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Abstract: In this work, the Fe3O4, Cu and Au with different concentrations and the hybrid nanofluids were 9 

prepared and characterized to enhance the solar photothermal conversion performance based on the direct 10 

absorption concept. An extensive experimental study was carried out with different sample nanofluids under 11 

a solar simulator. The experiment was first conducted with Au nanofluid in three cases to investigate the effect 12 

of different test conditions, and the test condition where the simulated sunlight was absorbed by the sample 13 

nanofluid only once with minimum heat loss to the surroundings was determined for later research. Based on 14 

the experimental results, below conclusions have been reached: 1) the solar energy absorption performance of 15 

nanofluids with plasmonic nanomaterials, i.e., Au or Cu, is much better than that of nanofluids with non-16 

plasmonic nanomaterials, i.e., Fe3O4 and DI water, due to the effect of localized surface plasmon resonance; 2) 17 

the larger the concentration, the higher the solar energy absorption efficiency, but the increasing rate of the 18 

absorption efficiency slows down gradually with the increase of the concentration; 3) a numerical method to 19 

predict photothermal conversion efficiency of nanofluid under solar radiation has been proposed; 4) the novel 20 

idea of employing hybrid nanofluid to enhance the solar absorption performance has been experimentally and 21 

numerical validated, which can enhance the solar photothermal conversion when mixing two nanofluids with 22 

different absorption peaks, and there is an optimal mixing volume fraction for hybrid nanofluid. 23 
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Nomenclature 25 

A        surface area exposed to solar radiation (m2)  26 

absorbance (-) 27 

na       Mie coefficient to compute the amplitudes of the scattered field (-) 28 

nb       Mie coefficient to compute the amplitudes of the scattered field (-) 29 

c        specific heat capacity (( )J/ kg K ) 30 

pc       specific heat capacity at constant pressure (( )J/ kg K ) 31 

D        particle diameter (m) 32 

Dp        Petri dish diameter (m) 33 

E        spectral emissive power ( 3W/m ) 34 

vf        volume concentration (-) 35 

I        radiative intensity ( 2W/m ) 36 

k        thermal conductivity ( ( )W/ m K )   37 

fk       imaginary part of the complex refractive index of the based fluid (-) 38 

L        optical depth (m) 39 

m        mass (kg )  40 

         relative refractive index (-)  41 

n        complex refractive index (-)  42 

order of accuracy 43 

q        heat flux ( 2W/m ) 44 

Q       efficiency factor for Mie scattering (-)  45 
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T        temperature (Co ) 46 

t         time (s) 47 

U       uncertainty (-) 48 

x        characteristic size of nanoparticles (-) 49 

Greek symbols 50 

       extinction coefficient ( -1m ) 51 

        spectral emissivity (-) 52 

        efficiency (-) 53 

       absorption coefficient ( -1m ) 54 

       wavelength of light in vacuum (m) 55 

       scattering coefficient ( -1m )  56 

        Stefan-Boltzmann constant = ( )( )-8 2 45.670 10 W/ m K   57 

       density (kg/m3) 58 

n      spherical Bessel function of order n 59 

n       spherical Bessel function of order n 60 

Superscripts 61 

-       average value 62 

→      vector quantity 63 

Subscripts 64 

abs     absorption 65 

amb    ambient 66 

b       black body 67 

ext     extinction 68 

f       fluid 69 

       wavelength range 70 



- 4 - 

I       radiative intensity 71 

n       nanoparticle 72 

p       particle 73 

sca      scattering 74 

s        scattering 75 

w       water 76 

Abbreviations 77 

ABE    absorption efficiency 78 

DASC   direct absorption solar collector 79 

DI      deionized 80 

PTE    photothermal conversion efficiency 81 

RTE    radiative transfer equation 82 

SAR    specific absorption rate 83 

TC     thermocouple 84 

SEM   scanning electron microscope 85 

UV     ultraviolet 86 

 Introduction 87 

With the rapid development of social economy and growth of world population, there is a growing demand 88 

on energy for today’s world. At the same time, with diminishing availability of fossil fuels and increasing 89 

concerns on environmental pollution and global warming, to develop sustainable and renewable energy 90 

technologies, especially solar energy related, becomes extremely important in securing our energy future [1–91 

3], which attracts the interests of many researchers worldwide.  92 

However nowadays, the solar energy utilization efficiency is still relatively low, and there exist many 93 

challenges to overcome before realizing its efficient and widespread utilization. While for the solar thermal 94 

energy applications, the big challenge lies in the solar photothermal conversion efficiency. In recent decades, 95 

in order to enhance the solar photothermal conversion performance, nanoparticle-based direct absorption 96 

concept has been proposed, which makes use of nanoparticles dispersed in the base fluid to realize effective 97 
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and efficient solar photothermal conversion, and the solar thermal energy is eventually stored in the base fluid 98 

through the heat transfer between the nanoparticles and the base fluid [4–6]. 99 

Comparing to traditional solar thermal collectors that absorb the solar energy first by an engineered solid 100 

surface, then transport it through the conduction and convection processes, in this novel concept, properly 101 

selected nanoparticles absorb the solar energy directly within the base fluid. Such an idea transfers the surface 102 

heat transfer limitation associated with conventional solar thermal collectors into volumetric absorption 103 

process, which can increase the solar energy absorption efficiency considerably by properly engineering the 104 

solar absorption spectrum at the nanoscale [7–14]. So far, big progress has been made in this area since this 105 

new concept was first proposed, and the solar energy absorption performance of a variety of nanomaterials has 106 

been investigated both experimentally and theoretically, which will be reviewed in brief below.  107 

Otanicar et al. [15] compared the photo-thermal efficiencies of different nanofluids including carbon 108 

nanotubes, graphite and silver nanofluids. It is found that the optical absorption properties are affected by the 109 

nanoparticle material, structure, shape, size and volume fraction. An efficiency improvement of up to 5% in 110 

solar thermal collectors by using nanofluids as the absorption mechanism was experimentally demonstrated. 111 

Karami et al. [16] prepared alkaline functionalized carbon nanotubes (f-CNT)/water nanofluid as working fluid 112 

of low-temperature direct absorption solar collector, and characterized its dispersion stability, optical 113 

properties and thermal conductivity. Experimental results confirmed that f-CNT can raise the optical properties 114 

of the fluid due to improvement of the light extinction level even at low volume fractions. 150 ppm f-CNT 115 

increased the extinction coefficient of pure water by about 4.1 cm-1. Significant enhancement of thermal 116 

conductivity (32.2%) was observed for 150 ppm f-CNT /water nanofluid. With these promising properties, 117 

this kind of nanofluid is very suitable for increasing the overall efficiency of direct absorption solar collectors. 118 

