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Abstract - Nanofluids were prepared in a water-base fluid using different types of nanoparticles that included CuO, Ag, ZnO, and MtNs 
at different concentrations.  With the use of a solar simulator, experimental studies were performed to evaluate the thermal and exergetic 
efficiencies of the nanofluids.  The nanofluid samples were subjected to an average heat flux of 800 W/m2.  The photothermal conversion 
efficiency was shown to peak at relatively low concentrations for the different nanoparticles, and was shown to decrease with the increase 
in the nanofluid temperature.  Whereas the exergetic efficiency was shown to increase with the increase in temperature, reaching a peak 
at a temperature close to 40 oC for all nanofluids, and declining afterwards.  Compared to distilled water, the enhancement in the average 
exergetic efficiency of the tested nanofluids concentrations was shown to narrowly range between 57% and 69%, higher than that of the 
photothermal conversion efficiency that was seen to range between 28% and 66%.  Compared to other nanoparticles, silver had the 
highest of the thermal and exergetic efficiency reaching an average enhancement of 66% in the photothermal conversion efficiency at a 
concentration of 0.31% by weight, and 68% in its exergetic efficiency at the same concentration. 
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1. Introduction 

The efficient harvesting of direct solar energy depends on the working fluid used in the thermal system, and is a key 
factor in maximizing the utilization of this energy.  Nanofluids, formed by the dispersion of nanoparticles in a base fluid, are 
shown to alter the thermophysical properties of the base fluid by enhancing the bulk fluid heat transfer capability.  In addition, 
certain nanofluids are shown to exhibit outstanding photothermal conversion performance in harvesting direct solar energy. 

Photoexcitation is the driving force that triggers the photothermal energy conversion process causing the material to 
build-up heat as a result.  Photothermal energy conversion can be classified into three types based on the light absorption 
range [1]:  plasmonic localized heating, non-radiative relaxation in semiconductors, and thermal vibration in molecules.  In 
plasmonic localized heating, an immediate increase in localized temperature is caused by irradiating metallic nanoparticles 
at their resonance wavelength causing the electron gas to oscillate rapidly.  During irradiation of semiconducting materials, 
excited electrons release energy either as photons or phonons (heat), similar to the energy of the bandgap.  When it comes to 
thermal vibration in molecules, solar energy is converted to lattice vibration by organic materials.  Due to the absorption and 
scattering of photons by the nanoparticles, the presence of nanoparticles within a nanofluid reduces the transmittance of 
photons when it is irradiated [2].  As nanofluid concentration increases, transmittance decreases while optical absorption 
increases.  There is much wider range of wavelengths of optical absorption in the nanofluid than in the base fluid [2].  As a 
result, nanofluids are much better at optical absorption and photothermal conversion than their base fluid counterparts. 

Researchers have studied the photothermal conversion efficiency of a wide variety of mono-type nanoparticles.  These 
included Al2O3 [3-5],  Au [6-11], Ag [3, 4, 7, 12-14], TiN (titanium nitride) [15], MWCNT (multi-walled carbon nanotubes) 
[3, 16-17] , Fe [4], Fe3O4 [18], TiO2-x (oxygen deficient titanium dioxide) [3, 19], Si [4], SiO2 [3], Gr (graphene) [17], GrO 
(graphene oxide) [20-22], SLGr [21], Cu [3-4], CuO [23], and CuO-MS [23].  In the above reported studies, the enhancement 
in the photothermal conversion efficiency varied from 13 to 50% for Al2O3 nanofluids, 20 to 311% for Au nanofluids, 7.4 to 
275% for Ag nanofluids, 41 to 63% for TiN, 51 to 67% for MWCNT, 70% for Fe, 40 to 67% for Fe3O4, 9 to 36% for TiO2-

