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Abstract - The global warming associated with fossil fuels have placed a concerted effort on exploiting other forms of energy resources 
that are sustainable, environmentally friendly, and abundantly available.  Solar energy can be easily harvested and primarily converted 
into electrical and thermal energy forms.  The efficient harvesting of direct solar energy is a key element in maximizing the utilization of 
solar energy.  As working fluids, nanofluids are shown to exhibit outstanding photothermal conversion in the harvesting of direct solar 
energy.  The paper explores experimental data from various research studies conducted on the photothermal conversion of nanofluids in 
direct absorption solar systems, and presents a comparison in the performance of mono and hybrid nanofluids.  Hybrid nanofluids are 
shown to exhibit much greater thermal performance than mono nanofluids due to their synergistic thermal properties.  Certain hybrid 
nanoparticles are shown to manifest captivating results for their photothermal conversion efficiency enhancements. 
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1. Introduction 

Over the past decade, a concerted effort has been made to utilize nanofluids in thermal systems for their enhancement 
of the thermal performance of the systems while reducing the operating costs.  Altering the thermophysical properties of the 
original base fluid by adding dispersed nanoparticles has been shown to tremendously enhance the convective heat transfer 
capability of the bulk fluid, while a slight enhancement is seen in the bulk fluid thermal conductivity.  In addition to their 
enhanced heat transfer capability, certain types of nanofluids also exhibit outstanding photothermal conversion performance 
in harvesting direct solar energy.  The purpose of this paper is to perform a review of the photothermal conversion 
enhancement of mono and hybrid nanofluids, and compare the capability of the two kinds of nanofluids as function of the 
nanoparticles concentration. 
 
2. Parameters Influencing Photothermal Conversion Process 

Photoexcitation is the mechanism that drives photothermal energy conversion process resulting in buildup of heat by the 
material.  Based on light absorption range, the photothermal energy conversion process is classified as either plasmonic 
localized heating, non-radiative relaxation in semiconductors, or thermal vibration in molecules [1].  Plasmonic localized 
heating occurs when metallic nanoparticles are irradiated at their resonance wavelength causing oscillation of the electron 
gas that leads to a rapid increase in the localized temperature.  When semiconducting materials are irradiated, excited 
electrons generate energy similar to the bandgap, where the energy is released either in the form of photons or phonons 
(heat).  For the case of thermal vibration in molecules, organic materials convert the absorbed solar energy to lattice vibration. 

When a nanofluid is irradiated, the presence of the nanoparticles reduces the transmittance of the photons due to the 
absorption and scattering of the photons by the nanoparticles (Fig. 1) [2].  Transmittance decreases with the increase in 
nanofluid concentration while optical absorption of the nanoparticles increases.  Compared to the base fluid, the optical 
absorption wavelength range of the nanofluid is much wider than that of the base fluid [2].  This results in the nanofluids 
exhibiting much higher optical absorption and photothermal conversion efficiency than the base fluid.  Optical transmittance, 
T(λ), is calculated from Beer-Lambert law [3]: 

𝑇𝑇(𝜆𝜆) = 𝑒𝑒−𝐾𝐾𝜆𝜆𝑑𝑑                                                                                         (1) 
 
where 𝐾𝐾𝜆𝜆 is the extinction coefficient and 𝑑𝑑 is the penetration distance in the fluid.  Optical transmittance can also be related 
to the light radiation power before, 𝑃𝑃𝑜𝑜, and after the absorption, 𝑃𝑃: 
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𝑇𝑇(𝜆𝜆) = 𝑃𝑃/𝑃𝑃𝑜𝑜                                                                                         (2) 
The absorption, 𝛼𝛼(𝜆𝜆), can then be calculates as [2]: 

𝛼𝛼(𝜆𝜆) = 𝐿𝐿𝐿𝐿𝐿𝐿10[1/𝑇𝑇(𝜆𝜆)]                                                                               (3) 
 
Several important factors affect the photothermal energy conversion process such as the bulk fluid color, particles 

morphology, nanoparticles size and concentration in the base fluid.  Studies show photon scatter increases with the increase 
in nanoparticle size but declines as particles starts aggregating [2].  Optical absorption is seen to be higher in darker than 
light-colored fluids.  In addition, absorption fraction is seen to be dependent on both the light penetration distance in the fluid 
and on the nanoparticles concentration [4].  Nanoparticles with asymmetric structures, elongated (nanorods), and structures 
with sharp tips tend to exhibit a noticeable increase in their photothermal conversion efficiency due to the significantly 
enhanced electromagnetic fields caused by the increase of the plasmonic localized heat generation at the sharp tips and edges 
[5]. 