Zhang et al. [17] proposed and validated a novel idea of using plasmonic nanoparticles (PNP) to improve the 119 

solar photo-thermal conversion efficiency. Gold nanoparticle (GNP) was synthesized through an improved 120 

citrate-reduction method, which was used as an example to illustrate the photo-thermal conversion 121 

characteristics of PNPs under a solar simulator. The experimental results showed that GNP has the best photo-122 

thermal conversion capability comparing to other reported nanomaterials. At the lowest particle concentration 123 

examined (i.e. 0.15 ppm), GNP increased the photo-thermal conversion efficiency of the base fluid by 20% 124 

and reached a specific absorption rate (SAR) of 10 kW/g. The photo-thermal conversion efficiency increased 125 

with increasing particle concentration, but the SAR showed a reverse trend. Filho et al. [18] investigated 126 

experimentally the photo-thermal conversion characteristics of one of the plasmonic nanoparticles, i.e. silver, 127 
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under realistic conditions. Stable silver nanofluids were formulated through a high-pressure homogenizer, and 128 

the experiments were conducted continuously under sunlight on a rooftop for 10h. The results showed that 129 

silver nanoparticles had excellent photo-thermal conversion capability even under very low concentrations. 130 

Up to 144% enhancement in the stored thermal energy can be obtained at the peak temperature for a particle 131 

concentration of 6.5 ppm. Nearly constant initial specific absorption rate (SAR), 0.6 kW/g, was obtained for 132 

nanoparticle concentrations up to 6.5 ppm, but it decreased significantly at higher concentrations. He et al. [19] 133 

prepared Cu-H2O nanofluids through the two-step method, and the transmittance of nanofluids over solar 134 

spectrum (250-2500 nm) was measured by the UV-Vis-NIR spectrophotometer based on integrating sphere 135 

principle. The factors influencing transmittance of nanofluids, such as particle size, mass fraction and optical 136 

path were investigated. The extinction coefficients measured experimentally were compared with the 137 

theoretical calculation. Meanwhile, the photo-thermal properties of nanofluids were also investigated. The 138 

experimental results showed that the transmittance of Cu-H2O nanofluids was much less than that of deionized 139 

water, and decreased with increasing nanoparticle size, mass fraction and optical depth. The highest 140 

temperature of Cu-H2O nanofluids (0.1wt.%) can increased up to 25.3% compared with deionized water. The 141 

good absorption ability of Cu-H2O nanofluids for solar energy indicated that it is suitable for direct absorption 142 

solar thermal energy systems. Khullar et al. [20] conducted an experimental study which quantitatively 143 

compared a nanofluid-based volumetric system to a conventional surface absorption-based system employing 144 

a solar selective surface. The nanoparticle dispersions were amorphous carbon nanoparticles dispersed in 145 

ethylene glycol and multi-walled carbon nanotubes (MWCNTs) dispersed in distilled water. The study showed 146 

that the nanofluid-based volumetric absorption system could be more efficient. There was an optimum volume 147 

fraction at which the nanoparticle dispersion-based volumetric system performed the best. Additionally, it was 148 

also shown that higher stagnation temperatures were possible in the case of volumetric absorption system, 149 

which can be attributed to the cumulative effect of higher optical efficiency and the higher conversion 150 

efficiency of radiant energy into the thermal energy in the working fluid. To assess the efficiency of direct 151 

absorption solar collector with different nanoparticles, Zhang et al. [21] conducted an experimental study of 152 

the photo-thermal conversion characteristics of a number of nanoparticle dispersions including Au, Si, Fe3O4, 153 

Al 2O3 and diamond under the same experimental setup. The results showed that comparing with the base fluid, 154 

the introduction of nanoparticles can increase the photo-thermal conversion efficiency significantly, and the 155 

efficiency increased in the order of Al2O3, diamond, (Fe3O4 and Si) and Au. 156 
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Ladjevardi et al. [22] investigated the application of graphite nanofluid in direct absorption solar collector 157 

by numerical simulation. Radiative transport equations along with mass, momentum and energy equations 158 

were solved together to simulate the operating characteristics of direct absorption solar collector. Different 159 

diameters and volume fractions of graphite nanoparticles were investigated. Moreover, for a proposed low-160 

temperature solar collector, increase in outlet temperature, convective thermal losses, and costs were evaluated. 161 

Results of this study showed that by using graphite nanofluid with a volume fraction around 0.000025%, it 162 

would be possible to absorb more than 50% of incident irradiation energy by just about 0.0045 $/L increase in 163 

cost, while pure water solar collector can only absorb around 27% of incident irradiation energy. Luo et al. 164 

[23] established a simulation model of nanofluid solar collector based on direct absorption concept by solving 165 

the radiative transfer equations of particulate media and combining conduction and convection heat transfer 166 

equations. The system efficiency and temperature distribution were analyzed by considering the absorption 167 

and scattering of nanoparticles and the absorption of the matrix. The simulation results showed that the 168 

nanofluids improved the outlet temperature and the efficiency by 30-100 K and by 2-25% than the base fluid. 169 

The photo-thermal efficiency of 0.01% graphite nanofluid was 122.7% of that of a coating absorbing collector. 170 

The study indicated that nanofluids, even of very low content, had good absorption of solar radiation, and can 171 

improve the outlet temperature and system efficiency. 172 

According to the review above, both theoretical and experimental studies confirm that the employment of 173 

nanoparticles can indeed enhance the absorption efficiency of solar thermal energy considerably based on the 174 

direct absorption concept. Currently, in most studies, only a single kind of nanoparticles was adopted. For each 175 

kind of nanoparticles, it only has strong absorption capability within a narrow solar spectrum. In order to 176 

further enhance the absorption efficiency, it is necessary to improve the solar absorption in the whole solar 177 

spectrum, and the application of hybrid nanofluids, i.e. a mixture of different kinds of nanoparticles with the 178 

solar absorption peak at different wavelengths dispersed into the base fluid, is a practically feasible method. 179 