x, 29% for Si, 49% for SiO2, 360% for Gr, 7 to 172% for GrO, 189% for SLGr, 44 to 52% for Cu, 6 to 56% for CuO, and 14 
to 82% for CuO-MS.  The mono-type nanofluids based on Au, Ag, Gr, and Gro are shown to exhibit photothermal conversion 
efficiency enhancements that can exceed 100%.  Based on those studies, gold nanoparticle volume concentrations in a water-
based fluid varied from 10-5% to 0.018%, silver nanofluid volume concentrations varied from 10-4% to 0.3%, and Gr and 
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GrO nanofluid volume concentrations varied from 0.001% to 0.01%.  It is shown in those studies that as volume 
concentration increases, the photothermal conversion efficiency of the majority of these nanofluids increases up to a certain 
point.  Using Al2O3 nanofluids as an example, the photothermal efficiency enhancement is shown to saturate around 50% at 
2% volume concentration [3], while with MWCNT nanofluids, it is shown to saturate around 76% at 1% volume 
concentration [16].  In contrast, silver nanofluids exhibit a decreasing photothermal efficiency with increasing nanoparticle 
concentrations.  According to the literature review, the photothermal conversion efficiency increased to 275% at 0.01% 
volume concentration, but declined with increasing concentration until saturation was reached at 0.3% volume concentration.  
Whereas at just 0.018% volume concentration, gold nanofluids exhibit 300% increase in photothermal efficiency. 

As shown above, there are abundance of studies conducted on solar collectors structures and working fluids, but very 
limited studies have been conducted on exergy and energy comparison under different concentration levels to determine 
where the quality of energy is lost.  The purpose of this study is to experimentally investigate the performance of certain 
types of nanofluids for both their thermal and exergetic efficiencies in a solar collector system. 

 
2. Experimental Setup 

A solar simulator (Model TS-3000 by MarsHydro) of dimensions 64 cm x 58 cm utilizing 450 W Light-Emitting Diodes 
(LEDs) was selected for the study (Fig. 1).  The simulator provides a coverage area of 1.2 m x 1.2 m while emitting most of 
the light in the 400 to 700 nm spectrum band (Fig. 2).  In order to map the radiation heat flux intensity of the solar simulator, 
a board of dimensions 38 cm x 30.5 cm x 2.75 cm was divided into 1.7 cm x 1.7 cm grids for the heat flux data to be gathered 
at each grid point.  Solar radiation intensity was measured using Solar Survey 200R Irradiance Meter by Seaward Electronic 
Ltd.  Figure 3 shows the map of the solar simulator heat flux intensity at a distance of 7 cm from the solar simulator.  At this 
distance, the heat flux intensity is shown to have an average of 801 W/m2, a minimum of 706 W/m2 and a maximum of 895 
W/m2. 

 

 
 

Fig. 1: Solar simulator [24]. 

 
 

Fig. 2: Solar simulator light spectrum band [24]. 
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Fig. 3: Map of the solar simulator heat flux intensity in W/m2 at 2.75” distance. 
 

Figure 4 shows the design of the solar collector.  The collector consists of 8 PVC tubes forming 8 passes with the fluid 
entering and exiting from the same side.  Each tube has a length of 23.5 cm, an internal diameter of 1.5 cm and an external 
diameter of 1.7 cm.  The experimental setup is shown in Fig. 5, and the details of the closed-loop system is shown in Fig. 6.  
A reflective tent was used to increase the irradiance heat flux on the targeted collector.  The solar collector is positioned 7 
cm under the solar simulator.  It is then connected to a closed loop system using an external reservoir and a circulating pump.  
The total volume of the circulating fluid used in the system is 0.0012 m3 (1.2 litres) and the mass flow rate is 0.062 kg/s.  Six 
K-type thermocouples were positioned at the following locations to record the transient temperature:  at the entry and exit 
sides of the solar collector, at the mid-section of tubes number 3 and 6, in the reservoir and in the ambient air. 

 

 
Fig. 4: Solar collector. 

 
Fig. 5: System experimental setup. 
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Fig. 6: Closed-loop system. 

 
Several types of nanoparticles were tested for their photothermal conversion efficiency.  These included Ag, CuO, ZnO, 

and MtNs nanoparticles.  The concentration and size of these nanoparticles are shown in Table 1.  After the nanoparticles 
were weighted in a beaker, they were mixed with few droplets of deionized water to create a paste.  A rod was used to break 
the aggregates in the paste into small fragments that are then diluted with deionized water to the specified concentration.  
The test sample were then be ultra-sonicated for an hour to create a thoroughly dispersed nanofluid.   

