC improvement enhances heat
transfer, the higher viscosity can impede fluid mobility in
applications requiring high flow rates. This highlights the need to
balance thermal and rheological properties, as increased viscosity
may lead to greater frictional losses and higher operational costs due
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to the necessity for more powerful pumps, posing challenges in
optimizing HNFs for practical use. In a study by Said et al. (2021),
the enhancement in TC with increasing nanoparticle concentration
in water-based FesOas-coated MWCNT HNFs is counteracted by a
significant increase in viscosity. At 0.3% volume concentration, the
TC improved by 13.78% and 28.33% at 20°C and 60°C, respectively,
compared to water. However, this improvement is offset by a
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considerable rise in viscosity, which increased by 27.83% at 20°C and
50% at 60°C. In their 2024 study, Jin et al. (2024) investigated the
viscosity of GO/MXene nanofluids, finding that viscosity decreased
with increasing temperature, with a notable reduction of 33.33% at
60°C for a 0.3 wt% concentration due to enhanced Brownian motion
and larger void sizes between nanoparticles. However, higher
concentrations led to slight viscosity increases. At 60°C, viscosity
increments relative to the base fluid (EG/water) ranged from 1.49%
to 16.42%. While significant TC improvements were noted, the
increased viscosity could negatively impact fluid dynamics,
emphasizing the need to balance thermal and rheological
properties in HNF design to avoid excessive pumping power
requirements and efficiency loss.

Selvarajoo et al. (2024) comprehensively examined the thermal
properties of Al2Os-GO HNFs, focusing on dynamic viscosity
and TC at various temperatures and nanoparticle concentrations.
They found that increasing temperature significantly reduced the
dynamic viscosity of both hybrid and mono nanofluids, with the
base fluid viscosity decreasing from 0.82 mPa s to 0.57 mPa s
(approximately 30.6%) when the temperature rose from 30°C to
50°C. The 1.0% GO mono nanofluid exhibited the highest
viscosity reduction at 11.2%, while the 0.25% Al20s-GO HNF
showed a 6.07% decrease. At 30°C, the viscosity of the 0.25%
Al203-GO HNF was 2.69% higher than that of the 1.0% Al20s and
1.0% GO mono nanofluids. The viscosity difference between the
0.25% and 1.0% concentrations was 0.21 mPa s, or 20.7%,
indicating that lower-concentration HNFs tend to have higher
viscosities than mono nanofluids.

Syam Sundar et al. (2017) observed a significant increase in TC
for graphene oxide and CosO4 HNFs, with a 19.14% rise in water-
based and 11.85% in EG-based nanofluids at 0.2% concentration at
60°C. However, the viscosity also increased significantly by 1.7 times
in water and 1.42 times in, EG, posing challenges for flow efficiency.
This highlights a trade-off in HNFs, where improved heat transfer
comes at the cost of higher viscosity, which increases drag forces,
pumping costs, and system complexity.

Ilyas et al. (2023) conducted a comparative study on the viscosity
of graphene nanofluids and hybrid formulations with carbon
nanotubes (G + CNT) and carbon nanofibers (G + CNF).
Graphene nanofluids had the lowest viscosity, which increased
with concentration, while G + CNT HNFs showed the highest
viscosity across all concentrations, with G + CNF falling in
between. The higher viscosity of HNFs is attributed to the
complex particle interactions and denser network formations that
increase flow resistance. The study underscores the importance of
balancing viscosity and TC when selecting nanofluids for specific
applications.

However, in some cases, HNFs demonstrate lower viscosity
compared to their single nanofluid counterparts. For instance,
Borode et al. (2021) investigated the viscosity behavior of mono-
GNP nanofluids and GNP-alumina HNFs at 25°C. Mono-GNP
nanofluids showed a 10.53% viscosity increase compared to
distilled water, while GNP-alumina (75:25) HNFs had a lower
increase of 9.73%, and GNP-alumina (50:50) HNFs exhibited a
further reduced increment of 7.96%. The findings suggest that
combining GNP with alumina improves particle dispersion and
reduces inter-particle interactions, leading to better flow properties.
Thus, HNFs offer improved viscosity characteristics over single
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nanofluids, making them suitable for applications requiring
thermal efficiency and manageable viscosity.

Ranjbarzadeh et al. (2018) evaluated the viscosity of water/
graphene oxide-silicon oxide HNFs and water/graphene oxide
nanofluids at concentrations of 0.05%, 0.2%, and 0.8% over
temperatures of 20°C, 40°C, and 60°C. The HNF reduced
nanoparticle costs while enhancing viscosity compared to the
pure graphene oxide nanofluid. This increase was attributed to
graphene oxide’s plate-like structure, which provides a high
surface area and stronger fluid interactions. Silicon oxide’s
spherical shape, with a lower surface area, balanced the structure,
preventing excessive viscosity. These results highlight the benefits of
hybrid formulations in optimizing viscosity for different
applications.

Kumar and Sarkar (2020) compared the viscosities of mono
alumina and hybrid alumina-MWCNT nanofluids, revealing that
alumina nanofluids exhibited lower viscosity than hybrid
formulations, while mono MWCNT nanofluids had higher
viscosity than the hybrid. This is due to the spherical shape of
alumina nanoparticles, which promotes better dispersion and lower
viscosity. At the same time, MWCNTS’ elongated structure increases
viscosity due to greater surface area and fluid interaction. For
applications prioritizing flow, alumina nanofluids offer lower
viscosity, whereas MWCNTs enhance TC despite their higher
viscosity, requiring a balanced formulation to meet specific
thermal needs.

Kanti et al. (2023b) conducted a rheological study on nanofluids
containing GO and MXene to assess their viscosity behavior. The
nanofluids exhibited Newtonian characteristics, with viscosity
largely independent of shear rate, making them suitable for
consistent heat transfer applications. Figure 4 illustrates the effect
of temperature on the dynamic viscosity of various GO/MXene
nanofluid mixtures. Viscosity ~decreased with increasing
temperature due to reduced intermolecular forces and increased
nanoparticle mobility. At 25°C, viscosity enhancements relative to
water were 110.1% for GO, 96.6% for GO-MXene (80:20), and 21.3%
for MXene, with lower enhancements at 60°C. GO-based nanofluids
showed the highest viscosity, while MXene reduced viscosity, likely
due to its smoother edges acting as lubricants, offering an optimal
balance between TC and manageable viscosity.

Borode et al. (2024) found that the viscosity of HNFs decreases
with an increase in the mixing percentage of GNP. The study
showed that hybridizing Fe20s nanofluid with GNP results in a
reduction of viscosity. This reduction occurs because GNP acts as
spacers between Fe20Os nanoparticles, preventing their aggregation
and enhancing the fluidity of the nanofluid. The size and shape of
GNP, which allow it to move more freely in the base fluid, further
contribute to the decrease in viscosity. This synergistic effect
between Fe20s and GNP leads to improved fluid dynamics
in the HNF.

Shajan et al. (2021) examined the viscosity behavior of various
nanofluids, including Al2Os and GNP, as well as their hybrid
formulations. They found that viscosity decreases with increasing
temperature for both mono and hybrid nanofluids, with a reduction
of 91.17%-84.5% as the temperature rose from 20°C to 90°C.
However, higher nanoparticle concentrations increased dynamic
viscosity due to enhanced Van der Waals interactions between
GNP  mono-nanofluids

fluid molecules and nanoparticles.
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FIGURE 4

Viscosity of different GO/MXene nanofluid mixtures relative to temperature (Kanti et al,, 2023b).

exhibited higher viscosity than Al20s, indicating that excessive GNP
concentrations could be detrimental, leading to higher pressure
drops and pumping power requirements. The relative viscosity of
the HNF(TH55-GNP/Al20s) was notably higher at elevated
temperatures, possibly due to particle clustering or increased
Brownian motion, showing a viscosity enhancement of 66.69%
compared to pure TH55 oil at 20°C, significantly surpassing the
increases seen in mono-nanofluids.

Alfellag et al. (2024) investigated the effects of mixing ratios and
temperature on the viscosity of CT-MWCNTSs-TiO2/DW HNFs.
They found that viscosity decreases with increasing temperature,
with the highest viscosity of 0.87 mPa s at 30°C for the 80:20 mixing
ratio and the lowest of 0.645 mPa s at 50 “C for the 20:80 ratio.
Increasing the MWCNT content in the mixing ratio led to higher
viscosity due to the formation of network structures that hinder
flow, as MWCNTs have a higher aspect ratio compared to spherical
TiOz particles. The single CT-MWCNTs/DW nanofluids exhibited a
30.9% viscosity increase at 50°C, attributed to the cylindrical shape of
MWCNTs, while TiO2/DW nanofluids showed the lowest increase
of 4.2% at 30 °C. Moderate increases in viscosity were observed in
HNFs with rising temperature and mixing ratio, particularly in the
80:20 ratio due to the higher MWCNT content.

These observations indicate that the choice of single particles in
HNFs is critical as it directly influences the resulting thermophysical
properties. The combination of different nanoparticles can lead to
synergistic effects, potentially enhancing TC beyond what is
achievable with single nanofluids. However, it’s also evident that
these synergistic effects are not guaranteed, and the specific
combination and proportion of nanoparticles can significantly
impact the final properties. Also, exceeding certain concentration
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thresholds or using non-optimal mixing ratios can lead to
detrimental effects, such as increased viscosity or decreased TC,
highlighting the importance of careful selection and optimization of
nanoparticle combinations in HNFs. Table 2 summarizes the key
findings on the viscosity of various carbon-based HNFs.

In conclusion, while carbon-based HNFs offer substantial TC
enhancements, their increased viscosity poses a significant
challenge. Many studies show that HNFs typically suffer from
higher viscosity compared to single-component nanofluids, which
can reduce their effectiveness in systems where fluid mobility is
crucial. Future research should focus on finding ways to mitigate
such surface

viscosity increases,

modification, the use of advanced stabilizers, or optimizing

as through nanoparticle
nanoparticle concentrations. Furthermore, long-term studies are
needed to explore the stability of these fluids under varying
operational  conditions, in where

particularly systems

temperature, shear stress, and fluid flow rates fluctuate.