Optical absorption is seen to be enhanced by nanofluids that are formed from hybrid nanoparticles possessing either 
complementary or synergetic optical properties that lead to an increase in photon scatter.  Hybrid nanofluids with enhanced 
photothermal conversion include bimetallic, metal-organic materials and metal-semiconductor materials. 

 

 
 

Fig. 1: Light scattering and absorption (Adapted from [2]). 
 
3. Photothermal Conversion Performance of Mono and Hybrid Nanofluids 

The majority of the research performed on nanofluids has been associated with a single nanoparticle type. However, 
recent studies [6-32] have shown tremendous improvement in the performance of thermal systems with the use of hybrid 
nanofluids, dispersion of two types of nanoparticles in a base fluid.  Such systems include photovoltaic thermal systems, flat 
plate solar collectors, direct absorption solar collectors, and evacuated tubes solar collectors.  Figure 3 shows a comparison 
in the photothermal conversion efficiency between mono and hybrid nanofluids, and Table 1 presents the details of various 
studies.  The photothermal conversion efficiency, η, is calculated as: 
 

𝜂𝜂 =
(𝑐𝑐𝑏𝑏𝑚𝑚𝑏𝑏 + 𝑐𝑐𝑛𝑛𝑚𝑚𝑛𝑛)∆𝑇𝑇

𝐺𝐺𝐺𝐺∆𝑡𝑡
                                                                                  (4) 

 
where cb and cn are the specific heat of the base fluid and nanoparticles respectively, mb and mn are the masses of the 

base fluid and nanoparticles respectively, ∆T is the temperature rise of the bulk fluid in a time interval of ∆t.  A is the 
illumination area of the fluid and G is the incident solar flux. 

Studies conducted on mono nanoparticles (shown in Fig. 3) include:  Al2O3 (alumina) [19, 20, 27],  Au [6, 18, 21, 23, 
24, 30], Ag [7, 12, 18-20, 26], TiN (titanium nitride) [22], MWCNT (multi-walled carbon nanotubes) [28, 31, 19] , Fe [20], 
Fe3O4 [11], TiO2-x (oxygen deficient titanium dioxide) [16, 19], Si [20], SiO2 [19], Gr (graphene) [31], GrO (graphene oxide) 
[8, 17, 32], SLGr [17], Cu [19-20], CuO [15], and CuO-MS [15].  Au, Ag, Gr, GrO-based nanofluids are among the mono 
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nanofluids exhibiting high photothermal conversion efficiencies with enhancements exceeding 100%.  In those studies, the 
concentration by volume for gold nanoparticles in a water-based fluid ranged from 10-5 to 0.018%, while for silver nanofluids 
it ranged from 10-4 to 0.3%, and for Gr and GrO nanofluids it ranged from 0.001 to 0.01%.  For the majority of these 
nanoparticles, it is shown that the photothermal conversion efficiency increases with the increase in volume concentration 
up to a certain limit.   

Figures 4-a through 4-d show the effect nanoparticles volume concentration has on the photothermal efficiency 
enhancement for mono and hybrid nanofluids.  The results are based on experimental data compiled from the various studies 
mentioned above.  For example, the efficiency enhancement of Al2O3 nanofluids is shown to saturate around 50% at 2% 
volume concentration [19] (Fig. 4-a), while MWCNT nanofluids saturates around 76% at a concentration of 1% by volume 
[28] (Fig. 4-a).  On the other hand, silver nanofluids exhibits a decrease in its photothermal efficiency with the increase in 
nanoparticle concentration.  Data analyzed from the review of literature show the enhancement in the photothermal 
conversion efficiency to reach 275% at 0.01% volume concentration [12], but continues to decline with the increase in 
concentration until reaching saturation of 13% at a concentration of 0.3% [7] (Fig. 4-b).  Gold nanofluids present good 
photothermal conversion characteristics as well [6, 18, 21, 23, 24, 30].  Data show its photothermal efficiency enhancement 
increases with concentration and reaches 300% at a merely 0.018% volume concentration [30] (Fig. 4-c). 

 

 
 

Fig. 3: Photothermal conversion efficiency of mono and hybrid nonfluids (comparison between various studies). 
 