For instance, Au nanoparticles have excellent solar absorption performance due to the effect of localized 180 

surface plasmon resonance, however, the wavelength corresponds to its solar absorption peak is around 520 181 

nm, and its absorption capability becomes much worse when the solar wavelength is larger than 600nm. For 182 

Cu nanoparticles, the wavelength corresponds to its solar absorption peak is larger than 700nm, so it is expected 183 

to improve the solar absorption in the whole solar visible spectrum (390-760nm) by the application of Cu+Au 184 

hybrid nanofluids. In this paper, hybrid nanofluids of Fe3O4, Cu and Au were prepared and tested under solar 185 

simulator. The photothermal conversion efficiency was evaluated based on theoretical model. Meanwhile, 186 
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numerical works and other relevant factors affecting the solar energy absorption performance of the nanofluids 187 

were also investigated and discussed. 188 

 Experimental setup and material 189 

 Preparation of nanofluids  190 

In this work, Massart co-precipitation method was considered for the production of Fe3O4 nanoparticles 191 

according to the following reaction [24]: 192 

FeCl2+ 2 FeCl3+ 8NaOHs Fe3O4+ 8NaCl+ 4H2O                      (1) 193 

  Table 1 shows the concentration and temperature condition of several experiment runs. The concentration 194 

of other components was prepared based on chemical stoichiometry with Ferrous chloride.  195 

Table 1. The condition of nanoparticle synthesis in different experiment runs. 196 

TemperaturFerrous chloride Experimental 

 22 ºC 0.01 1 

22 ºC 0.05 2 

22 ºC 0.1 3 

70 ºC 0.01 4 

70 ºC 0.05 5 

70 ºC 0.1 6 

The reverse microemulsion was prepared by mixing1 ml ionized water containing FeCl3and FeCl2 with a 197 

mixture of 8 ml cyclohexane, 0.2 g Span80-1.8 g Tween80 and 2 ml propyl alcohol for 1 hours under magnetic 198 

stirring. One ml of sodium hydroxide solution as the precursor was added drop wise to the reverse 199 

microemulsion during 10 minutes. The mixture was stirred over 4 hours to reach the equilibrium. A trial was 200 

performed without using any surfactant in the mixture to compare with the reverse microemulsion method. 201 

SEM image for Fe3O4 nanoparticles is shown in Fig. 1. 202 

The Cu nanofluid was formulated through two step method, i.e. by dispersing a certain amount of 203 

commercial Cu nanoparticles into DI water with pre-determined volume. In this work, the Cu nanoparticles 204 

were purchased from the Sigma-Aldrich Corporation with a size range of 60-80 nm. In the preparation process, 205 

a certain amount of dispersing agent (tri-sodium citrate) was first blended with DI water, then the pH value of 206 
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the tri-sodium citrate aqueous solution was adjusted to about 10.0 by the precise addition of NaOH solution. 207 

After that, a certain amount of Cu nanoparticles was blended with the tri-sodium citrate aqueous solution. The 208 

suspensions were stirred for 30 min by magnetic stirring apparatus and then sonicated for 30 min with an 209 

ultrasonic device. SEM image for Cu nanoparticles is shown in Fig. 1. 210 

The Au nanofluid was formulated through simultaneous production and dispersion of the nanoparticles in 211 

situ, i.e. one step method. Au nanoparticles were synthesized by the citrate reduction method with the aid of 212 

magnetic stirring. In the synthesis process, a mixture of 50ml 5mM HAuCl4 aqueous solution and 50ml 10 213 

mM tri-sodium citrate aqueous solution was heated until boiling, and stirred by a magnetic blender. The pH 214 

value of the mixture was adjusted as 7.50 by the addition of NaOH solution with the concentration of 1.0M, 215 

and the production process lasted about three hours until the color of the solution changed to dark wine red. 216 

After that, Au nanofluid was purified by the membrane dialysis method. In this process, Au nanofluid was put 217 

in a membrane tube with pore size of 2-3 nm in diameter, which allows the smooth diffusion of ions but keeps 218 

the Au nanoparticles always inside the tube. The membrane tube was located in a beaker filled with DI water 219 

of 2000 ml and stirred by a magnetic stirrer. SEM image for gold nanoparticles is shown in Fig. 1, which 220 

clearly shows the morphology information: most of the Au nanoparticles with smaller sizes are spherical, while 221 

a majority of Au nanoparticles with larger sizes are oval, and the average size of the Au nanoparticles is around 222 

20-30 nm.  223 
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Fe3O4

Fe3O4, Cu, Au,  Fe3O4+Cu, Fe3O4+Au, Cu+Au, Fe3O4+Cu+Au

AuCu

Fe3O4+Cu Fe3O4+Au Cu+Au

Fe3O4+Cu+Au
 224 

Fig. 1. SEM images and photo of different nanofluids 225 

The synthesized nanofluids were put into an ultrasonic bath (ThermoFisher Scientific, FB11207) for 30 min. 226 

The concentration of the original nanofluid was determined as 330 ppm, 25ppm and 1500 ppm by the Atomic 227 

Absorption Spectroscopy (AAS), and the nanofluids with different concentrations were prepared by diluting 228 

the original ones with DI water. The Fe3O4, Cu and Au nanofluid with concentration of 200 ppm, 50 ppm and 229 

6 ppm were selected for hybrid nanofluid preparation. The diluted solutions were processed by an Ultrasonic 230 

Cell Disruption (UCD) System (ThermoFisher Scientific, FB705) with 50% power for 2 hours. After that, the 231 

nanofluids were standing for 2 months and tested by a UV-spectrophotometer (Shimadzu UV-1800) to 232 

compare the changes in absorption. The difference of absorbance before and after standing for 2 months was 233 

less than 1%, which indicated that the nanofluids maintained good stability. The diluted Fe3O4, Cu and Au 234 

nanofluids (with concentration of 200 ppm, 50 ppm and 6 ppm, respectively) were mixed by the same volume 235 

of each one and processed by the UCD system for 3 hours. The SEM images can be seen in Fig. 1. The 236 

Fe3O4+Cu, Fe3O4+Au, Cu+Au and Fe3O4+Cu+Au hybrid nanofluids were tested by the UV-spectrophotometer, 237 

and the results showed that the deviation of absorbance maintained 1% in 1 week. In our previous research 238 
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[13,25], adding surfactant can significantly improve the stability of nanofluid. In order to improve the stability, 239 

dispersing agents of trisodium citrate (TSC) aqueous solution 0.5M and Gum-Arabic (GA) powder were added 240 

to the hybrid nanofluids at 2 vol% and 0.5 wt %, respectively. The deviation of absorbance maintained 1% in 241 