2.3 Specific heat capacity

Specific heat capacity (Cp) is a key thermophysical property that
influences the ability of a nanofluid to store and transfer thermal
energy. In the case of carbon-based HNFs, the addition of
nanoparticles typically results in a decrease in SHC compared to
the base fluid, as the solid particles generally have lower specific heat
than the fluid. This reduction can offset some of the benefits gained
from enhanced TG, as it limits the fluid’s ability to absorb and store
heat. For instance, Yarmand et al. (2016b) investigated the SHC of
GNP-Pt HNFs. They found that the SHC decreased by 6.26% at a
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TABLE 2 Summary of the viscosity results of carbon-based HNFs.

Authors

Hybrid

nanoparticle

Base fluid

Concentration

range

Temperature
(C)

10.3389/fenrg.2024.1509437

Viscosity results

Kumar et al. (2024)

GO-MXene (90:10)

Vanadium
electrolyte

0-0.1 wt%

15-45

14.5% and 10% increase for 0.1 wt% HNF at
15°C and 45°C, respectively

Alfellag et al.
(2024)

CT-MWCNTSs/TiO2

Water

0-0.1 wt%

30-50

Increasing the CT-MWCNT proportion in the
HNF gradually increased the dynamic viscosity
of the hybrid nanofluid

The highest viscosity of 0.87 mPa s was
observed for the mixing ratio of 80:20 at 30°C,
while the lowest value of 0.645 mPa s was
recorded for the 20:80 mixing ratio at 50°C

Huminic et al.
(2024)

Ag NPs-rGO

Water/Ethylene
Glycol

0.050-0.10 wt%

20-50

The maximum increase in viscosity was
2.33 times (approx. 24%) at 293.15 K and
0.10 wt%

Kanti et al. (2024)

Jin et al. (2024)

Selvarajoo et al.
(2024)

RM-GO (50:50)

GO/MZXene (1:1)

Al203-GO (80:20)

Water

Ethylene glycol
(EG)/water-based
(50:50)

Deionized water

0.1-0.75 vol%

0.01 wt%-0.3 wt%

0.25-1.0 vol%

60

20-60

30-50

Increased with increasing hybrid NP
concentration

0.75vo0l% HNF has the highest viscosity of
0.728 mPa.S at 60°C

Mono RM NF of 0.75 vol% has the lowest
viscosity compared to all the HNFs

Viscosity slightly increased with GO/MXene
dosage

0.3 wt% HNF shows the greatest TC
improvement of 16.42% at 20°C

4.6% reduction compared to deionized water

Al-Rabeeah et al.
(2024)

Graphene-FesOa

Water

0.01%-0.2%

20-60

59% decrement for 0.2% HNF from 20°C
to 60°C

Srinivasan and
Ponnusamy (2024)

Oxygen-functionalized

GNP-CuO

DI water

0.1 wt%

20

Hybrid NFPCMs, especially with higher CuO
ratios, showed greater viscosity enhancement

O'f-GNPs - CUO (25:75) HNF-PCM has the
highest viscosity increase of 15.2% at 20°C

Mono O*f-GNPs have a lower viscosity
increment than single CuO NFs and HNFs

Li et al. (2024)

GNPs/AI20s

Oleic Acid

GNPs: 0.1 wt%-0.4 wt%

Al20s: 1 wt%-4 wt%

30

The viscosity of the nanofluid increases as the
concentration and the proportion of GNPs
increase from 0%-10%

An increase of 10%-15% reduces the viscosity
due to poor dispersion

Virdaru et al.
(2023)

Ag-rGO

Water

0.05%-0.1 wt%

20°C-50"C

The viscosity of Ag-rGO/water hybrid
nanofluids increased by approximately 13%
with 0.1 wt% and at 50°C

17.38% maximum increase at 0.1 wt% and 20°C

Kanti et al. (2023b)

GO-Al0s

Water

0.1-1.0 vol%

30-60

Mono GO NF has a higher viscosity increment
than the HNFs, while that of Al2Os NF is lesser

47.5% and 101% viscosity increase at 1.0 vol%
and 30°C for 20:80 and 50:50 HNFs,
respectively

Kumar Kanti et al.
(2023)

CuO-GO

Water

0.1-1 vol%

30-60

GO mono-NF has the highest viscosity
increment of 177% at 30°C for 1 vol%

HNFs with a higher proportion of GO exhibit
greater viscosity enhancement than those with
more CuO
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TABLE 2 (Continued) Summary of the viscosity results of carbon-based HNFs.

Authors

Hybrid

nanoparticle

Base fluid

Concentration
range

Temperature
(°C)

10.3389/fenrg.2024.1509437

Viscosity results

Kanti et al. (2023a)

GO-MXene

Water

0.5 vol%

25-60

HNF (50:50) and (20:80) have a 115.3% and
55.2% increase at 1 vol% and 30°C, respectively

GO mono-NF showed the highest viscosity
enhancement of 110.1% at 25°C and 94.8%
at 60°C)

96.6% increase for GO-MXene (80:20) HNF at
25°C viscosity enhancement decreased with
increasing MXene concentration in the HNF

Kanti and Maiya
(2022)

Kanti et al. (2022)

GO/coal fly ash (CFA)

GO-SiO2

GO-TiO2

Water

Water

0.1-1.0 vol%

0.05-1.0 vol% (50:50)

30-60

30-60

GO mono NF has the highest viscosity
increment of 177% for 1 vol% at 30°C

Adding CFA to GO NF reduces the HNF
viscosity

GO/CFA (50:50) and GO/CFA (30:70) HNF
have an increment of 152% and 113%,
respectively, at 30°C for 1.0 vol% relative to the
water

Mono GO NF has a higher viscosity increment
(175%) than the HNFs, while those of mono
TiO2 and SiO2 NFs are lesser

HNFs show a maximum viscosity increment of
130.3% and 144% for GO-SIO2 and GO-TiO2
HNF at 1.0 vol% and 30°C, respectively

Shajan et al. (2021)

Al20s-GNP

Therminol” 55

0.01-0.1 wt% (GNP),
1.0 wt% (Al20s)

20-90

66.69% maximum increase found for the
viscosity of 0.1 wt% GNP- 1.0% Al-20s HNF
at 20°C

Kishore et al.
(2020)

Said et al. (2020)

Kazemi et al.
(2020)

Cu-GNPs

rGO coated over
F-CNF

Graphene-SiO2

‘Water

‘Water

Water

0.01%-0.02%

0.04 vol%

0.05%-1%

Up to 100

25-55

25°C-50"C

The viscosity of 0.02% hybrid nanofluid is
enhanced by 13.5% in comparison to the
distilled water

Mono NFs have a higher viscosity than
the HNF

At 20°C and 0.02 vol%, the viscosity increased
by over 15.2% (CNF), 12.5% (F-CNF), 7.2%
(rGO), and 6.3% (F-CNF/rGO)

The viscosity of the hybrid nanofluids is
between the viscosity of mono nanofluids, while
Graphene/Water mono-nanofluid samples
have the highest value

The G-SiO2 (30%-70%)/Water hybrid
nanofluid has a higher viscosity than SiO2/
Water mono-nanofluid

Syam Sundar et al.
(2017)

GO-Co30,

‘Water

0.05%-0.2%

20-60

1.70-times enhancement for 0.2% at 60°C

Yarmand et al.
(2016a)

GNP-Pt

Water

0-0.1 wt%

20-40

The HNF has a 33% increase at 0.1 wt%
and 40°C

Yarmand et al.
(2016a)

ACG

EG

0.02%-0.06%

20-40

The viscosity increases nonlinearly with an
increase in ACG weight concentration

0.06 wt% HNF has the highest increment
of 4.16%

Yarmand et al.
(2015)

GNP-Ag

Water

0.02%-0.1%

20-40

Viscosity increases by about 30% for 0.1%
weight concentration of nanofluids compared
to the viscosity of the base fluid at 40°C
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concentration of 0.1 wt% compared to the base fluid. While the
decrease was not drastic, it highlighted a common challenge in using
HNFs—the trade-off between enhancing TC and maintaining heat
storage capacity. The decrease in specific heat may affect the
efficiency of systems that require high energy storage capabilities,
such as solar thermal systems or thermal energy storage units.

Huminic et al. (2024) found that the specific heat of Ag NPs-
rGO/W + EG HNFs decreases with increasing nanoparticle
concentration but rises with temperature. At 293.15 K, specific
heat dropped by 5.97%, 6.57%, and 6.94% for concentrations of
0.05%, 0.075%, and 0.10%, respectively. Similar reductions occurred
at 323.15 K, with reductions of 5.70%, 6.11%, and 6.54%. Said et al.
(2021) reported a similar trend for FesOas-coated MWCNT
nanofluids, where specific heat increased with temperature but
decreased at higher nanoparticle volumes, with a 0.55% drop at
0.6 vol%. These trends are consistent across studies.

Kanti et al. (2023a) compared the SHC of mono NFs and HNFs,
finding that HNFs, combining GO and MXene, offer better SHC
performance than mono NFs. At 25°C, GO has an SHC of
3750 J/kg.K, while MXene is higher at 3946 J/kg.K. The GO-
MXene (50:50) hybrid reaches 3814 J/kg.K, demonstrating an
intermediate but rising trend with increased MXene content. At
60°C, SHC values follow the same pattern, with GO at 3832 J/kg.K,
MXene at 4085 J/kg.K, and the hybrid at 3955 J/kg.K. This synergy,
attributed to enhanced fluid molecule vibration and surface energy
from MZXene, makes HNFs more effective for heat absorption,
especially at higher temperatures.

Gao et al. (2021) found that increasing the nanoparticle mass
fraction reduced the SHC of GO-Al20Os HNFs, with decreases of
4% and 7% at 0.05 wt% and 0.15 wt% at 20°C, respectively. At
70°C, reductions were smaller (1% and 0.5%), indicating that
temperature had a more significant impact on SHC than
nanoparticle concentration. HNFs with a 1:1 ratio of Al20s
and GO showed a 1.33% higher SHC than single nanofluids at
20 °C due to the complementary properties of the nanoparticles.
Similarly, Shajan et al. (2021) observed that the SHC of TH55-
based mono and hybrid nanofluids decreased with higher
nanoparticle concentrations and temperatures. At 100°C,
alumina (1.0 wt%) and GNP (0.1 wt%) mono-nanofluids
exhibited SHC reductions of 2.18% and 3.83%, respectively,
with GNP having a stronger effect due to its higher TC. For
HNFs, GNP concentrations of 0.01, 0.05, and 0.1 wt% resulted in
SHC reductions of 3.25%, 4.86%, and 6.11% at 100°C,
highlighting the nanoparticles’ role in enhancing heat transfer.