Hybrid nanofluids are shown to manifest captivating results in solar energy systems for their photothermal conversion 
efficiency enhancements.  Figure 3 also presents data from studies on solar thermal systems using hybrid nanofluids.  The 
variety of hybrid nanoparticles used include binary combinations of Fe-Au [9], SnO2-Ag [10], ZnO-Au [14], Au-TiO2-x [16], 
Au-Ag [16], SiO2-Ag [28], GrO-Ag [32], Al2O3-ZnO [33], Ag-Gr [34], Ag-TiO2 [35], and Fe3O4-SiO2 [36].  Complied data 
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shows the photothermal conversion efficiency of the nanofluid to reach an enhancement of 533% with 0.001% volume 
concentration of Au-Fe nanoparticles [9], an enhancement of 500% with 0.2% concentration by mass of SnO2-Ag [10], an 
enhancement of 241% with 1 mg/ml of ZnO-Au [14], an enhancement of 423% with 1 mg/ml of Fe3O4-SiO2 [36], an 
enhancement of 400% with 1% concentration by mass of Al2O3-ZnO [33], and an enhancement of 114% with 0.001% by 
volume of Ag-Gr [34].  It is obvious that hybrid nanofluids exhibit much greater thermal performance than mono nanofluids 
due to their synergistic thermal properties.  For hybrid nanofluids (Fig. 4-d), the photothermal efficiency tends to increase 
with the concentration of the hybrid nanoparticles and reach saturation at relatively low critical concentrations compared to 
the mono nanofluids. 

 
Table 1: Experimental studies carried out on the use of nanofluids in solar energy absorption. 
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Fig 4-a: Effect of volume concentration on photothermal 
conversion efficiency for Al2O3 and MWCNT nanofluids. 

 

 
Fig 4-b: Effect of volume concentration on photothermal 

conversion efficiency for Ag nanofluids. 

 
Fig 4-c: Effect of volume concentration on photothermal 

conversion efficiency for Au nanofluids. 

 
Fig 4-d: Effect of volume concentration on photothermal 

conversion efficiency for hybrid nanofluids. 
 
4. Conclusion 

A review was performed on the utilization of mono and hybrid nanofluids in solar systems.  The paper compiles 
experimental data from several studies to examine the photothermal convergence performance of the two kinds of nanofluids.   

Hybrid nanofluids are shown to exhibit much greater thermal performance than mono nanofluids due to their synergistic 
thermal properties.  Results show Au, Ag and Gr-based nanofluids are among the mono nanofluids that exhibit high 
photothermal conversion efficiency enhancement that can exceed 100%, while hybrid nanofluids can reach outstanding 
enhancement that exceeds 400% as in the case of Fe-Au, SnO2-Ag and Fe3O4-SiO2 nanofluids.  The majority of the mono 
and hybrid-based nanofluids, with the exception of Ag mono nanofluids, exhibit an increase in the photothermal conversion 
efficiency with the increase in nanoparticles concentration. 
 
References 
[1] M. Gao, L. Zhu, C.K.N. Peh, and G.W. Ho, “Solar absorber material and system design for photothermal water 

vaporization towards clean water and energy production,” Energy Environ. Sci., vol. 12, pp. 841-864, 2019. 
[2] T. Boldoo, J. Ham, E. Kim, and H. Cho, “Review of the photothermal energy conversion performance of nanofluids, 

their applications, and recent advances,” Energies, vol. 13, pp. 1-33, 2020. 



 
 

 
 

 
 

 
105-6 

[3] L. Wang, M. Wang, Z. Xu, W. Yu, H. Xie, “Well oil dispersed Au/oxygen-deficient TiO2 nanofluids towards full 
spectrum solar thermal conversion,” Sol. Energy Mater. Sol. Cells, vol. 212, 2020. 

[4] J. Gao, W. Yu, H. Xie, and O. Mahian, “Graphene-based deep eutectic solvent nanofluids with high photothermal 
conversion and high-grade energy,” Renew. Energ., vol. 190, pp. 935-944, 2022. 

[5] L. Zhu, M. Gao, C.K. Peh, and G.W. Ho, “Solar-driven photothermal nanostructured materials designs and prerequisites 
for evaporation and catalysis applications,” Mater. Horiz., 2018. 

[6] H. Zhang, H-J. Chen, X. Du, and D. Wen, “Photothermal conversion characteristics of gold nanoparticle dispersions,” 
Sol. Energy, vol. 100, pp. 141-147, 2014. 

[7] M. Moravej, M. Doranehgard, A. Razeghizadeh, F. Namdarnia, N. Karimi, L. Li, H. Mozafari, and Z. Ebrahimi, 
“Experimental study of a hemispherical three-dimensional solar collector operating with silver-water nanofluid,” 
Sustain. Energy Technol. Assess., vol. 44, 2021. 