3 months. However, to avoid the influence of surfactant on the absorption of solar energy, the hybrid nanofluids 242 

after UCD treatment and without any surfactant were selected for further experiments, and the experiments 243 

were conducted within 1 week after the UCD treatment. The optical property of nanofluid was characterized 244 

by a UV-spectrophotometer, as shown in Fig. 2. The Fe3O4 exhibits strong absorption from 300 nm to 450 nm, 245 

and no peak absorption is found. The peak absorption of Cu nanofluid is around 750 nm in spectrum. There is 246 

peak absorption at the wavelength of around 530 nm for Au nanofluid with concentration of 6 ppm, which is 247 

due to the strong Surface Plasma Resonance (SPR) effect in visible spectrum [26]. Many previous researches 248 

conclude that the strong absorption in visible light is the reason why gold nanofluid has high photothermal 249 

conversion efficiency. And seeking for nanofluid whose absorption shape in spectrum is similar with the shape 250 

of solar spectrum becomes popular when considering solar thermal harvesting [27,28]. However, the solar 251 

spectra emissive power exists from 200 nm to 3000 nm approximately, as shown in Fig. 5. Unilaterally 252 

considering the visible spectrum only may cause significant issues in calculating photothermal conversion 253 

efficiency. According to the Maxwell’s equation [29], the scattering of nanofluid in this paper should be 254 

independent. As Cu and Au nanofluid have peak absorption in different wavelength of spectrum, the mixing 255 

of Cu and Au nanofluid makes the absorption more smooth in spectrum, as shown in Fig. 2. However, the 256 

mixing of Cu an Au nanofluid will dilute each other as the volume is the same. According to Beer’s law [29], 257 

the absorbance of hybrid Cu-Au nanofluid should be the half of ACu+AAu (A is the absorbance). That’s the 258 

reason why the curve absorbance of Cu-Au nanofluid passes through the curve intersection of Cu and Au. The 259 

situation is the same for Fe3O4-Cu and Fe3O4-Au hybrid nanofluids. Further investigation into the absorbance 260 

will be discussed in Section 4.5. 261 
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Fig. 2. The absorbance of different nanofluids 263 

 Experimental setup  264 

  Fig. 3 shows the experimental setup. In order to minimize the experimental uncertainties under direct 265 

sunlight, a solar simulator (Newport Co. Oriel Xenon Arc lamp, Model 94023A) was employed to simulate 266 

the real solar radiation. It provides a close spectral match to the real solar spectra. The performance parameters 267 

of the solar simulator are based on the ASTM standard (ASTM E927-05), including spectral match, non-268 

uniformity of irradiance (5% maximum) and temporal instability (0.5% and 2.0% maximum for short- and 269 

long-term measurements, respectively). To minimize the temperature gradient inside the fluid, a thin layer of 270 

sample fluid (3 mm) was injected into a Petri dish with 3.5cm diameter, which was located on the bottom of 271 

an upside-down beaker in the center spot of the solar simulator. The solar radiation was maintained at 272 

approximately 980 W/m2 (1.5AM) in all the experiments, and a uniform radiation from the solar simulator can 273 

be assumed. The center sample temperature was measured by a type K thermocouple (Sigma Cooperation, 274 

with uncertainty of ±0.1 °C), whose head was fixed on the bottom center of the Petri dish. The radiative 275 

intensity of solar simulator was measured by a radiative sensor (AccuPRO XP-2000) with a measurement 276 

uncertainty of 2.0%. The mass of nanofluid was measured by a digital balance (Ohaus Discovery Model 277 
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DV214c) with precision of 罰0.0005 g. The inner diameter of the Petri dish was measure by micrometer with 278 

precision of 罰5づm. The data was recorded in a PC though a data acquisition hardware (thermocouple input 279 

devices, NI, USB-9211, 4-Channel, 24-bit) under the Labview environment. Preliminary tests with five 280 

thermocouples located at different positions on the bottom of the Petri dish showed that the space variation of 281 

the sample temperature was very small, i.e. within 0.2 °C. The temperature variation of the thermocouple 282 

during the switch on period of the solar simulator was not detected, which indicated that the solar radiation 283 

didn’t affect on the temperature acquiring inside nanofluid by the thermocouple. Sample fluid was injected 284 

slowly through a variable volume pipette into the Petri dish before each experiment. 285 

 286 

Fig. 3. Schematic of the experimental setup 287 

 288 

Fig. 4. Three cases in the experiment 289 
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  The experiment was conducted for three cases, as shown in Fig. 4. For case 1, the Petri dish was covered 290 

by a glass plate (made of quartz glass, material type of JGS1, GiAi Photonics Corporation), which had high 291 

transparency from 185 nm to 2800 nm in spectrum. A piece of white paper was sandwiched between the Petri 292 

dish and the beaker; for case 2, the Petri dish was directly open to the ambient, and a piece of white paper was 293 

sandwiched between the Petri dish and the beaker; and for case 3, the Petri dish was covered by a glass plate, 294 

the white paper was removed, and a piece of black foam sponge was placed in the beaker to absorb the solar 295 

light transmitted through the sample fluid.  296 

 Numerical model 297 

Aiming to investigate special absorbing properties for individual type and hybrids of nanofluids, a 298 

simulative model was built to predict the Absorption Efficiency (ABE). Through numerical model, the reason 299 

why hybrid nanofluids can enhance photothermal conversion efficiency and how to mix hybrid nanofluids 300 

properly can be comprehensively explained.  Here we preferred to employ realistic solar irradiation profile 301 

based on ASTM G173-03 Reference Spectra [30], as shown in Fig. 5. Solar radiative power takes part of more 302 

than 95% in wavelength range between 200~3000 nm, but radiative power from nanofluids is mainly beyond 303 

3000 nm, and is much small than that of sun, as can be seen in inset. So we separate the spectrum into two 304 

bands from 3000nm in order to simplify simulative model [31].  305 
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 306 

Fig. 5. ASTM G173-03 Reference Solar Spectra Emissive Power with wavelength, inset shows calculated 307 

spectral emissive power for sun (T=5762 K) and nanofluid (T=303 K), where spectral distribution is 308 

separated into two bands, A (<3000 nm ) and B ( 3000 nm  ) 309 
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 Mie scattering theory 310 