Tiwari et al. (2023) studied the effects of temperature,
nanoparticle size, and concentration on the SHC of three HNFs:
CuO + MWCNT, MgO + MWCNT, and SnO2+MWCNT, each in a
water base. The results indicated that increasing nanoparticle
concentration decreases SHC, as nanoparticles generally have
lower SHC than deionized water. However, SHC increases with
temperature due to enhanced thermal vibrations. For instance, the
CuO + MWCNT HNF showed reduced SHC as the volume fraction
increased from 0.25% to 1.50%, while SHC rose with temperature
from 25°C to 50°C. Smaller nanoparticles (20 nm) resulted in a
greater decrease in SHC compared to larger ones (50 nm) due to
surface phonon softening. At 1.50% concentration, SnO2+MWCNT
exhibited the greatest SHC reduction (13.23%), followed by CuO +
MWCNT (12.84%) and MgO + MWCNT (15.09%).
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Critically, while many studies highlight the decrease in SHC with
the introduction of carbon-based hybrid nanoparticles, only a few
address how this impacts the overall efficiency of heat transfer
systems in real-world applications. Notably, while reduced SHC
may not significantly affect systems designed purely for rapid heat
dissipation, such as cooling systems in electronics, it could hinder
performance in thermal energy storage applications. Systems like
solar thermal collectors, which depend on high heat storage to
capture and store solar energy for extended periods, could see
reduced efficiency when using HNFs with lower specific heat
capacities.

In conclusion, while carbon-based HNFs generally exhibit lower
specific heat capacities than their base fluids, the extent of this
reduction varies depending on the type of nanoparticles used and
their concentration. HNFs offer superior TC, but their reduced heat
storage capacity may limit their effectiveness in certain applications.
Future research should focus on optimizing the balance between TC
and specific heat, potentially through the use of non-metallic
additives or advanced nanoparticle surface treatments. Moreover,
it is essential to evaluate the long-term performance of these fluids in
real-world conditions, especially in systems where both heat transfer
and storage are critical.

2.4 Density

Density is a critical thermophysical property of nanofluids,
affecting their performance in heat transfer systems. The
introduction of carbon-based hybrid nanoparticles typically
increases the nanofluid’s density due to the nanoparticles’ higher
density than the base fluid. This increase can impact essential
performance aspects such as pumping power, pressure drop, and
energy efficiency, especially in applications requiring fluid
circulation.

Early research by Yarmand et al. (2015) observed a slight linear
increase in the density of distilled water with added nanoparticles,
showing a 0.09% increase at a 0.1% nanoparticle fraction and 40°C.
Although minimal, this rise can affect mass flow rates in heat
transfer systems and may lead to increased energy consumption
in pressure-dependent circulation systems. Huminic et al. (2024)
found that adding Ag NPs and rGO to water-ethylene glycol
mixtures increased density by 5.58%-5.98% for concentrations of
0.05%-0.10%. Similarly, Said et al. (2021) reported a density increase
of 4.56%-4.84% at 0.6 vol%.

While increased TC is a primary focus of nanofluid research, the
density increase associated with hybrid nanoparticles presents
challenges in practical applications. Higher density affects fluid
dynamics and raises the energy needed for circulation, leading to
higher operational costs. Syam Sundar et al. (2017) noted that the
increased density in graphene oxide-CosO4 HNFs resulted in a more
significant pressure drop, requiring additional energy for fluid flow.

Despite these challenges, the increased density can benefit
applications requiring higher mass flow rates for enhanced heat
transfer, potentially improving the heat transfer coefficient.
However, higher density can be limiting in systems needing low
pressure and minimal pumping power. Future research should
optimize nanoparticle combinations and concentrations to reduce
density increases while maximizing thermal performance.
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In conclusion, while the increased density of carbon-based
HNFs presents challenges, it also offers opportunities. Balancing
TC improvements with manageable fluid dynamics is crucial. Future
studies should explore methods to mitigate density impacts, such as
using less dense materials, novel nanoparticle shapes, or optimized
concentrations, to maximize the potential of HNFs in industrial heat
transfer applications.

3 Heat transfer application of carbon-
based HNF in solar thermal systems

3.1 Flat plate solar collectors

Flat plate solar collectors are a simple and common way to
harness the sun’s energy. They use a dark, flat surface to absorb
sunlight and transfer the heat to a fluid, typically water, flowing
through tubes within the collector. This heated fluid can be used for
various purposes, such as domestic hot water or space heating.
Figure 5 illustrates the components and structure of a typical flat-
plate solar collector.

The quest for improved thermal efficiency in FPSCs has spurred
extensive research into utilizing HNFs, which combine multiple
types of nanoparticles to optimize heat transfer properties. These
advanced fluids are increasingly recognized for their ability to
enhance thermal performance compared to conventional heat
transfer fluids. Hussein et al. (2020) investigated the thermal
performance of an FPSC using a water-based HNF formulated
with functionalized MWCNT (CF-MWCNTSs), functionalized
GNPs (CF-GNPs), and hexagonal (h-BN)
nanoparticles. The nanoparticle concentrations were varied at
0.05 wt%, 0.08 wt%, and 0.1 wt%, with experiments conducted
across a temperature range of 20°C-60°C. The results revealed that
the 0.1 wt% HNF demonstrated the highest TC, increasing by 64% at
60°C compared to water. At this concentration, the HNF also

boron nitride

achieved the highest thermal efficiency, peaking at 85% at a flow
rate of 4 L/min, representing a 20% improvement over the base fluid.
The study concluded that using the HNF significantly improved the
performance of the solar collector, highlighting its potential for solar
thermal applications.

Ahmed et al. (2022) examined the influence of a water-based
HNF on the thermal efficiency of a FPSC. The HNF was composed
of chemically functionalized carbon nanotubes (CF-CNTs) and
hexagonal boron nitride (hBN) nanoparticles in a 40:60 ratio.
The study evaluated nanoparticle weight concentrations of
0.05 wt%, 0.08 wt%, and 0.1 wt% across a temperature range of
20°C-60°C to determine the thermal performance. The results
indicated that the 0.1 wt% HNF achieved the highest TC, with a
34.36% improvement at 60°C compared to distilled water.
Furthermore, the FPSC reached its maximum thermal efficiency
of 87% when utilizing the 0.1 wt% HNF at a flow rate of 4 L/min. The
study concluded that this HNF offers considerable potential as a
FPSC applications,
improvements in thermal efficiency.

Verma et al. (2018) studied the effects of HNFs on FPSC
performance using HNFs made of CuO and MgO nanoparticles
combined with MWCNTs in a water base at an 80:20 weight ratio.
The nanoparticle volume concentration ranged from 0.25% to 2.0%,

working  fluid for providing notable
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and flow rates varied from 0.5 to 2.0 L per minute. Results indicated
that increased nanoparticle concentration enhanced TC and raised
fluid viscosity. The optimal conditions were a particle concentration
of 0.75%-1.0% and a mass flow rate of 0.025-0.03 kg/s, resulting in
exergy and energy efficiencies of 71.54% and 70.55% for the MgO
HNF and 70.63% and 69.11% for the CuO HNF, with the MgO HNF
showing superior performance.

Lee et al. (2020) studied the performance of water and a binary
nanofluid made from MWCNTs and FesOa ferrofluid nanoparticles
in a flat plate and vacuum tube solar collectors. They tested various
mixing ratios at mass fluxes of 420 kg/s-m” and 598 kg/s:m”. Figure 6
shows the efficiency of two different solar collectors changes at
various HNF concentrations and mass fluxes. The optimal mixture,
containing 0.005 vol.% MWCNT and 0.01 vol.% FesOa, improved
FPSC efficiency by 17.6% compared to water and 24.9% in vacuum
tube collectors. Increasing mass flux from 420 to 598 kg/s-m” further
enhanced efficiency by 7.8% for FPSCs and 8.3% for vacuum tubes.
The study concluded that the binary nanofluid significantly
enhances solar collector performance, especially in vacuum
tube systems.

Lee et al. (2021) investigated various nanofluids in FPSC, VUSC,
and HPSC solar collectors, testing single nanofluids (Al20s, SiOz,
CuO, MWCNT, and Fes0a) and binary nanofluids (MWCNT/CuO
and MWCNT/Fes0a4) at 0.06, 0.08, and 0.1 vol% concentrations with
a constant mass flow rate of 0.047 kg/s. MWCNT showed the highest
efficiency across all collectors. The FPSC had the smallest error
margin compared to experimental data, while the HPSC had the
largest. Binary nanofluids improved collector efficiency significantly,
with enhancements of 2%-50% for FPSCs, 3%-7% for VUSCs, and
2%-4% for HPSCs, with MWCNT/CuO outperforming MWCNT/
FesOa. Higher concentrations correlated with increased efficiencies.
The study concluded that binary nanofluids, especially MWCNT/
CuO, are more effective for enhancing solar collector efficiency than
single nanofluids.

Henein and Abdel-Rehim (2022) studied the impact of MgO/
MWCNT HNF on the thermal performance of ETSCs, using weight
ratios of MgO to MWCNTs (80:20, 70:30, 60:40, and 50:50) at a
constant concentration of 0.02% and flow rates of 1, 2, and 3 L/min.
Results showed that energy and exergy efficiencies improved with
higher MWCNT ratios and flow rates, with a maximum energy
efficiency increase of 55.83% and exergy efficiency rise of 77.14% at
the 50:50 ratio. Increasing MWCNT content from 20% to 30%
significantly enhanced collector efficiency. The study concluded that
the MgO/MWCNT (50:50) HNF outperformed other combinations,
highlighting its potential to enhance ETSC efficiency and advance
solar thermal technologies.