[8] L. Chen, C. Xu, J. Liu, X. Fang, and Z. Zhang, “Optical absorption property and photothermal conversion performance 
of graphene oxide/water nanofluids with excellent dispersion stability,” Sol. Energy, vol. 148, pp. 17-24, 2017. 

[9] S. Farooq, C. Vital, L. Malagon, R. De Araujo, and D. Rativa, “Thermo-optical performance of iron-doped gold 
nanoshells-based nanofluid on direct absorption solar collectors,” Sol. Energy, vol. 208, pp. 1181-1188, 2020. 

[10] S. Sreekumar, A. Joseph, C. Kumar, and S. Thomas, “Investigation on influence of antimony tin oxide/silver nanofluid 
on direct absorption parabolic solar collector,” J. Clean. Prod., vol. 249, 2020. 

[11] J. Ham, Y. Shin, and H. Cho, “Comparison of thermal performance between a surface and a volumetric absorption solar 
collector using water and Fe3O4 nanofluid,” Energy, vol. 239, 2022. 

[12] M. Chen, Y. He, J. Zhu, and D. Wen, “Investigating the collector efficiency of silver nanofluids based direct absorption 
solar collectors,” Appl. Energy, vol. 181, pp. 65-74, 2016. 

[13] H. Duan, L. Tang, Y. Zheng, and C. Xu, “Effect of plasmonic nanoshell-based nanofluid on efficiency of direct solar 
thermal collector,” Appl. Therm. Eng., vol. 133, pp. 188-193, 2018. 

[14] X. Wang, Y. He, M. Chen, and Y. Hu, “ZnO-Au composite hierarchical particles dispersed oil-based nanofluids for 
direct absorption solar collectors,” Sol. Energy Mater. Sol. Cells, vol. 179, pp. 185-193, 2018. 

[15] H. Zhang, K. Wang, L. Wang, H. Xie, and W. Yu, “Mesoporous CuO with full spectrum absorption for photothermal 
conversion in direct absorption solar collectors,” Sol. Energy, vol. 201, pp. 628-637, 2020. 

[16] L. Wang, M. Wang, Z. Xu, W. Yu, and H. Xie, “Well oil dispersed Au/oxygen-deficient TiO2 nanofluids towards full 
spectrum solar thermal conversion,” Sol. Energy Mater. Sol. Cells, vol. 212, 2020. 

[17] Z. Li, A. Kan, K. Wang, Y. He, N. Zheng, and W. Yu, “Optical properties and photothermal conversion performances 
of graphene based nanofluids,” Appl. Therm. Eng., vol. 203, 2022. 

[18] T. Wang, G. Tang, and M. Du, “Photothermal conversion enhancement of triangular nanosheets for solar energy 
harvest,” Appl. Therm. Eng., vol. 173, 2020. 

[19] Z. Luo, C. Wang, W. Wei, G. Xiao, and M. Ni, “Performance improvement of a nanofluid solar collector based on direct 
absorption collection (DAC) concepts,” Int. J. Heat Mass Transf., vol. 75, pp. 262-271, 2014. 

[20] M. Amjad, H. Jin, X. Du, and D. Wen, “Experimental photothermal performance of nanofluids under concentrated solar 
flux,” Sol. Energy Mater. Sol. Cells, vol. 182, pp. 255-262, 2018. 

[21] M. Chen, Y. He, J. Huang, and J. Zhu, “Investigation into Au nanofluids for solar photothermal conversion,” Int. J. 
Heat Mass Transf., vol. 108, pp. 1894-1900, 2017. 

[22] J. Wen, X. Li, W. Chen, and J. Liu, “Systematical investigation on the solar-thermal conversion performance of TiN 
plasmonic nanofluids for the direct absorption solar collectors,” Colloids Surf. A: Physicochem. Eng. Asp., vol. 624, 
2021. 

[23] H. Jin, G. Lin, L. Bai, M. Amjad, E. Filho, and D. Wen, “Photothermal conversion efficiency of nanofluids: An 
experimental and numerical study,” Sol. Energy, vol. 139, pp. 278-289, 2016. 

[24] M. Amjad, G. Raza, Y. Xin, S. Pervaiz, J. Xu, X. Du, and D. Wen “Volumetric solar heating and steam generation via 
gold nanofluids,” Appl. Energy, vol. 206, pp. 393—400, 2017. 