In the present modeling, the characteristic size employed in radiative transfer equation is as /x D  = , 311 

where D  represents the diameter of nanoparticles. Since the diameter of suspended particles in the 312 

experiments are much smaller than the wavelength of irradiation (x <<1), it is appropriate to use simplified 313 

equations, i.e., the Rayleigh scattering approximation [32] to calculate the absorption coefficient for nanofluids 314 

with small particle inside. However, in order to obtain detailed scattering parameters, such as the efficiencies 315 

for scattering, absorption, backscattering, averaged absolute-square E-field, the original Mie scattering 316 

equations [29] is preferred to identify the optical properties for spherical nanoparticle suspensions. The Mie 317 

scattering equations can be described by: 318 

                                             (2) 319 

                                           (3) 320 

                     ( ) ( ) 2 2

2
1

2
2 1sca n n

n

Q n a b
x




=

 = + +                                (4) 321 

                      ( ) ( ) ( )2
1

2
2 1 Reext n n

n

Q n a b
x




=

= + +                               (5) 322 

where the functions ( )n x  and ( )n x  are spherical Bessel functions[29] of order n (n= 1, 2,..) and the 323 

primes refer to the derivatives with respect to the argument, and m represents the ratio of refractive indexes, 324 

calculated by: 325 

                                     particles

fluid

n
m

n
=                                     (6) 326 

where particlesn and fluidn are the complex refractive index [33–35] of particle material and based fluid (i.e. 327 

water) relative to the ambient medium, respectively. In consideration of relative low concentrations of 328 
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nanofluids developed for solar thermal applications, particles should absorb and scatter light independently 329 

according to the scattering map [29]. With such a consideration, the absorption coefficient can be calculated 330 

from the below equation: 331 

                     ( ) ( ) ( ) ( ) ( )43
=

2
fv abs

p f

kf Q

D

 
     


+ = +                     (7) 332 

Here the particle of hybrid nanofluids we intend to investigate is in independent-scattering range[29], the 333 

absorption coefficient of hybrid nanofluids can be assumed as the summation of absorption of each kind of 334 

nanoparticles and the based fluid, which can be expressed as: 335 

           (8) 336 

where the superscripts represent each type of nanofluids. 337 

Based on Beer-Lambert Law [31], the absorbance can be obtained as: 338 
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Fig. 6. Absorbance from UV spectral-photometer and simulation for gold nanofluids of different concentrations 341 

Fig. 6 shows the comparison of simulative and experimental absorption from UV-spectrophotometer. As 342 

can be seen, results from Mie scattering theory are comparable with that from experiments. All samples exhibit 343 

very similar absorption curve shapes. The wavelength corresponds to the absorption peak is all about 520 nm, 344 

which is independent on the concentration of the nanofluids. Meanwhile the UV/Vis absorbance of Au 345 

nanofluids agrees pretty well with the Beer’s law, i.e. the absorbance exhibits strict linear relation with the 346 

concentration. The proposed model can predict the absorbance for Fe3O4 and Cu nanofluid. However, due to 347 

the reactants and surfactant inside the fluid, the absorbance in UV region shows some infinity values (as shown 348 

in Fig. 2), which is not caused by nanoparticles. In this case, the model is not suitable to predict the absorbance 349 

in UV region. In order not to dilute the focal point of this work, the validation for Fe3O4 and Cu nanofluid is 350 

not presented. 351 

 Predicted absorption efficiency 352 

As nanoparticle-based solar receiver, the solar energy absorption of nanoparticle can be simplified as 1-D 353 

radiative transfer, as shown in Fig. 7. The total absorption efficiency (ABE) can be described as [31]: 354 
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where the spectral wavelength for calculation is between 200 nm and 3000 nm, in which most of solar energy 356 

exists.  357 
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Fig. 7. Schematic absorption profiles in a nanoparticle-based solar receiver  359 

Fe3O4, Cu and Au nanofluids with concentrations of 200 ppm, 50 ppm and 6 ppm were dispersed into each 360 

other with the same volume, respectively. The absorbance for each nanofluids and different hybrids can be 361 

seen in Fig. 2. These nanoparticle in such low concentration nanofluids should scatter light individually, as the 362 

size compared with the wavelength is in individual scattering range [29].Because two different nanofluids are 363 

dispersed into each other with the same volume concentration, the absorbance line in the whole spectrum of 364 

UV-spectrophotometer should go through the cross point of two individual absorbance lines (i.e. the 365 

absorbance lines for Cu, Au and Cu-Au hybrid nanofluids go through the same point at wavelength around 366 

600 nm, as can be seen in Fig. 2), which is in consistent with Beer’s Law. Hybrid nanofluid has the 367 

characteristics of mixed ingredients in absorbance, i.e., Au nanofluid and Cu nanofluid have absorbing peaks 368 

around 530 nm and 750 nm in wavelength, respectively. Obviously, hybrid nanofluid from Au and Cu has two 369 

identical peaks and exhibits more flat absorbance curve than that of Au or Cu nanofluid. 370 

 Results and discussion 371 

 Effect of test conditions on solar energy absorption performance 372 
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The solar energy absorption performance is influenced by not only the working fluids employed, but also 373 

the test conditions, and it is very important to understand the effect of different test conditions in the analysis 374 

of the experimental results. In this work, the experiment was first carried out in three cases to investigate the 375 

cover and reflection effects on the solar energy absorption performance. 376 
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Fig. 8. Temperature variations of DI water and 3 ppm Au nanofluid in different cases 378 

Fig. 8 shows the temperature variations of DI water and Au nanofluid with a concentration of 3 ppm in 379 

different cases. For a fixed solar radiation time of 220s in the same case, i.e., case 1 or 2, the temperature rise 380 

of Au nanofluid is obviously larger than that of DI water due to enhanced solar photothermal conversion 381 

performance of Au nanoparticles. However, more interestingly the glass cover plays an important role in 382 

affecting the temperature rise of the sample fluid. For DI water, the temperature rise is increased by 3.4°C 383 

when it is covered by a glass plate; and for Au nanofluid, the temperature rise is further increased by 4.0°C. 384 