Saleh and Sundar (2021) examined the performance of HNFs
made from MWCNTSs and FesOa in a solar flat plate collector with
thermosyphon circulation. Conducting experiments at flow rates of
0.1-0.75 L/min and HNF concentrations of 0.05%-0.3%, they
observed a 28.46% increase in TC at 0.3% concentration and
60 °C compared to pure water. Viscosity rose by 50.4%, affecting
flow behavior, while the Nusselt number improved by 18.68% and
the heat transfer coefficient by 39.22%. The friction factor increased
by 18.91%, indicating higher flow resistance, and collector thermal
efficiency improved by 28.09% at 0.3% concentration. This study
highlights the potential of MWCNTSs and FesOs HNFs to enhance
solar flat plate collector performance.
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Components and structure of a typical flat plate solar collector (Hawwash et al., 2018).

While numerous studies have demonstrated significant
enhancements in thermal efficiency through the use of HNFs in
FPSC, Huq et al. (2023) examined the stability and thermal
performance of a HNF combining GNP and GO at various mass
ratios (10:0, 7:1, 6:2, 4:4, and 0:10) while maintaining a total
concentration of 0.1 wt%. The 4:4 GNP to GO ratio exhibited
the best stability, retaining over 90% concentration after 1 month
in static conditions but only 66% after 5 days in actual FPSC flow.
Despite this stability, none of the HNFs significantly improved
thermal efficiency compared to water. The study concluded that
the tested HNFs were unsuitable for the FPSC design used,
highlighting the importance of tailoring nanofluid formulations
to specific solar collector configurations.

Moreover, a host of studies have highlighted the promising
potential of employing HNFs in conjunction with innovative
turbulators to improve the thermal performance of FPSC
significantly. Negeed et al. (2023) investigated the performance of
a FPSC using HNF made of Cu and GO in water, with nanoparticle
volume fractions from 1% to 4%. They also employed a turbulator
with varying geometric shapes and pitch ratios (y) from 0.5 to 2. The
turbulator significantly enhanced the average Nusselt number
(Nuave) and heat transfer performance, particularly at higher
Reynolds numbers and nanoparticle concentrations, despite
increasing pressure drop (Ap). Energy efficiency improved with
Reynolds number and concentration, while exergy efficiency rose
with Reynolds numbers but decreased at higher pitch ratios. The
study concluded that the HNF and turbulator combination
enhances the thermal-hydraulic
efficiency of FPSCs,
applications.

Ibrahim et al. (2022) examined the impact of twisted turbulators

performance and exergy

showing potential for solar thermal

on the energy and exergy efficiencies and hydraulic performance of
solar collectors using single-walled carbon nanotube-copper
(SWCNT-Cu) HNFs in water, with concentrations of 1%-3%.
They found that the average Nusselt number (Nu) increased with
Reynolds numbers (Re) and volume fractions (¢). A twisted
turbulator with a pitch ratio (PR) of 4 enhanced Nu by 74.95%

Frontiers in Energy Research

at a 3% volume fraction and Re of 36,000. Thermal hydraulic
performance (THP) remained above 1, indicating significant
improvements. Energy efficiency rose by 41.75% with a PR of
4 at Re from 7,000 to 28,000, while exergy efficiency improved
by 33.09% with a PR of 1 at Re from 9,000 to 36,000, demonstrating
the effectiveness of twisted turbulators and HNFs in enhancing solar
thermal performance.

Ibrahim et al. (2021) studied two-phase water-Al2Os-MWCNT
HNFs with 30% MWCNTs and 70% AlOs at 1%-3%
concentrations. Exergy efficiency increased with Re and volume
fractions, with the lowest efficiency at Re of 5,000 and 0.01 volume
fraction. At Re of 20,000 and a 0.03 volume fraction, increasing
turbulator height from 5 mm to 20 mm reduced exergy efficiency by
16.04%. In a collector with a 5 mm turbulator height and a torsion
ratio of 0.25, exergy efficiency decreased by 7.63% compared to a
ratio of 0.05. These results underscore the need to optimize
turbulator design for improved exergy efficiency in solar
collectors using HNFs.

Khetib et al. (2022) investigated innovative turbulator
geometries (TIG) combined with DWCNTs and TiOz in water-
based HNFs at concentrations of 1%-3%. Results showed a
significant increase in the average Nusselt number (Nu,y) with
higher Re and volume fractions (¢). At Re of 28,000% and 3%
volume fraction, TIG with a pressure ratio of 4 led to a 63.46%
increase in Nu,,.. Performance evaluation criteria (PEC) exceeded 1,
indicating enhanced performance. Energy efficiency improved by
22.19% as Re rose from 7,000 to 28,000 at pressure ratio of 4, while
exergy efficiency improved by 23.26% under similar conditions with
pressure ratio of 1, highlighting the potential of innovative
turbulator geometries and HNFs in solar collector applications.

Nabi et al. (2022) studied heat transfer enhancement in FPSCs
using turbulence-inducing elements and HNFs with SWCNTs and
CuO or MWCNTs and CuO at concentrations of 1%-5%. The
turbulence elements significantly increased the heat transfer
coefficient (HTC) due to improved mixing and contact area with
the collector. The third configuration achieved the highest HTC,
with increases of about 31% across Reynolds numbers (Re) from
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TABLE 3 Summary of Key findings on the performance of carbon-based HNFs in FPSC.

Authors

Hybrid nanoparticle

Concentration
range

10.3389/fenrg.2024.1509437

Findings

Hussein et al. (2020)

f-MWCNTs, f-GNPs, h-BN

Water

0.05 wt%, 0.08 wt%, 0.1 wt%

0.1 wt% HNF increased TC by 64% at 60°C

thermal efficiency peaked at 85% at 4 L/min flow rate (20%
improvement over base fluid)

Ahmed et al. (2022)

Verma et al. (2018)

CF-CNTs, hBN (40:60 ratio)

CuO/MWCNTs (80:20), MgO/
MWCNTs (80:20)

Water

Water

0.05 wt%, 0.08 wt%, 0.1 wt%

0.25-2.0 vol%

0.1 wt% HNF improved TC by 34.36% at 60°C

maximum thermal efficiency of 87% at 4 L/min flow rate

Increased nanoparticle concentration enhanced TC and
viscosity

optimal conditions: 0.75%-1.0% concentration, 0.025-0.03 kg/
s flow rate, resulting in exergy and energy efficiencies of 71.54%
and 70.55% for MgO HNF, and 70.63% and 69.11% for
CuO HNF.

Lee et al. (2020)

MWCNTSs, FesOa

Water

0.005 vol% MWCNT, 0.01 vol
% FesOa

Optimal mixture improved FPSC efficiency by 17.6%
compared to water

increasing mass flux from 420 to 598 kg/s-m” further enhanced
efficiency by 7.8%

Lee et al. (2021)

MWCNT/CuO,
MWCNT/FesOa

Water

0.06, 0.08, 0.1 vol%

MWCNT showed the highest efficiency; binary nanofluids
improved collector efficiency by 2%-50%

MWCNT/CuO outperformed MWCNT/FesOa

Henein and
Abdel-Rehim (2022)

Saleh and Sundar
(2021)

MgO/MWCNTs (various ratios)

MWCNTs, FesOa

Water

Water

0.02 wt%

0.05%-0.3%

Energy and exergy efficiencies improved with higher MWCNT
ratios and flow rates; MgO/MWCNT (50:50) HNF showed the
best performance

The enhancement in the energy and exergy efficiencies of the
collector is 55.83% and 77.14%, respectively, for MgO/
MWCNT (50:50) hybrid nanofluid

28.46% increase in TC at 0.3% concentration and 60°C;
viscosity increased by 50.4%; Nusselt number improved by
18.68%

The heat transfer coefficient improved by 39.22%, the friction
factor increased by 18.91%, and the collector thermal efficiency
enhanced by 28.09% at 0.3% concentration

Hugq et al. (2023)

GNP, GO (various ratios)

Water

0.1 wt% total

4:4 GNP to GO ratio exhibited the best stability; none of the
HNFs significantly improved thermal efficiency

Negeed et al. (2023)

Cu, GO

Water

1-4 vol%

Turbulator enhanced Nu,,. and heat transfer; energy efficiency
improved with Reynolds number and concentration; exergy
efficiency increased with Reynolds numbers but decreased at
higher pitch ratios

Ibrahim et al. (2022)

SWCNT-Cu

Water

1-3 vol%

Nu increased with Re and ¢; twisted turbulator with PR of
4 enhanced Nu by 74.95%

energy efficiency increased by 41.75%; exergy efficiency
improved by 33.09%

Ibrahim et al. (2021)

Khetib et al. (2022)

ALOs-MWCNT (70:30)

DWCNTs, TiO2

Water

Water

1-3 vol%

1-3 vol%

Exergy efficiency increased with Re and volume fractions

turbulator height and torsion ratio impacted exergy efficiency

Nu,,. increased with Re and ¢; TIG with PR of 4 increased
Nu,,. by 63.46%

energy efficiency improved by 22.19%; exergy efficiency
enhanced by 23.26%

Nabi et al. (2022)

SWCNTs-CuO,
MWCNTs-CuO

Water

1-5 vol%

Turbulence elements increased HTC; HNFs outperformed
water; SWCNT-CuO/water and MWCNT-CuO/water hybrids
increased HTC by 8% and 4.1% at Re 10,000; 5.16%
improvement in thermal efficiency with SWCNT-CuO at 1%
concentration
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TABLE 3 (Continued) Summary of Key findings on the performance of carbon-based HNFs in FPSC.

Authors Base

fluid

Hybrid nanoparticle

Concentration

Findings

range

Elshazly et al. (2022) MWCNT/ALOs Water

0.005%, 0.01%, 0.025%,

and 0.05%

4,000 to 10,000. The HNFs outperformed pure water, with HTCs for
SWCNT-CuO/water and MWCNT-CuO/water hybrids rising by
8% and 4.1% at Re 10,000, respectively. Higher concentrations of
SWCNT-CuO increased both HTC and friction factor, with a 5.16%
improvement in thermal efficiency observed at 1% concentration
and Re 6,000 compared to non-HNFs. This research highlights the
effectiveness of turbulence-inducing elements and HNFs in
enhancing solar thermal systems.