 
 

 
 

 
 

 
105-7 

[25] J. Zeng, and Y. Xuan, “Direct solar-thermal conversion features of flowing photonic nanofluids,” Renew. Energy, vol. 
188, pp. 588-602, 2022. 

[26] M. Chen, Y. He, J. Zhu, Y. Shuai, B. Jiang, and Y. Huang, “An experimental investigation on sunlight absorption 
characteristics of silver nanofluids,” Sol. Energy, vol. 115, pp. 85-94, 2015. 

[27] T. Yousefi, F. Veysi, E. Shojaeizadeh, and S. Zinadini, “An experimental investigation on the effect of Al2O3-H2O 
nanofluid on the efficiency of flat-plate solar collectors,” Renew. Energy, vol. 39, pp. 293-298, 2012. 

[28] J. Zeng, and Y. Xuan, “Enhanced solar thermal conversion and thermal conduction of MWCNT-SiO2/Ag binary 
nanofluids,” Appl. Energy, vol. 212, pp. 809-819, 2018. 

[29] C. Guo, C. Liu, S. Jiao, R. Wang, and Z. Rao, “Introducing optical fiber as internal light source into direct absorption 
solar collector for enhancing photo-thermal conversion performance of MWCNT-H2O nanofluids,” Appl. Therm. Eng., 
vol. 173, 2020. 

[30] X. Wang, Y. He, X. Liu, L. Shi, and J. Zhu, “Investigation of photothermal heating enabled by plasmonic nanofluids 
for direct solar steam generation,” Sol. Energy, vol. 157, pp. 35-46, 2017. 

[31] J. Gao, W. Yu, H. Xie, and O. Mahian, “Graphene-based deep eutectic solvent nanofluids with high photothermal 
conversion and high-grade energy,” Renew. Energy, vol. 190, pp. 935-944, 2022. 

[32] Z. Hong, J. Pei, Y. Wang, B. Cao, M. Mao, H. Liu, H. Jiang, Q. An, X. Liu, and X. Hu, “Characteristics of the direct 
absorption solar collectors based on reduced graphene oxide nanofluids in solar steam evaporation,” Energy Convers. 
Manag., vol. 199, 2019. 

[33] A. Younis, E. Elsarrag, Y. Alhorr, and M. Onsa, “The influence of AL2O3-ZnO-H2O nanofluid on the thermodynamic 
performance of photovoltaic-thermal hybrid solar collector system,” Innov. Energy Res., vol. 7, no. 1, 2018. 

[34] M. Mehrali, M. Ghatkesar, and R. Pecnik, “Full spectrum volumetric solar thermal conversion via graphene/silver 
hybrid plasmonic nanofluids,” Appl. Energy, vol. 224, pp. 103-115, 2018. 

[35] Y. Xuan, H. Duan, and Q. Li, “Enhancement of solar energy absorption using a plasmonic nanofluid based on TiO2/Ag 
composite nanoparticles,” RSC Adv., vol 4., pp. 16206-16213, 2014. 

[36] S. Khashan, S. Dagher, S. Al Omari, N. Tit, E. Elnajjar, B. Mathew, and A. Alnaqbi, “Photo-thermal characteristics of 
water-based Fe3O4-SiO2 nanofluid for solar thermal applications,” Mater. Res. Express, vol. 4, 2017. 

[37] P. Van Trinh, N.N. Anh, N.T. Hong, P.N. Hong, P.N. Minh, and B.H. Thang, “Experimental study on the thermal 
conductivity of ethylene glycol-based nanofluid containing Gr-CNT hybrid material,” J. Mol. Liq., vol. 269, pp. 344–
353, 2018. 

[38] M.H. Esfe, M. Rejvani, R. Karimpour, and A.A. Abbasian Arani, “Estimation of thermal conductivity of ethylene 
glycol-based nanofluid with hybrid suspensions of SWCNT–Al2O3 nanoparticles by correlation and ANN methods 
using experimental data,” J. Therm. Anal. Calorim., vol. 128, pp. 1359–1371, 2017. 

[39] A. Akhgar, and D. Toghraie, “An experimental study on the stability and thermal conductivity of water-ethylene 
glycol/TiO2-MWCNTs hybrid nanofluid: developing a new correlation,” Powder Technol., vol. 338, pp. 806–818, 2018. 