 
Table 1:  Tested nanoparticles. 

Nanoparticle Description Concentration (% wt) Size 
MtNS Montmorillonite Nanosheets 0.25, 0.5 < 25 mm 
ZnO Zinc Oxide 0.1, 0.2 10 – 30 nm 
CuO Copper Oxide 3.1 40 nm 
Ag Silver Nanoparticles 0.1, 0.21, 0.31, 0.42 20-30 nm 

        
3. Thermal and Exergetic Efficiencies 

The particles were tested for their photothermal conversion efficiency. The photothermal conversion efficiency, 𝜂𝜂, 
is calculated as: 

𝜂𝜂 =
(𝑐𝑐𝑏𝑏𝑚𝑚𝑏𝑏 + 𝑐𝑐𝑛𝑛𝑚𝑚𝑛𝑛)∆𝑇𝑇

𝐺𝐺𝐺𝐺∆𝑡𝑡
                                                                                  (1) 

 
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, Δ𝑇𝑇 is the temperature rise of the bulk fluid in a time interval of ∆𝑡𝑡.  A is the illumination 
area of the fluid and G is the incident solar flux.  The specific heat of the nanofluid was calculated using the thermal 
equilibrium model proposed by Xuan and Roetzel [25]: 
 

𝑐𝑐𝑛𝑛 =
𝜌𝜌𝑏𝑏𝑐𝑐𝑏𝑏(1− 𝜙𝜙) + 𝜌𝜌𝑛𝑛𝑐𝑐𝑛𝑛𝜙𝜙

𝜌𝜌𝑛𝑛
                                                                              (2) 
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where, 
𝜌𝜌𝑛𝑛 = 𝜌𝜌𝑏𝑏(1 − 𝜙𝜙) + 𝜌𝜌𝑛𝑛𝜙𝜙                                                                                 (3) 

 
The exergetic efficiency of the solar collector, 𝜂𝜂𝑒𝑒𝑒𝑒, is determined from the ratio of useful exergy output, 𝐸𝐸𝑥𝑥,𝑢𝑢, to input exergy 
supplied by the solar simulator, 𝐸𝐸𝑥𝑥,𝑠𝑠𝑠𝑠𝑠𝑠: 

𝜂𝜂𝑒𝑒𝑒𝑒 =
𝐸𝐸𝑥𝑥,𝑢𝑢

𝐸𝐸𝑥𝑥,𝑖𝑖𝑛𝑛
= 1 −

𝐸𝐸𝑥𝑥,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐸𝐸𝑥𝑥,𝑠𝑠𝑠𝑠𝑠𝑠
                                                                            (4) 

 
where 𝐸𝐸𝑥𝑥,𝑠𝑠𝑠𝑠𝑠𝑠 is the exergy associated with the heat input from the solar simulator: 

 

𝐸𝐸𝑥𝑥,𝑠𝑠𝑠𝑠𝑠𝑠 = �1 −
𝑇𝑇𝑎𝑎
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

� 𝑄̇𝑄𝑠𝑠𝑠𝑠𝑠𝑠                                                                              (5) 

 
𝑇𝑇𝑎𝑎 is the ambient temperature, 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 is the solar simulator surface temperature, and 𝑄̇𝑄𝑠𝑠𝑠𝑠𝑠𝑠 is the solar power absorbed by the 
collector.  Exergy due to destruction is calculated as follows: 

 
𝐸𝐸𝑥𝑥,𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑇𝑇𝑎𝑎𝑠̇𝑠𝑔𝑔𝑔𝑔𝑔𝑔                                                                                    (6) 

where, 

𝑠̇𝑠𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑚̇𝑚𝑐𝑐𝑝𝑝𝑙𝑙𝑙𝑙
𝑇𝑇𝑜𝑜
𝑇𝑇𝑖𝑖
−
𝑄̇𝑄𝑠𝑠𝑠𝑠𝑠𝑠
𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠

+
𝑄̇𝑄𝑜𝑜
𝑇𝑇𝑎𝑎

                                                                     (7) 

 
where 𝑄̇𝑄𝑜𝑜 is the heat loss to the surrounding air given by: 