The final temperature of DI water with a glass cover is even 1.5 °C higher than that of Au nanofluid without a 385 

glass cover, indicating that when the sample fluid is directly exposed to the ambient, as the fluid temperature 386 

rises continuously due to the absorption of solar radiation, the temperature difference between the sample fluid 387 

and the ambient increases gradually, and the heat loss from the sample fluid surface to the ambient through the 388 

evaporation and convection is comparatively large. The glass cover is made of quartz glass, which has high 389 

transparency from 185 nm to 2800 nm in spectrum. The glass cover will not affect the solar radiation. However, 390 
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the glass cover will significantly absorb the long IR radiation form the nanofluid (above 4000 nm with the 391 

temperature of 303 K, as shown in Fig. 5), which prevents the radiative loss of nanofluid, the same 392 

phenomenon as the greenhouse effect. In order to avoid the influence of radiative and convective heat loss on 393 

the analysis of photothermal conversion efficiency, the glass cover is necessary for further experiment. By the 394 

employment of a glass cover, the heat loss to the ambient can be effectively inhibited, and it is very necessary 395 

to seal the sample fluid in later experiments to enhance the solar absorption performance. 396 

As shown in Fig. 8, for a fixed solar radiation time of 220s in the same case, i.e., case 1 or 3, the temperature 397 

rise of Au nanofluid is obviously larger than that of DI water, due to enhanced solar photothermal conversion 398 

performance of Au nanoparticles. However, more interestingly the sunlight reflection plays an important role 399 

in affecting the temperature rise of the sample fluid. For DI water, the temperature rise is increased by 4.1°C 400 

when a piece of white paper is located under the Petri dish; and for Au nanofluid, the temperature rise is further 401 

increased by 6.0°C. That is because when a piece of white paper is located under the Petri dish, the sunlight 402 

penetrated through the sample fluid is reflected upwards, which will be absorbed by the sample fluid for two 403 

or even more times, resulting in a large temperature rise of the sample fluid. While when the white paper is 404 

removed, and a piece of black foam sponge is placed in the beaker, the sunlight will be absorbed by the sample 405 

fluid only once because most of the penetrated sun light will be absorbed by the black sponge, resulting in 406 

considerably reduced temperature rise of the sample fluid. To better characterize the solar energy absorption 407 

performance of the nanofluids investigated here, subsequent experiments will be always conducted in case 3, 408 

i.e., the sample fluid absorbs the sunlight only once with minimum heat loss to the surroundings. 409 

 Effect of different nanofluids on solar energy absorption performance 410 

Fig. 9 shows a comparison of different working fluids on the solar energy absorption performance, including 411 

DI water, Fe3O4, Cu and Au nanofluids with different concentrations. As shown in Fig. 9, the solar energy 412 

absorption performance of Au nanofluid is the best, which is much better than that of Cu nanofluid. While for 413 

Fe3O4 nanofluid, the solar energy absorption performance is not favorable, which is only slightly better than 414 

that of DI water. 415 

In fact, the solar photothermal conversion performance of a nanofluid depends on its solar spectral 416 

absorption property, which is directly influenced by the particle material, particle shape and morphology and 417 

the suspension concentration. Generally, the solar photothermal conversion performance of a nanofluid is more 418 

or less above that of the base fluid, i.e., DI water. That is because nanoparticles dispersed in the water have 419 
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strong absorption of sunlight and the scattering effect between nanoparticles can also increase the optical path 420 

of photons entering the nanofluid, which is beneficial to the capture and absorption of sunlight. 421 
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Fig. 9. Comparison of different nanofluids on solar energy absorption performance 423 

Different from non-plasmonic materials, i.e., Fe3O4, for plasmonic materials such as Au, Ag and Cu 424 

nanoparticles, when the oscillation frequency of electrons in the metal is consistent with the incident light 425 

frequency, the plasmon resonance can be excited at the metal particle surface, and the absorption and scattering 426 

effects of sunlight can be significantly enhanced under the condition of resonance [36,37]. Therefore, at very 427 

low concentrations, the Au or Cu nanofluid exhibits much higher temperature rise compared to non-plasmonic 428 

materials. 429 

 Nanoparticle concentration effect on solar energy absorption performance 430 

Fig. 10 shows the temperature variations of Au and Cu nanofluids with different concentrations in case 3, 431 

respectively. For both Au and Cu nanofluids, the higher the concentration, the larger the temperature rise of 432 

the nanofluids. For Au nanofluid, it is in good agreement with the UV-Vis absorbance results shown in Fig. 6, 433 

where a higher concentration corresponds to a larger solar absorbance. 434 



- 22 - 

0 50 100 150 200 250 300
24

26

28

30

32

34

0 50 100 150 200 250 300
24

26

28

30

32

34

B

T
em

pe
ra

tu
re

 (
o C

)

Time (s)

 DI water case 3
 1 ppm Au nanofluid, case 3
 3 ppm Au nanofluid, case 3
 6 ppm Au nanofluid, case 3
 9 ppm Au nanofluid, case 3
 12 ppm Au nanofluid, case 3
 15 ppm Au nanofluid, case 3

A

T
em

pe
ra

tu
re

 (
o C

)

Time (s)

 DI water case 3
 50 ppm Cu nanofluid, case 3
 100 ppm Cu nanofluid, case 3
 150 ppm Cu nanofluid, case 3
 200 ppm Cu nanofluid, case 3

 435 

Fig. 10. Temperature variations with concentrations in case 3 of different nanofluids: (A) Au nanofluid; 436 

(B) Cu nanofluid 437 

The absorption efficiency is conventionally defined as the ratio of the internal energy increase of the fluid 438 

to the total incident solar radiation: 439 

                        
( )w w n n w wc m c m T c m T

IA t IA t
 +  
=  

 
                         (11) 440 

where T is the average temperature increase. Comparing with the base fluid, thermal energy stored in the 441 

nanoparticles is negligible owing to its low concentration and the heat capacity of the nanoparticles is usually 442 

lower than that of water. Here the total energy input from the solar simulator is used without considering the 443 

reflection from the glass tube. The evaporated water will re-condensate at the bottom of the glass cover, where 444 

the latent heat will release. This will trap the harvested heat absorbed from solar radiation. What’s more, with 445 

the cover of the glass, the relative humidity inside the glass cover and the Petri dish will always be saturated, 446 

which can also prevent the evaporation of nanofluid to some extent. As analyzed above, the evaporative and 447 

convective heat loss is relatively small due to the glass cover (compared with case 1). It is rational not to 448 

involve the conventional definition of absorption efficiency, the same with our previous research [31,38]. 449 