[40] S.H. Rostamian, M. Biglari, S. Saedodin, and M. Hemmat Esfe, “An inspection of thermal conductivity of CuO-
SWCNTs hybrid nanofluid versus temperature and concentration using experimental data, ANN modeling and new 
correlation,” J. Mol. Liq., vol. 231, pp. 364–369, 2017. 

[41] A. Kakavandi, and M. Akbari, “Experimental investigation of thermal conductivity of nanofluids containing of hybrid 
nanoparticles suspended in binary base fluids and propose a new correlation,” Int. J. Heat Mass Transf., vol. 124, pp. 
742–751, 2018. 

[42] D. Toghraie, V.A. Chaharsoghi, and M. Afrand, “Measurement of thermal conductivity of ZnO–TiO2/EG hybrid 
nanofluid,” J. Therm. Anal. Calorim., vol. 125, pp. 527–535, 2016. 

[43] S.S. Harandi, A. Karimipour, M. Afrand, M. Akbar, and A. D’Orazio, “An experimental study on thermal conductivity 
of F-MWCNTs-Fe3O4/EG hybrid nanofluid: effects of temperature and concentration,” Int. Commun. Heat Mass 
Transf., vol. 76, pp. 171-177, 2016. 

[44] M. Devarajan, N.P. Krishnamurthy, M. Balasubramanian, B. Ramani, S. Wongwises, and K. Abd El-Naby, 
“Thermophysical properties of CNT and CNT/Al2O3 hybrid nanofluid,” Micro Nano Lett., vol. 13, pp. 617–621, 2018. 



 
 

 
 

 
 

 
105-8 

[45] N.N. Esfahani, D. Toghraie, and M. Afrand, “A new correlation for predicting the thermal conductivity of ZnO–Ag 
(50%–50%)/water hybrid nanofluid: an experimental study,” Powder Technol., vol. 323, pp. 367–373, 2018. 

[46] G.M. Moldoveanu, G. Huminic, A.A. Minea, and A. Huminic, “Experimental study on thermal conductivity of 
stabilized Al2O3 and SiO2 nanofluids and their hybrid,” Int. J. Heat Mass Transf., vol. 127, pp. 450–457, 2018. 

[47] M.H. Esfe, S. Esfandeh, and M. Rejvani, “Modeling of thermal conductivity of MWCNT-SiO2 (30:70%)/EG hybrid 
nanofluid, sensitivity analyzing and cost performance for industrial applications,” J. Therm. Anal. Calorim., 2017. 

[48] K.A. Hamid, W.H. Azmi, M.F. Nabil, and R. Mamat, “Improved thermal conductivity of TiO2 –SiO2 hybrid nanofluid 
in ethylene glycol and water mixture,” IOP Conference Series” Mater. Sci. Eng., vol. 257, 2017. 

[49] M. Afrand, “Experimental study on thermal conductivity of ethylene glycol containing hybrid nano-additives and 
development of a new correlation,” Appl. Therm. Eng., vol. 110, pp. 1111–1119, 2017. 

[50] S.M. Abbasi, A. Rashidi, A. Nemati, and K. Arzani, “The effect of functionalization method on the stability and the 
thermal conductivity of nanofluid hybrids of carbon nanotubes/gamma alumina,” Ceram. Int., vol. 39, pp. 3885–3891, 
2013. 

[51] S. Akilu, A.T. Baheta, and K.V. Sharma, “Experimental measurements of thermal conductivity and viscosity of ethylene 
glycol-based hybrid nanofluid with TiO2-CuO/ C inclusions,” J. Mol. Liq., vol. 246, pp. 396–405, 2017. 

[52] S. Suresh, K.P. Venkitaraj, P. Selvakumar, and M. Chandrasekar, “Synthesis of Al2O3–Cu/water hybrid nanofluids using 
two step method and its thermos-physical properties,” Colloids Surf. A: Physicochem. Eng. Asp., vol. 388, pp. 41–48, 
2011. 

[53] K.Y. Leong, I. Razali, K.Z. Ahmad, H.C. Ong, M.J. Ghazali, and M.R. Abdul Rahman, “Thermal conductivity of an 
ethylene glycol/water-based nanofluid with copper-titanium dioxide nanoparticles: an experimental approach,” Int. 
Commun. Heat Mass Transf., vol. 90, pp. 23–28, 2018. 

[54] T. Shah, and H. Ali, “Applications of hybrid nanofluids in solar energy, practical limitations and challenges: A critical 
review,” Sol. Energy, vol. 183, pp. 173-203, 2019. 

 
 


	Photothermal Convergence Performance of Mono and Hybrid Nanofluids in Solar Systems