 
𝑄̇𝑄𝑜𝑜 = 𝑄̇𝑄𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑚̇𝑚𝑐𝑐𝑝𝑝(𝑇𝑇𝑜𝑜 − 𝑇𝑇𝑖𝑖)                                                                       (8) 

 
4. Experimental Tests 

Heat transfer tests were performed on the different nanofluid samples that were prepared.  In each test, the nanofluid 
was circulated in the closed-loop system at a mass flow rate of 0.062 kg/s while the solar collector was subjected to incident 
radiation from the solar simulator for 75 minutes.  For all tests, the nanofluid samples were subjected to an average heat flux 
of approximately 800 W/m2.  Temperature was also recorded at the various locations mentioned earlier.  Figure 7 shows the 
temperature gain of the different nanofluids along with the case of distilled water.  Compared to distilled water, nanofluids 
show substantial increase in temperature gain.  Figure 8 shows the photothermal conversion efficiency as function of the 
nanofluid average temperature.  Among the best performing fluids is the nanofluid sample with 0.31% by weight Ag 
nanoparticles, followed by the nanofluid sample with 0.1% by weight ZnO nanoparticles, and followed by the sample with 
3.1% by weight CuO nanoparticles.  Figure 8 shows the photothermal conversion efficiency to decrease with the increase in 
the fluid temperature. 
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Fig. 7: Nanofluid temperature gain versus time. 

 

 
Fig. 8: Nanofluid photothermal conversion efficiency 

versus temperature. 
 

Figure 9 shows a comparison in the photoconversion efficiency between the different samples.  In the limited tests that 
were performed, silver with concentration of 0.31% by weight performed the best among the different silver concentrations 
that were tested (0.1 to 0.42 %wt), while ZnO and MtNs at their lowest concentrations (0.1 %wt and 0.25 %wt, respectively) 
performed the best.  CuO nanofluid was tested at a concentration of only 3.1 %wt.  At this concentration, its photothermal 
convergence performance was relatively close to the best performance of the ZnO and MtNs nanofluid samples.  Figure 10 
shows the exergetic efficiency of the nanofluid samples as function of the fluid average temperature.  For all samples, the 
exergetic efficiency is shown to reach a peak at a temperature close to 40 oC and decline with further increase in temperature.  
The efficiency is shown to range between 2% and 13% as the fluid temperature ranges between 23 oC and 50 oC. 
 

 
Fig. 9: Average photothermal conversion efficiency of 

different nanofluids fluids. 

 
Fig. 10: Nanofluid exergetic efficiency versus 

temperature. 
 

Figures 11 and 12 show the enhancement in the photothermal conversion efficiency and exergetic efficiency, 
respectively relative to the base fluid (distilled water).  The enhancement is show to be higher for the exergetic efficiency 
than it is for the photothermal conversion efficiency. 
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Fig. 11: Enhancement in photothermal average 

conversion efficiency. 

 
Fig. 12: Enhancement in the average exergetic efficiency. 

 
 
5. Conclusion 

An experimental study was performed to evaluate the thermal and exergetic efficiencies of CuO, Ag, ZnO, and MtNs 
nanofluids at different nanoparticle concentrations with the use of a solar simulator.  The nanofluids were subjected to an 
average heat flux of 800 W/m2.  The enhancement in the nanofluid thermal and exergetic efficiency was compared to that of 
the base fluid, distilled water.  Based on the results of the study, the following conclusions were reached: 

- The photothermal conversion efficiency was shown to peak at relatively low nanoparticle concentrations (0.31% wt for 
Ag, 0.1% wt for ZnO, and 0.25% wt for MtNs).  The photothermal conversion efficiency is shown to decrease with the 
increase in the nanofluid temperature. 

- The exergetic efficiency was shown to increase with temperature, reaching a peak near 40 oC for all nanofluids, and 
declining afterwards. 

- For the same nanoparticle concentration, the enhancement in the average exergetic efficiency of the tested samples was 
shown to be higher than that of the photothermal conversion efficiency.  Both photothermal conversion and exergetic 
efficiencies were sensitive to the nanoparticle concentration. 

- Among the best performing nanofluids, silver had the highest thermal and exergetic efficiency (an average of 66% and 
68%, respectively) that was attained at a concentration of 0.31% by weight. 
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