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Abstract

Direct absorption nanofluichas been introduced to as an effective alternative teaser the solar
thermal conversion efficiency. Hybrid nanofluids wereo atecently proposed to brozwl the
absorption spectrum, howeves,comparative assessment of the performance of commonly used
nanomaterials for solar energy harness is stil lackifbis study perfored a wel-controlled
experiment for three different categorised particles, i.ed, gmpper, carbon black nanofluids and
their hybrids, and assessed their performance in terms atipdwbal conversion efficiency (PTE),
specific absorption rate (SAR) and materials cost. Contogpyetviously reported, the PTE was not
increased by blending different nanofluids with different diemace peaks, mainly due to the
diution of nanoparticle concentration. Though having H&MR, the high cost of gold prevents its
practical use, and carbon black appears to be more feasiblethddwetical PTE can be well

predicted by the optical properties of the nanofluids used.
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1. Introduction

Solar energy has been claimed as the energy of oue flilur comes with many challenges to

overcome such as the cost and the efficiepcy (Otaeta., 2010, Gupta et al, 2015). Solar

thermal system, which typically has absorbing plate Wiiti running inside pipes, is a common
way of utlising solar energy. Its efficiency is lindteby not only how efiicierty the solar energy
is captured by the absorbing plate, but also how effectiveyalbsorbed energy is transferred to the

running flud |[(Otanicar et al., 20{0). This surface-imitddrmal energy transfer process lmits the

solar energy Uutiisation efficiency especially forhhigmperature applications such as solar thermal

power plants| (Lenert and Wang, 2012).

Direct absorption solar collector (DASC) is proposed in the 19@@isl approach, the solar energy

is directly absorbed by the working flud by seeding certariicigs in it |((Minardi and Chuanq;,

1978] Arai et al., 1984, Bertocchi et al., 2004). Early studies fweresed on micrometer-sized

particles, and using nanoparticles is a recent developfamang et al., 201p, Zhang et al., 2p14

Otanicar et al., 2010, He et al., 2013). Many studies have beerctmhdund most of these studies

were based on the optical properties and characterized lextimetion coefficient| (Mercatelli gt

al., 2011, Otanicar et al., ZqPQ, Otanicar et al.,, 2010, Sani et al}l 28di0et al., 201[L, Taylor fet

al.,, 2011). The extinction coeffcient is a key factor, whitdtermines the property of a nanofluid

of light absorbing and scattering but may not represenadtual photothermal conversion process
Zhang et al., 2014).

The photothermal conversion eficiency of different nartipges, ranging from metal (such as Au,
Ag, Cu, and Al), metal oxides (such as CuO,2[i®203, and FeOs) and carbon (such as Graphite,
carbon nanotubes (CNY and carbon nanohorns (CHNJ have been investigated under the
laboratory and outdoor conditions. Plasmonic nanoparticles @sicku and Ag) have attracted

intense interest due to the effect of surface plasmsonaece (SPR), which usually occur in the

visible light spectrum, which represents almost 40% ofdta solar energy (Gueymard, 2004) but
weakly absorbed by most of the heat transfer fuids. Wittesettstudies, Zhang et gl. (Zhang et al.,

2014) showed that using 6 ppm (~116 mg/l) aqueous gold nanoflud eahndnce the photothermal

conversion efficiency by ~80% and readha specific absorption rate (SAR) of ~1kW/g under a
solar simulator. An enhancement of 144% in the photothermakeiimv eficiency and ~0.6 kW/g

were achieved by using 6.5ppm (~68 mg/l) siver aqueous nahofiuithe outdoor conditions



Bandarra Fiho et al., 2014). However, the enhancement offaios of plasmonic nanofluids has

unavoidably a narrow bandwidth owing to their resonance ahkaistic |[(Jeon et al., 20[L6).