The literature survey highlights the thermal performance
improvements offered by HNFs in FPSCs, emphasizing various
nanoparticle combinations and concentrations that enhance TC
and efficiency. Hussein et al. (2020) reported a 64% increase in TC
with a 0.1 wt% HNF, achieving 85% thermal efficiency. However,
these enhancements are contingent on specific flow rates,
temperatures, and concentrations, raising questions about their
universal applicability. Additionally, Huq et al. (2023) pointed
out that HNFs might not maintain their stability under dynamic
flow conditions in FPSCs. A common observation is the trade-off
between increased TC and higher viscosity, which can impede fluid
flow, as highlighted by Verma et al. (2018) and Saleh and Sundar
(2021). Therefore, careful formulation of HNFs is necessary to
balance TC benefits with flow rate concerns, impacting overall
collector efficiency. The choice of nanoparticle combinations also
plays a significant role, with studies like those by Lee et al. (2021)
suggesting that some combinations, such as MWCNT/CuO, yield
greater efficiency gains.

While the results are promising, they often lack economic
assessments of using HNFs real-world  applications,
particularly concerning synthesis costs and maintenance issues.

in

Huq et al. (2023) emphasized that specific nanofluid
formulations must align with particular collector designs,
indicating the need for tailored approaches. Moreover,

integrating carbon-based HNFs with innovative turbulators has
shown significant improvements in thermal efficiency, as
evidenced by Negeed et al. (2023) and Ibrahim et al. (2022).
However, the associated increase in pressure drop must be
considered, as it could offset the energy savings from improved
heat transfer. The performance variations highlighted by Ibrahim
et al. (2021) and Khetib et al. (2022) further underscore the
importance of optimizing turbulator design for specific operating
conditions to avoid diminishing returns on efficiency. Lastly, while
Nabi et al. (2022) demonstrated that turbulence-inducing elements
alongside HNFs substantially improve heat transfer coefficients,
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® Hybrid MWCNT/AL20s nanofluids increased efficiency by
26%, 29%, and 18% at flow rates of 1.5 L/m, 2.5 L/m, and 3.3 L/
m, respectively

® MWCNT nanofluid at 0.05 wt% and 3.5 L/s flow rate showed
the highest efficiency, approximately 20% higher than Al2Os
under the same conditions

Exergy efficiency was enhanced by 40.5% and 34% for hybrid
MWCNT/AL20s and Al2Os/water nanofluids, respectively,
compared to distilled water

implementing these systems may require advanced control
strategies and monitoring, potentially impacting costs and
maintenance needs. Table 3 summarizes the key findings of the
performance of FPSC using different carbon-based HNFs.

In conclusion, while the integration of carbon-based HNFs and
innovative turbulators offers significant potential for enhancing
solar thermal performance, careful consideration of pressure drop
turbulator
implementation challenges is essential. Future research should

implications, design optimization, and practical

focus on long-term performance assessments, cost-benefit

analyses, and field testing of these advanced systems to fully

understand their viability in real-world applications. By
addressing these critical aspects, the solar energy sector can
effectively  leverage these innovations to drive further

advancements in solar thermal technologies.

3.2 Parabolic concentrators and parabolic
trough collectors

Parabolic concentrators and parabolic trough collectors are both
solar thermal technologies that use curved mirrors to concentrate
sunlight and generate heat. Figures 7A-C provides a schematic
representation of a parabolic trough solar collector and its key
components, including an absorber and a parabolic reflector.
Recent studies have demonstrated the potential of HNFs to
enhance the thermal performance and exergy efficiency of solar
thermal systems, including compound parabolic concentrators
(CPCs) and parabolic trough collectors (PTCs). By incorporating
various nanoparticles into traditional heat transfer fluids, these
systems can achieve significant improvements in heat transfer
efficiency, showcasing the effectiveness of HNFs in optimizing
solar energy applications.

For example, Khaledi et al. (2022) examined the thermal
performance and exergy of a CPC using HNFs made of SiO2 and
MWCNTs in a 10% ethylene glycol and 90% distilled water mixture,
with nanoparticle concentrations from 0.5 vol% to 1.5 vol% and a
SiO2 to MWCNT ratio of 90:10. Using Gum Arabic as a surfactant
for stability, they found that TC increased with temperature and
nanoparticle concentration, achieving a 12.5% improvement at
1.5 vol% and 80°C. Although viscosity decreased with
temperature, it increased with nanoparticle concentration. The
CPC collector’s thermal efficiency improved by up to 14.27%
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over the base fluid, while exergy efficiency averaged a 45%
enhancement, demonstrating the effectiveness of SiO2/MWCNT
HNFs in solar thermal systems.

Khan et al. (2021) investigated the thermal and thermodynamic
performance of a PTC using mono and HNFs with MWCNTSs and
TiOz in therminol-VPI oil. The study, conducted over a temperature
range of 350-600 K, revealed that HNFs in a converging-diverging
tube configuration achieved a 5.27% improvement in thermal
efficiency at 600 K, compared to only 0.61% with a smooth tube.
The heat transfer coefficient for HNFs increased by 197.09% at
400 K, while the Nusselt number rose by 0.52% and 0.64% for
smooth and converging-diverging tubes, respectively. The
converging-diverging tube with HNF also showed a 2.58%

increase in pumping power, while pressure drop enhancements

Frontiers in Energy Research

were 0.6% for the hybrid case. The highest thermo-hydraulic
performance was recorded at PEC I and II values of 1.47 and
1.33, respectively, indicating that HNFs significantly enhance the
thermal, hydraulic, and thermodynamic performance of PTC
systems for high-temperature solar thermal applications.

Saddouri et al. (2023) performed a thermo-mathematical
numerical analysis of PTCs using HNFs composed of MWCNTSs
and Al20s in water. Conducted in a subtropical desert climate, their
(EES) for
thermodynamic analysis. The results indicated that increasing

study utilized an Engineering Equation Solver

nanoparticle concentration enhanced thermal efficiency, with the
1.5% MWCNT/1.5% Al2Os-water HNF achieving a maximum outlet
fluid temperature, energy output of 5066 W, and exergy of 876 W,
performing best in summer. Obalalu et al. (2023) examined heat
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Efficiency of the solar collector using different concentrations of the HNF

transfer enhancement in solar-powered ships using HNFs
combining MWCNTs and SWCNTs in engine oil (EO) within
PTCs. Although the temperature range was not specified, it likely
fell between 30°C and 100°C. The study found significant
improvements in TC and heat transfer efficiency, with the HNF
achieving efficiency rates of approximately 1.78% and a minimum of
2.26%, showcasing HNFs’ potential in optimizing solar energy
solutions for maritime applications.

Al-Rabeeah et al. (2024) investigated the thermal efficiency of a
PTSC using a graphene-FesOas/water HNF. Their research, which
likely focused on a temperature range of 30°C-100°C, showed that
TC increased with temperature and concentration. At 0.2 vol% and
60°C, the G-FesOa/water HNF's TC was 14.4% higher than that of
pure water. Viscosity decreased significantly with temperature,
reducing pumping power requirements and enhancing efficiency.
The efficiency of a solar collector using different concentrations of a
nanofluid is presented in Figure 8. The figure indicates that the
PTSC achieved a maximum thermal efficiency of 45.46% with the
HNF, compared to 40.41% for water, indicating the potential of
graphene-based HNFs in improving solar thermal systems.

Recent research has increasingly focused on optimizing the
thermal performance of parabolic solar collectors through the
innovative integration of HNFs and turbulator designs. These
studies highlight the significant benefits of employing twisted or
conical turbulators in conjunction with HNFs, leading to enhanced
heat transfer efficiency and overall system performance. For
instance, Alnaqi et al. (2021) investigated the hydrothermal
performance of a PTSC utilizing two twisted tape inserts and a
HNF composed of MgO and MWCNTs in thermal oil (80% MgO
and 20% MWCNT). The nanoparticle volume concentration varied
from 0.25% to 2% by weight. For Reynolds numbers (Re) below
30,873, the liquid crystal rod-like wave (LCRW) model with a
turbulator diameter of 15 mm and 2% volume fraction was
recommended. In contrast, the liquid wave rod-like crystal
(LWRC) model was optimal for Re exceeding 30,873. These
findings highlight the potential of HNFs combined with specific
turbulator designs to enhance PTSC thermal performance.

Frontiers in Energy Research

(Al-Rabeeah et al,, 2024).

Almitani et al. (2022) examined the impact of twisted
turbulators and HNFs on PSC performance. The HNFs,
composed of MWCNTs and MgO in an 80:20 weight ratio
suspended in water, were tested at concentrations of 1%, 2%, and
3%. Results showed that the average Nusselt number (Nuave)
increased with higher Re and nanoparticle volume fractions. At a
Re of 25,000% and 3% particle concentration, a pitch ratio (PR) of
1 yielded an increase of 71.25% in Nuave and 388.59% in pressure
drop (Ap) compared to the PSC without a turbulator. Performance
1, improved PSC
performance. While increasing PR enhanced thermal efficiency

evaluation criteria exceeded indicating
(Nn), exergy efficiency (nex) decreased, with nn and nex
improving by 45.98% and 31.67%, respectively, as Re increased
from 10,000 to 25,000 for PR values of 1 and 0.25. These findings
demonstrate the effectiveness of HNFs and twisted turbulators in
optimizing PSCs.

Mohammed et al. (2021) studied heat transfer enhancement in
PTSC receiver tubes using HNFs with conical turbulators. The
HNFs included Ag-SWCNT, Ag-MWCNT, and Ag-MgO at a 50:
50 mixing ratio dispersed in Syltherm oil 800. Experiments were
conducted at Re from 5,000 to 100,000, and fluid inlet temperatures
between 400 K and 650 K. Results indicated that conical turbulators
significantly enhanced thermal performance, with the Ag-SWCNT/
Syltherm oil combination achieving a 233.4% improvement over
pure Syltherm oil. Performance evaluation criteria ranged from
0.9 to 1.82. Thermal and exergetic efficiencies increased by 11.5%
and 18.2%, respectively, while entropy generation rate and ratio
decreased by 42.7% and 33.7%, respectively. These findings
underscore the effectiveness of HNFs and conical turbulators in
optimizing PTSC thermal performance.