Based on the standard error analysis method [39], the uncertainty for the photothermal conversion efficiency 450 

can be expressed as: 451 

                      (12) 452 
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To quantify the capability of nanoparticles in absorbing solar energy, the specific absorption rate (SAR) is 453 

employed [18]: 454 

                                               (13) 455 

The uncertainty for SAR can be expressed as: 456 
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                        (14) 457 

where the uncertainty of mass of nanofluid was neglected due to the large difference between water mass and 458 

nanoparticle mass. The uncertainty analysis showed that the uncertainty of photothermal conversion efficiency 459 

and SAR were within 1%. All the experiments were performed 3 times and the results showed that the 460 

uncertainty was within 3%.  461 

Fig. 11 shows the variation of the solar energy absorption efficiency of Au and Cu nanofluids with different 462 

concentrations in case 3, respectively. For both Au and Cu nanofluids, the higher the concentration, the larger 463 

the solar energy absorption efficiency of the nanofluids. However, the increasing rate of the absorption 464 

efficiency slows down gradually with the increase of the concentration of the nanofluids. This is consistent to 465 

the Beer’s law where a logarithm relation exists between the transmittance and the concentration of the 466 

nanofluids. For DI water, the solar energy absorption efficiency is 20.3%, while it is increased up to 34.3% 467 

and 30.2% for 15.0 ppm Au nanofluid and 210 ppm Cu nanofluid respectively, indicating that the addition of 468 

a very little amount of nanoparticles into the base fluid, i.e. water, can significantly enhance the solar energy 469 

absorption performance.  470 
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Fig. 11. Variation of solar energy absorption efficiency and SAR with different concentrations of (A) Au 472 

nanofluid and (B) Cu nanofluid 473 

At the same concentration, the solar energy absorption efficiency of Au nanofluid is much higher than that 474 

of Cu nanofluid. For instance, when the concentration is 10 ppm, the solar energy absorption efficiency of Cu 475 

nanofluid is about 21%, whereas for Au nanofluid, it can be increased up to 31%. This is because Au 476 

nanoparticles have a much stronger effect of localized surface plasmon resonance compared to Cu 477 

nanoparticles, which leads to a much better solar photothermal conversion performance. 478 

Fig. 11 also shows the variation of the SAR of Au and Cu nanoparticles with different concentrations in 479 

case 3, respectively. For both Au and Cu nanofluids, the SAR decreases gradually with the increase of the 480 

concentration; at the same time, the SAR of Au nanoparticles is much higher than that of the Cu nanoparticles 481 

in the experiments. Clearly, the SAR is proportional to the difference of the temperature increase rate between 482 

the nanofluid and the base fluid. The overall effects result in the unique variation of the SAR of different 483 

nanoparticles. 484 

 Solar energy absorption performance of hybrid nanofluids 485 
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Fig. 12. Temperature variations of hybrid nanofluids in case 3 487 

As introduced in section 2.1, the hybrid nanofluids were prepared using the same volume of Fe3O4, Cu and 488 

Au nanofluid with concentration of 200 ppm, 50 ppm and 6 ppm, respectively. The photothermal conversion 489 

performance of hybrid nanofluids can be seen in Fig. 12. The temperature variations of Fe3O4+Cu hybrid 490 

nanofluid with different concentrations are shown in Fig. 12A. The temperature increase of Fe3O4+Cu hybrid 491 

nanofluid is higher than that of Fe3O4 nanofluid or Cu nanofluid. The same thing happens with Cu and Au 492 

hybrid nanofluid, as shown in Fig. 12C, i.e., the temperature of Cu+Au hybrid nanofluid is 31.2 襖, higher 493 

that of Cu or Au nanofluid (which are 30.36 襖 and 30.89 襖 at 300 s, respectively). The simple mixing of 494 

Fe3O4 and Cu nanofluids, or the mixing of Cu and Au nanofluid can gain extra benefit when absorbing solar 495 

energy. However, the temperature of Fe3O4, Au and Fe3O4+Au nanofluid are 29.74 襖, 30.89 襖 and 30.47 496 襖, respectively, which means the mixing of Fe3O4 and Au nanofluid will not gain the extra benefit, as shown 497 

in Fig. 12B. Simply mixing Fe3O4, Cu and Au nanofluid, i.e., the Fe3O4+Cu+Au does not have higher 498 

absorption efficiency than that of individual nanofluid, as shown in Fig. 12D. 499 
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Due to the localized surface plasmon resonance effect, Au nanofluids exhibit excellent absorption 500 

performance of solar thermal energy compared to nanofluids with non-plasmonic nanomaterials, such as oxide 501 

nanofluids. However, for Au nanoparticles, the wavelength corresponds to its solar absorption peak is around 502 

520 nm, as shown in Fig. 2, and its absorption capability becomes worse for the sunlight with the wavelength 503 

larger than 600 nm. It is possible to further enhance the absorption of sunlight with the wavelength larger than 504 

600 nm by simply increasing the concentration of Au nanofluid; however, it is obviously not an economical 505 

way, taking into account the high cost of gold material. While for Cu nanoparticles, the wavelength 506 

corresponds to its solar absorption peak is larger than 700 nm, and it is a novel idea to combine Au and Cu 507 

nanofluids to improve the solar absorption in the whole solar visible spectrum (390-760 nm), as verified by 508 

Fig. 2 where the solar visible light absorbance is evidently enhanced by the Cu-Au hybrid nanofluid compared 509 

with Au nanofluid at the same Au nanoparticle concentration. This indicates that the application of the hybrid 510 

nanofluids to further enhance the solar energy absorption efficiency should be a practically feasible and cost-511 

effective method. The same thing happens when considering about Fe3O4 and Cu nanofluid. Because they have 512 

different absorption peaks in spectrum, the Fe3O4+Cu hybrid nanofluid has higher absorption efficiency than 513 

that of individual nanofluid. Further investigation will be discussed in the next section. 514 