Tahmasebi et al. (2023) investigated the impact of twisted tape
on the thermo-hydraulic performance and entropy generation of
turbulent flow in mono and hybrid magnetic NFs within a PSC
absorber tube. The study focused on water/MWCNT and water/
MWCNT-iron oxide, both at a 1% nanoparticle volume fraction.
Results showed that twisted tape significantly enhanced thermo-
hydraulic performance, yielding a performance coefficient above 1.
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The use of magnetic NFs improved thermal performance due to
their magnetic properties and better flow characteristics from the
twisted tape. Entropy generation decreased with increasing
Reynolds number and pitch ratio, indicating that optimizing
these factors can minimize energy losses and enhance efficiency.
Overall, the findings highlight the effectiveness of twisted tape in
improving heat transfer and energy efficiency in solar collectors,
particularly with hybrid magnetic NFs.

Hosseini Esfahani et al. (2023) studied the effects of twisted tape
(TT) and compound twisted tape (CTT) turbulators on the
performance of a PTC, assessing energy, economic, and
environmental efficiencies. The HNF comprised CuO and
SWCNT dispersed in water, with nanoparticle concentrations
varying from 2% to 6%. The incorporation of turbulators
significantly enhanced the Nusselt number and friction
coefficient, improving the thermal performance of the PTC. The
CuO-SWCNT/water HNF outperformed water-based fluids, with
heat transfer rates improving by 20%-60%. Economic analysis
revealed that increasing flow velocity and nanoparticle volume
fraction reduced the Levelized Cost of Energy (LCOE), suggesting
thermal
Environmentally, the HNF produced fewer pollutants than
conventional fluids, enhancing sustainability. The thermal
performance of the PTC with CTT and wired coil was 3.58%
higher than that with standard TT at a Reynolds number of

18,000 and a 2% nanoparticle concentration. However, exergy

potential  cost-effectiveness  for  solar systems.

efficiency decreased by 31.7% and 32.2% with increased flow
velocity for the PTC with TT and CTT, respectively. Overall, the
research highlights the effectiveness of turbulators and NFs in
enhancing the thermal,
performance of PTCs, suggesting modifications for more efficient

economic, and environmental
and sustainable solar thermal energy systems.

Integrating HNFs into parabolic solar collectors offers significant
potential for enhancing thermal performance, yet optimizing these
systems is complex. Khaledi et al. (2022) found that while HNFs can
improve TC and exergy efficiency, higher nanoparticle concentrations
may lead to diminishing returns due to increased viscosity. Khan et al.
(2021) echoed this, highlighting challenges in balancing thermal
efficiency with pumping power and pressure drop. In maritime
applications, Obalalu et al. (2023) showed that HNFs enhance heat
transfer in solar-powered vessels, although scalability remains a
concern. Al-Rabeeah et al. (2024) noted that viscosity reductions at
elevated temperatures do not uniformly improve performance across
different collector designs.

Furthermore, Alnaqi et al. (2021) and Almitani et al. (2022)
emphasized the importance of flow modifications, like twisted or
conical turbulators, in optimizing thermal performance. These
modifications, alongside HNFs, led to notable improvements in
Nusselt numbers and energy capture. However, questions about
cost-effectiveness and manufacturing feasibility persist. Studies by
Mohammed et al. (2021) and Tahmasebi et al. (2023) revealed that
HNFs enhance thermal efficiency and reduce entropy generation,
which is essential for sustainability. Table 4 summarizes the key
findings of the performance of PSC and PTSC using different
carbon-based HNFs.

In summary, while research indicates substantial advancements
in parabolic solar collectors using HNFs, a nuanced approach is
needed to balance nanoparticle selection, concentration, and system
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design. Future studies should focus on the long-term stability of
these NFs, their environmental impact, and practical guidelines for
diverse solar thermal applications to translate laboratory success
into real-world solutions.

3.3 Direct absorption solar collectors

A Direct Absorption Solar Collector (DASC) is a type of solar
thermal collector where sunlight is absorbed directly by a working
fluid rather than being absorbed by a solid surface and then
transferred to the fluid. This direct absorption method offers
several advantages, including higher efficiency, reduced heat loss,
and simpler design. Figure 9 provides a schematic representation
of a DASC.

HNFs are emerging as promising candidates for enhancing the
efficiency of direct absorption solar collectors (DASCs) through
improved thermal properties and stability. Recent studies have
explored various combinations of materials, including nitrogen-
doped reduced GO (rGO), MWCNTs, SiC, and metal-based
These
enhancements in TC, solar-thermal conversion efficiency, and

nanoparticles. investigations ~demonstrate significant
overall stability, paving the way for advanced solar thermal
applications. Shende and Sundara (2015) investigated nitrogen-
doped hybrid structures of rGO and MWCNTs as nanofluids in
DASCs. They prepared HNFs by dispersing nitrogen-doped rGO-
MWCNTs in deionized water and ethylene glycol, using surfactants
like polyethylene glycol (PEG) and sodium lauryl sulfate (SLS) for
stability. The results indicated a 17.7% increase in TC at a 0.02%
volume fraction in water and a 15.1% increase at 0.03% in ethylene
glycol, highlighting the potential of these HNFs to enhance solar
thermal system performance. The nanofluids also exhibited
excellent stability with minimal agglomeration due to the
percolation network formed by MWCNTs within rGO layers.

Lietal. (2020) studied the stability, optical properties, and solar-
thermal conversion performance of SiC and MWCNTs HNFs for
DASCs. The study utilized SiC-MWCNTs in, EG with mass
fractions from 0.01 wt% to 1 wt%. The HNFs demonstrated
excellent stability, confirmed by static experiments and Zeta
potential measurements. They exhibited strong solar absorption
(99.9% at 0.5 wt% over 1 cm) and improved solar-thermal
conversion efficiency, reaching 97.3% with a 1 wt% nanofluid, a
48.6% enhancement over pure, EG. Overall, SiC-MWCNTs HNFs
show significant promise for improving DASC performance through
enhanced stability and solar-thermal efficiency.

Mehrali et al. (2018) investigated hybrid plasmonic nanofluids
comprising rGO decorated with silver nanoparticles for volumetric
solar absorbers. They examined how variations in the mass fraction
of graphene nanosheets and silver content influenced the thermal
and optical properties of these HNFs. Results indicated that the
nanofluids could be effectively used in DASCs, achieving a collector
efficiency of 77% at a concentration of just 40 parts per million
(ppm). This efficiency is attributed to the enhanced light absorption
capabilities of graphene at specific excitation wavelengths,
highlighting the of rGO decorated with

nanoparticles to improve volumetric solar absorber performance.

potential silver

Zeng and Xuan (2018) studied the solar thermal conversion
and thermal conduction properties of MWCNT and silica/silver

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1509437

Borode et al.

10.3389/fenrg.2024.1509437

TABLE 4 Summary of Key findings on the performance of carbon-based HNFs in PTC.

Authors Base fluid

Hybrid nanoparticle

Concentration

Findings
range

Khaledi et al. (2022) | SiO2/MWCNTs (90:10) 10% ethylene glycol,

90% distilled water

Khan et al. (2021) MWCNTs, TiO2 Therminol-VPI oil

0.5-1.5 vol%

TC increased with temperature and nanoparticle
concentration (12.5% improvement at 1.5 vol% and 80°C);
thermal efficiency improved by up to 14.27%; exergy
efficiency improved by 45%

1.5% HNF, 3% Mono NF | ® HNFs in converging-diverging tubes improved thermal

efficiency by 5.27% at 600 K; the heat transfer coefficient
increased by 197.09% at 400 K

Saddouri et al. MWCNTs, Al20s Water 1.5% ® Increased nanoparticle concentration enhanced thermal

(2023) efficiency; 1.5% MWCNT/1.5% Al2Os-water HNF achieved
maximum outlet fluid temperature and energy output

Al-Rabeeah et al. Graphene-FesOa Water 0.01-0.2 vol% ® TC increased with temperature and concentration (14.4%

(2024)

Alnaqi et al. (2021) | MgO/MWCNTs (80:20) Thermal oil

Almitani et al. Water

(2022)

MWCNTs/MgO (80:20)

0.25-2 wt%

1%, 2%, 3%

higher than water at 0.2 vol% and 60°C); viscosity decreased
with temperature

The highest efficiency (45.46%) was achieved with a 0.2%
volume concentration of the HNF. Efficiency decreased
with lower concentrations (0.1%, 0.05%, 0.01%)

Different twisted tape inserts and HNFs enhanced PTSC
thermal performance; optimal configuration depended on
the Reynolds number

Nuave increased with Re and nanoparticle volume
fractions; twisted turbulators with specific PR improved
Nuave and thermal efficiency

Mohammed et al. Ag-SWCNT, Ag-MWCNT, Syltherm oil 800 1%-3% ® Conical turbulators and HNFs significantly enhanced

(2021) Ag-MgO (50:50) thermal performance; Ag-SWCNT/Syltherm oil showed a
233.4% improvement

Tahmasebi et al. Water/MWCNT-iron oxide Water 1% ® Twisted tape enhanced thermo-hydraulic performance;

(2023) magnetic NFs improved thermal performance; entropy
generation decreased with increasing Reynolds number
and pitch ratio

Hosseini Esfahani CuO, SWCNT Water 2%-6% ® Turbulators and HNFs enhanced Nusselt number and

et al. (2023)

= i
&, Ty

Solar ‘
radiation /

Transparent surface

Adiabatic surface

FIGURE 9
DASC schematic (Karami et al., 2014).

(SiO2/Ag) binary nanofluids. By varying the volume fraction of
nanomaterials from 0.001% to 0.1% and adjusting the MWCNT to
SiO2/Ag ratio between 4:1 and 1:4, they optimized the absorptance of

Frontiers in Energy Research

friction coefficient; CuO-SWCNT/water HNF improved
heat transfer rates by 20%-60%; economic and
environmental benefits were observed

the nanofluids. A 0.1% MWCNT volume fraction enhanced TC by
about 7%, and the binary nanofluid achieved photo-thermal
conversion efficiencies of 97.6% at 35°C and 42.7% at 70°C,
demonstrating its potential for solar thermal energy applications.
Qu et al. (2019) investigated the photo-thermal conversion
properties of hybrid CuO-MWCNT/H20 nanofluids for direct
solar thermal energy harvesting. They prepared water-based
HNFs using varying concentration mixing ratios (CMRs) of CuO
and MWCNTSs from 0.01 wt%/0.0015 wt% to 0.25 wt%/0.0015 wt%.
Findings revealed that CuO-MWCNT nanofluids exhibited
significantly enhanced solar spectral absorption compared to
individual CuO or MWCNT nanofluids, achieving nearly 100%
solar-weighted absorption at a 1 cm optical penetration distance.
The optimal CMR of 0.15 wt%/0.005 wt% achieved a maximum
terminal temperature rise of 14.1°C compared to deionized water
after 45 min of light irradiation, showcasing the potential of CuO-
MWCNT HNFs to
conversion efficiency.
Campos et al. (2019) explored the impact of particle shape and

enhance  solar  thermal  energy

GO on the performance of DASCs using metal-based nanofluids.

Their study included spherical gold, silver, and copper
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FIGURE 10

Efficiency against time for a DASC with (A) mono-FezO4 nanofluids and (B) different MWCNT/FesO4 HNFs (Tong et al., 2020).

nanoparticles, nonspherical silver nanoparticles, layered GO, and
GO/silver hybrids. Results showed that all nanofluids had thermal
conductivities about 4% higher than pure water, deviating from
Maxwell model predictions. Under 1 Sun simulated solar radiation,
spherical metal nanofluids raised temperatures by up to 5 K,
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achieving 35% higher efficiencies than pure water after 3,000 s.

Nonspherical silver nanoparticles and GO/silver hybrids
demonstrated approximately 20% greater efficiencies than
conventional spherical silver nanofluids. In natural solar

conditions with a parabolic dish mirror (60 concentration ratio),
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temperature increases reach up to 50 K, doubling the efficiency of
pure water. Additionally, nonspherical silver nanofluids and GO/
silver hybrids generated steam faster than spherical silver
nanofluids, indicating superior performance in solar thermal
applications.

In their investigation, Tong et al. (2020) investigated the photo-
thermal energy conversion performance of FesOs and multi-walled
(MWCNT)/FesOa HNFs. The addition of
MWCNTs significantly enhanced energy conversion, with both

carbon nanotube

nanofluids showing increased temperatures over time. The MWCNT/
FesOa HNF achieved a faster temperature rise due to its superior thermal
properties, reaching a maximum increase of 5.5°C at a 4:1 mixing ratio,
while the FesO4 nanofluid increased by 6.4 °C at 0.2 wt%. Although
efficiencies decreased over time due to heat loss, the MWCNT/FezOa
HNF maintained higher efficiency, dropping from 61% to 22%,
compared to 33%-11% for the FesOas nanofluid as presented in
Figures 10A, B. Temperature distribution analysis showed that the
upper section of the HNFs absorbed most solar energy, particularly
for the MWCNT/FesOas hybrid. The total stored energy in the HNFs
increased with MWCNT inclusion, peaking at 2,400 kJ/kg at the optimal
4:1 mixing ratio, a 26.6% enhancement over the base fluid, highlighting
the potential of MWCNT/FesOs HNFs for improved thermal efficiency.

Mashhadian et al. (2021) studied the influence of HNFs composed
of Al20s and MWCNTs in water on the performance of direct
absorption parabolic trough collectors (DAPTCs). With nanoparticle
concentrations from 0.01 vol% to 0.04 vol%, HNFs exhibited superior
optical properties compared to mono nanofluids and water. At 0.04 vol
%, HNFs increased the maximum temperature difference of the
collector by 240.7% over water, 57.2% over 0.04% alumina, and
8.2% over 0.04% MWCNTSs, while improving thermal efficiency by
197.1%, 69.2%, and 6.1%, respectively. The pressure drop associated
with HNFs was negligible, indicating minimal impact on system
operation. Environmentally, HNFs reduced COz emissions and
water consumption by 45033 kg and 2016.6 m’ per collector,
respectively, underscoring their potential to enhance thermal
performance and sustainability in solar energy systems.

The studies presented demonstrate significant advancements in
the application of HNFs for DASCs, highlighting their enhanced
thermal properties and performance capabilities. Shende and
Sundara (2015) showed notable improvements in TC using
rGO-MWNTs,
agglomeration. However, the lack of long-term performance data

nitrogen-doped effectively mitigating
limits practical applications in solar thermal systems. Li et al. (2020)
confirmed the promise of HNFs, showcasing robust stability and
impressive solar-thermal conversion efficiency with their SiC-
MWCNTs. While their findings emphasize practical applications,
they are restricted to specific concentration ranges, necessitating
broader investigations for optimal conditions. Mehrali et al. (2018)
integrated silver nanoparticles with reduced GOs, achieving high
collector efficiencies even under low illumination. Still, the
scalability of these HNFs for commercial applications remains
unexamined, revealing a gap in transitioning from laboratory
successes to field applications.

Zeng and Xuan (2018) highlighted the tunability of HNF
performance through material ratio adjustments. However, their
limited volume fraction range restricts broader applicability,
indicating a need for further exploration of diverse compositions
to assess their impact on thermal properties and efficiency. Qu et al.
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(2019) provided insights into the synergy between CuO and
MWCNTs but noted that performance heavily depends on
specific concentration mixing ratios, emphasizing the complexity
of formulating effective HNFs. Campos et al. (2019) revealed the
significant impact of particle shape and composition on TC and
photo-thermal conversion efficiency, suggesting that nonspherical
nanoparticles may enhance performance. However, these findings
raise questions about reproducibility across different experimental
setups and real-world applications. Mashhadian et al. (2021)
the of  HNFs,
demonstrating substantial reductions in COz emissions and water

examined environmental  sustainability

consumption, yet the absence of comprehensive lifecycle analysis

limits understanding of their ecological impacts. Table 5
summarizes the key findings of the performance of DASC using
different carbon-based HNFs.

In summary, while these studies underscore the potential of
HNFs in advancing DASCs, they also highlight critical gaps in long-
term stability, scalability, and ecological implications. Further
research in these areas is essential for leveraging HNFs in

practical and sustainable solar energy applications.

4 Discussion

The use of carbon-based HNFs in solar thermal applications
presents advancements in heat transfer efficiency, but several
challenges persist. Integrating materials like graphene and carbon
nanotubes (CNTs), these nanofluids significantly enhance TC in
solar collectors, which is crucial for boosting overall efficiency.
However, while these enhancements are promising, limitations
must be addressed for practical application.

A primary advantage of carbon-based HNFs is their enhanced
TC, which is essential for improving the efficiency of solar collectors.
Studies, including Borode et al., 2023a, report substantial increases
in TC when combining graphene and metal nanoparticles, often
surpassing some single-component nanofluids. For example, Borode
et al. (2021) observed an enhancement in TC with a graphene-
alumina HNF, highlighting the synergistic effect of carbon materials
and metallic nanoparticles. These findings align with Jin et al. (2024)
and Shahsavar et al. (2015), who also found significant
improvements with graphene and CNT hybrids. The inherent TC
of graphene, due to its two-dimensional structure and high electron
mobility, is critical in this enhancement. Similarly, CNTs create
efficient thermal pathways when integrated into the base fluid.

Several studies demonstrate the efficacy of carbon-based HNFs in
solar thermal systems, particularly in FPSC and PTCs. Hussein et al.
(2020) investigated a water-based HNF containing functionalized
MWCNTs and hBN in a flat-plate solar collector, achieving a 64%
increase in TC at 60°C and a 20% overall improvement in thermal
efficiency, reaching up to 85%. Verma et al. (2018) examined flat-plate
collectors using CuO and MgO HNFs combined with MWCNTs,
reporting exergy and energy efficiencies of 71.54% and 70.55%,
respectively, with MgO hybrid outperforming CuO, emphasizing the
importance of nanoparticle selection.

PTCs, requiring higher operating temperatures for industrial
applications, have also benefited from carbon-based HNFs. Lee et al.
(2020) studied MWCNT and FesOa binary nanofluids in flat-plate
and vacuum tube collectors, revealing a 17.6% efficiency increase in
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TABLE 5 Summary of Key findings on the performance of carbon-based HNFs in DASC.

Authors Hybrid Base fluid Concentration range Key findings

nanoparticle

Shende and Nitrogen-doped rGO- Deionized water, 0.02 vol% (water), 0.03 vol% (EG) = ® 17.7% increase in TC in water, 15.1% increase in ethylene
Sundara (2015) MWCNTs ethylene glycol glycol; excellent stability

The nanofluid exhibits strong optical absorption, which
increases with higher concentrations of nanoparticles

Li et al. (2020) SiC-MWCNTs Ethylene 0.01 wt% to 1 wt% Excellent stability; strong solar absorption (99.9% at
glycol (EG) 0.5 wt%)

Improved solar-thermal conversion efficiency (97.3% at
1 wt%)

Mehrali et al. rGO decorated Ag Deionized Water 40 ppm Collector efficiency of 77% at 40 ppm due to enhanced light
(2018) nanoparticles absorption

Zeng and Xuan MWCNT and silica/silver | Deionized Water 0.001%-0.1% 0.1% MWCNT enhanced TC by 7%; binary nanofluid
(2018) (SiO2/Ag) achieved photo-thermal conversion efficiencies of 97.6% at
35°C and 42.7% at 70°C

Qu et al. (2019) CuO-MWCNT Water 0.01 wt%/0.0015 wt% to 0.25 wt = ® Enhanced solar spectral absorption; optimal CMR of 0.15 wt
9%/0.0015 wt% 9%/0.005 wt% achieved a maximum temperature rise of
14.1°C

Tong et al. (2020) | MWCNT/FesO4 Ethylene glycol/ 0.005-0.2 wt% ® MWCNTSs enhanced energy conversion and thermal
water (2:8) properties of the FesOa nanofluid

MWCNT/FesOs HNF achieved faster temperature rise
(5.5°C at 4:1 mixing ratio); higher efficiency maintained over
time