 Efficiency enhancement from hybrid nanofluids 515 

In order to investigate whether hybrid nanofluid can enhance photothermal conversion efficiency, Eq. 10 516 

was calculated with optical depth from 0.001 m to 0.03 m for all nanofluids we tested in this paper, as shown 517 

in Fig. 13.  518 
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Fig. 13 Predicted efficiency for single nanofluids and hybrids with changing optical depth, inset shows photothermal 520 

conversion efficiency when optical depth is 0.015 m 521 

Results from can be concluded as: 522 

1) Photothermal conversion efficiency increases with optical depth for all nanofluids, which is in 523 

consistent with our previous research [18,26,31,38] 524 

2) For all nanofluids, Cu-Au hybrid nanofluid exhibits highest efficiency while Fe3O4 nanofluid exhibits 525 

lowest efficiency 526 

3) If two nanofluids with distinct absorbing peak in spectrum, their hybrid nanofluid could possibly exhibit 527 

higher absorbing efficiency when mixing with each other with equal radio than that of single nanofluid, 528 

i.e., Au and Cu nanofluid have absorbing peak around 531 nm and 750 nm, respectively, and they have 529 

efficiency about 76% and 75%; after mixed with each other to become a hybrid, higher efficiency as 530 

much as 80% is reached. The same mechanism happens with Cu and Fe3O4 531 

4) However, if two nanofluid share similar absorbing behavior in spectrum (i.e., Au and Fe3O4 have higher 532 

absorbing efficiency in UV range but lower efficiency in near-infrared range, as can be seen in Fig. 2), 533 

it is possible to get a lower efficiency if mixing them together to become a hybrid 534 
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If hybrid nanofluids could enhance photothermal conversion efficiency by just mixing two kind of 535 

nanofluids with different advantaged absorbing peak spectrum, it is very interesting to investigate that at what 536 

volume fraction when two kinds of nanofluids mixing into each other will reach the maximum absorbing 537 

efficiency. According to Beer’s Law and Eq. 9, predicted efficiency changing with mixing volume fraction at 538 

optical depth of 0.015 m (a typical value) can be seen in Fig. 14. For Cu+Au hybrid nanofluids, a peak 539 

efficiency of 80.1% occurs when volume fraction of Au nanofluid is 0.516 (the volume of Au takes 51.6% in 540 

the mixed hybrid nanofluid). As much as 76.2% of efficiency can be reached when volume fraction of Cu 541 

nanofluid is 0.788 in Fe3O4+Cu hybrid nanofluid. However, for Fe3O4+Au nanofluid, absorbing efficiency 542 

increases monotonously with increasing of Au nanofluid’s volume fraction. 543 
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Fig. 14 Predicted photothermal conversion efficiency from numerical model for hybrid nanofluids with changing 545 

volume fraction of mixing ingredient when optical depth is 0.015 m 546 

In the present study, the calculation of the solar photothermal conversion efficiency Ș and the specific 547 

absorption rate SAR of the nanofluids are conducted in a very simple way, although it can reasonably reflect 548 

the major variation trends of these variables. There are still some factors that should be taken into account in 549 

the later research. In our previous research [31,38], ununiform temperature distribution was found when 550 

nanofluid under concentrated solar radiation. In this paper, the temperature distribution of the nanofluid may 551 



- 29 - 

not be very uniform, and the one-point measurement of the temperature cannot precisely represent the average 552 

temperature of the nanofluid, although the maximum temperature difference within the nanofluid should be 553 

not large for the present experimental condition. Actually, the ununiform temperature distribution is closely 554 

related to the optical depth, i.e., the thickness of the petri dish. Furthermore, the solar photothermal conversion 555 

characteristics of each nanoparticle should be different at different locations especially along the thickness 556 

direction.  557 

This work has validated the novel idea of employing hybrid nanofluids to effectively enhance the solar 558 

absorption efficiency; however, it is still at the early stage of the research, i.e., only certain concentration of 559 

the Fe3O4, Cu and Au nanoparticles are mixed and studied experimentally. Numerical study indicates that the 560 

optimal volume fraction of nanofluid should play important roles when absorbing solar energy. Future studies 561 

should focus on optimization of the concentration and volume of hybrid nanofluids in order to reach a trade-562 

off between the cost effectiveness and solar absorption performance. In addition, hybrid nanofluids composed 563 

of other nanoparticles such as silver, iron oxide and single or multiple-walled carbon nanotube nanomaterials 564 

should be considered, and different methods to synthesize more stable hybrid nanofluids should be explored 565 

and developed. At last, for the present study, the nanofluids investigated are always in the quiescent condition, 566 

and it is of great importance to investigate the solar absorption performance of different nanofluids including 567 

the hybrid nanofluids under flow condition, which is much similar to the situation in most practical engineering 568 

applications. 569 

 Conclusions 570 

In order to enhance the solar photothermal conversion performance based on the direct absorption concept, 571 

Fe3O4, Cu and Au nanofluid with different concentrations and hybrid nanofluids were prepared and 572 

characterized in this work. Extensive experiments were conducted with different nanofluids under a solar 573 

simulator. A numerical method to predict solar absorption efficiency has been proposed to investigate the roles 574 

of nanoparticles for hybrid nanofluid, and important conclusions have been drawn and summarized as follows:  575 

1) The test conditions significantly affect the solar absorption performance of the sample nanofluid by 576 

comparing the experimental results in three cases, and the test condition where the simulated sunlight 577 

is absorbed by the sample nanofluid only once with minimum heat loss to the surroundings is 578 

determined;  579 
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2) The solar energy absorption performance of nanofluids with plasmonic nanomaterials, i.e., Au or Cu, 580 

is much better than that of nanofluids with non-plasmonic nanomaterials, i.e., Fe3O4 and DI water, due 581 

to the effect of localized surface plasmon resonance;  582 

3) The larger the concentration, the higher the solar energy absorption efficiency, whereas the increasing 583 

rate of the absorption efficiency slows down gradually with the increase of the concentration;  584 

4) The solar energy absorption efficiency and specific absorption rate (SAR) of Au nanofluid are much 585 

larger than those of Cu nanofluid, because the Au nanofluid has a much stronger effect of the localized 586 

surface plasmon resonance, but the wavelengths correspond to their solar absorption peaks are much 587 

different; 588 

5) The novel idea of employing hybrid nanofluid to improve the solar absorption performance has been 589 

experimentally and numerically validated, which can enhance the solar photothermal conversion when 590 

mixing two nanofluids with different absorption peaks. There is an optimal mixing volume fraction for 591 

hybrid nanofluid. Further investigation should be focused on the roles of concentration and volume of 592 

hybrids for solar thermal harvesting. 593 
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