At 0.2 wt% MWCNT/FesOa hybrid nanofluid, the photo-
thermal energy conversion efficiency was 32.8% and 45.1%
with the absence and presence of an external magnetic field

The increase in magnetic force significantly improved the
TC of the nanofluids

Mashhadian et al. Al20s and MWCNTs Water 0.01 vol% to 0.04 vol% ® HNFs showed superior optical properties
(2021)

at 0.04 vol%, HNFs increased the maximum temperature
difference by 240.7% and thermal efficiency by 197.1%
compared to water

negligible pressure drop

Bao et al. (2023) MWCNTY/SiC Deionized water 0-10ppm MWCNT/ HNF absorbs a wider spectrum of sunlight and performs
0-80ppm SiC better than single-component nanofluids

HNF with 5 ppm MWCNTSs and 40 ppm SiC achieves 64.7%
(highest) photothermal conversion efficiency

Zheng et al. (2022) | MWCNT/TiN Deionized water 0-30ppm MWCNT/ Adding TiN to MWCNT nanofluids increased the
0-20ppm TiN absorption of sunlight

The hybrid nanofluid with 10 ppm of both MWCNT and
TiN showed the highest efficiency, outperforming the base
fluid and single-component nanofluids

The solar-weighted absorption fraction of hybrid MWCNT-
TIN nanofluids at a depth of 4 cm increased up to 96.5%,
98.6%, 99.6%, and 99.9% from 89.8% for the mass fraction of
TiN at 5, 10, 15, and 20 ppm, respectively

The highest efficiency of the hybrid MWCNT-TIN
nanofluids was achieved at the MWCNT/TIN mass fraction
of 10 ppm/10 ppm, which increased by 6.9%, 6.0%, and 3.8%
at 2000, 4,000, and 6,000 s, compared to the baseline of the
MWCNT nanofluid at 10 ppm

Shin et al. (2020) MWCNT/FesOa Ethylene glycol/ 0.005-0.2 wt% An external magnetic field enhanced the photo-thermal
water (2:8) energy conversion efficiency

(Continued on following page)
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TABLE 5 (Continued) Summary of Key findings on the performance of carbon-based HNFs in DASC.

Authors Hybrid Base fluid

nanoparticle

Concentration range

Key findings

FesOs/MWCNT Water-10% wt.

Ethanol

Struchalin et al.

(2022) MWCNT

At 0.2 wt% MWCNT/FesOa hybrid nanofluid, the photo-
thermal energy conversion efficiency was 32.8% and 45.1%
with the absence and presence of an external magnetic field

Adding MWCNT nanoparticles increased the thermal
properties of the FesOa nanofluid

The increase in magnetic force significantly improved the
TC of the nanofluids

0.0053% of FesO4 and 0.0045% of = ® The thermal efficiency of the DASC with hybrid nanofluid

was in the range of 52.3%-69.4%, slightly higher than the
collector with surface absorption

The MWCNT nanofluid of the same concentration had
8.3%-31.5% higher efficiency than the hybrid nanofluid

The HNF had a lower extinction coefficient and absorbed
less light than the MWCNT nanofluid

The optimum flow rate for maximum efficiency was 6 L/
min. The turbulent mixing of the nanofluid reduced the
surface temperature at high flow rates

flat-plate collectors and a 24.9% improvement in vacuum tube
collectors compared to water alone. This significant increase in
efficiency underscores the potential of HNFs in high-temperature
applications where conventional fluids often fall short.

Despite these results, critical limitations exist. A notable concern
is the increase in viscosity observed with higher nanoparticle
(2020) found that a 9.95%
improvement in TC was accompanied by a 13.83% increase in

concentrations. Kishore et al.
viscosity, highlighting the delicate trade-off between thermal and
rheological properties. Increased viscosity can impede fluid flow,
leading to higher pumping power requirements, which may negate
energy savings from improved heat transfer. Verma et al. (2018)
reported that higher nanoparticle concentrations lead to increased
viscosity, negatively affecting fluid flow and raising pumping power
needs. This issue is particularly pronounced in large-scale systems
where fluid must circulate efficiently. Syam Sundar et al., 2017
reported substantial rises in viscosity with GO and CosOs4 HNFs,
which hindered overall system performance despite significant TC
gains. Jin et al. (2024) emphasized the need to manage the trade-off
between TC and viscosity to avoid undermining system efficiency.
Future research should explore surface modifications or stabilizers
to reduce viscosity while maintaining improved thermal properties.

Another critical issue is the long-term stability of HNFs under
operational conditions. Nanoparticle agglomeration, sedimentation, and
viscosity changes can significantly impair solar thermal efficiency.
Although short-term TC improvements have been shown, limited
data exists on nanofluid performance in dynamic environments over
extended periods. Jin et al. (2024) reported that HNFs maintained
improved TC over time but did not fully address agglomeration and
sedimentation risks. Studies like Borode et al. (2021) focused on short-
term thermal performance without assessing the sustainability of
improvements in dynamic conditions. This gap is significant as
instability can lead to degradation and increased maintenance needs
in dynamic solar systems. Fluctuating temperatures, high shear forces,
and exposure to solar radiation may further accelerate degradation or
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alter fluid properties. Future research should prioritize evaluating long-
term performance under varying environmental and operational
conditions, focusing on maintaining nanoparticle dispersion and
preventing agglomeration. Strategies such as surface modifications,
stabilizing agents, and real-time fluid property monitoring could help
mitigate these challenges.

SHC also requires attention, as solar thermal systems depend on
working fluids to store thermal energy, especially during intermittent
sunlight. While HNFs improve heat transfer, they often reduce the
specific heat of the fluid. Yarmand et al,, 2016a noted a 6.26% decrease
in specific heat in GNP-platinum HNFs, limiting applicability in
systems needing substantial energy storage. This trade-off highlights
the need for novel nanoparticle combinations that maintain or enhance
heat storage capacity. Future research should explore integrating
materials with higher specific heat or incorporating non-metallic
additives to counterbalance reductions.

Despite their promise, the economic feasibility of large-scale
adoption of carbon-based HNFs poses challenges. Comprehensive
studies on scaling up for industrial use are lacking, with most
research focusing on laboratory results without addressing costs.
While metals like silver enhance thermal performance, their high
cost limits practicality. Mehrali et al. (2018) noted substantial TC
improvements with graphene-silver hybrids but emphasized silver’s
cost constraints. Future studies should explore cost-effective
alternatives, such as copper or nickel, which offer similar thermal
enhancements at lower prices.

Optimizing nanoparticle

concentrations could maximize thermal performance while
minimizing costs. Addressing economic barriers is crucial for
transitioning HNFs from research to commercially viable
solutions in solar thermal systems.

Additionally, the environmental and health safety impacts of
increased nanoparticle concentration in HNFs are not fully
understood. Nanoparticles pose risks to human health and the
environment if mismanaged, especially in systems prone to
leakage or improper disposal. While current research primarily
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focuses on thermal performance, future studies should evaluate

environmental impacts and safety protocols necessary for

widespread industrial application.

5 Conclusion

This review highlights the potential of carbon-based HNFs in
energy  systems.  Carbon-based
nanomaterials, particularly graphene and multi-walled carbon

enhancing  solar  thermal
nanotubes, offer exceptional thermal properties that can improve the
efficiency of solar thermal collectors. Combining these nanoparticles
with metallic counterparts in HNFs enhances TC, heat transfer rates,
and stability compared to single-component nanofluids. The studies
reviewed demonstrate that carbon-based HNFs can significantly
enhance the performance of various solar thermal systems,
contributing to a more efficient and sustainable energy future.
However, challenges remain in utilizing carbon-based HNFs for
solar thermal applications. A key issue is balancing the increased TC with
the accompanying rise in viscosity, which can impede fluid flow and
require higher pumping power, potentially offsetting energy efficiency
gains. Long-term stability under operational conditions is also a concern,
as particle agglomeration and sedimentation can reduce effectiveness
over time. Moreover, the reduction in SHC observed with HNFs may
limit their applicability in systems requiring substantial energy storage.
Future research should focus on reducing HNF viscosity while
maintaining or enhancing TC, improving long-term stability in
high-temperature systems, and designing HNFs that retain or
SHC. Evaluating the
environmental impact of using HNFs at scale is essential, as is
exploring their applicability in solar thermal technologies beyond

improve economic feasibility and

flat-plate and parabolic trough collectors. In conclusion, addressing
these challenges will help maximize the potential of carbon-based
HNPFs in solar energy systems, offering sustainable solutions for both
residential and industrial applications.
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Nomenclature

CNTs Carbon nanotubes

CF-CNTs  Chemically functionalized carbon nanotubes
CF-GNPs  Functionalised graphene nanoplatelets
CMCNa Sodium carboxymethyl cellulose
Cp Specific heat capacity

CT Cetyltrimethylammonium bromide
DASC Direct absorption solar collector
EG Ethylene glycol

FPSC Flat plate solar collector

GO Graphene oxide

GNP Graphene nanoplatelet

hBN Hexagonal boron nitride

HNF Hybrid nanofluid

HTF Heat transfer fluid

MWCNT  Multi-walled carbon nanotube
NFPCM Nanofluid phase change material
PEG Polyethylene glycol

PTC Parabolic trough collector

PTSC Parabolic trough solar collector
rGO Reduced graphene oxide

SHC Specific heat capacity

SLS Sodium lauryl sulfate

TC Thermal conductivity

TCR Thermal conductivity ratio

TIG Innovative turbulator geometries
TT Twisted tape

vusC Vacuum tube solar collector

w Water

Frontiers in Energy Research

31

10.3389/fenrg.2024.1509437

frontiersin.org


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1509437

	A critical review of the thermophysical properties and applications of carbon-based hybrid nanofluids in solar thermal systems
	1 Introduction
	2 Thermophysical properties
	2.1 Thermal conductivity
	2.2 Viscosity
	2.3 Specific heat capacity
	2.4 Density

	3 Heat transfer application of carbon-based HNF in solar thermal systems
	3.1 Flat plate solar collectors
	3.2 Parabolic concentrators and parabolic trough collectors
	3.3 Direct absorption solar collectors

	4 Discussion
	5 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References
	Nomenclature