To achieveabroadband absorption, blending of different absorption peak nanofluids ggestsd
by some researchers. A blend of spherical gold nanoparticieswe different size gold nanoshells
was proposed by Cole and Halas (Cole and Halas,| 2006). They dederthiaoretically, the ideal

fractions of the blended nanofluids that match the AM 1.5 solartrepe and revealed that mixing

35.9% gold nanospheres of 32 nm wad2.8% gold nanoshells of 28 and 42 nm core and shell

radi, and 41.3% gold nanoshells of 47 and 58 nm core and shelraspiéctively, can achieve a

photothermal conversion eficiency of ~84%. Lee ef al. (Le® ,e2012) investigated theoretically

the efficiency of a direct solar collector using a hybcadre-shell gold nanofluid generated by
mixing four different core and shell sizes. An efficiency 76f6 was achieved by 0.05 vol% (~
3220mg of gold/l) hybrid nanofluid. However, although the tunabiliy the optical properties of
such core-shell nanoparticles is iaghble, the difficulty in manufacturing this type of nanojodet

makes it not suitable for further solar applicatiolns (Jewal., 2016). Very recently, a blend of

three different aspect ratios of gold nanorods was suggéstelbon et al] (Jeon et al., 2016) to

optimise the solar absorption efficiency. The photothermafonpeaince of the blended nanoflsd
was checked by measuring the temperature rise with tifosvever a common problem among
these studies is the hybrid nanofluids had much higherceatration than their individual
counterparts due to the mixing. A fair comparison of the photodtieperformance under a given
concentration between the hybrid and its original nadsfius stil lacking . Such a comparison is

crucial to check the feasibility of hybrid nanofluids.

In most of the previous studieguniform temperature distribution within a nanofiuid was agsilim
although the effect of the optical path was not negligilaled one temperature was used to calculate
1, Chen et al.,

the photothermal conversion efficienqy (He et al, 2013, Bemd@iho et al., 201

2015} Yousefi et al., 2012). However, the non-linearly reductidheiradiative intensity along the

depth of the nanofluid should cause a temperature differeitbim whe nanofiuid| (Jin et al., 2016c,

Jin et al., 2016a). Neglecting this temperature differende lead to an inaccurate calculation of

the efficiency |(Jin et al, 2016a). Moreover, most of the pablisiwork was based on only one

particular type of particles, and a comparative assessméhe plerformance of commonly used
nanomaterials for solar energy harness is still lackiiwe effect of these nanomaterials netedse
investigated at the same concentration and under rsimojigerating conditions to reach a fair

comparison. In addiion to the efficiency, the cost has tedmsidered very carefully for any



practical application. For the purpose of comparison, some astimaf the cost of a unit thermal

power generation ($/kW) from different nanoparticles isepred.

This study aims to overcome the issues reviewed above dodrp@ well-controlled experiment
for three different categorised particles, i.e., gold, copper, cébok nanofluids and their hybrids
A Class AAA solar simulator was used to ensure stable aodmninradiation intensity, and samples
of ~3 mm thick were used to eliminate the effect of #tmsorbing path length. Photothermal
conversation efficiencies (PTE), specific absorption ré8@sR) and cost of a unit thermal power
generation ($/kW) were calculated from the recorded teatyer rise of different nanofluids. In
addition, estimated solar photothermal conversion efiiciengies without the need to measure the
temperature rise of the nanofluids) were calculated ftben spectral extinction coefficients

measured by a spectrophotometer.

2. Experimental approach

2.1 Gold nanofluids preparation

In this study, gold nanofluid was synthesisby the citrate reduction method as reported by Chen
and Wen| (Chen and Wen, 2011) and Zhang et. al (Zhang etHd). 2pically, 100 ml of 5 mM
HAuUCl soluton was mixed with 100 ml of 10 mM trisodium citratduion. Then, the resuttant

mixture was heated to the boiing temperature until iteucobecame wine red. After that, the
resultant was putto a sonication bath at 80 for 3 hours. The synthesi$ gold nanoparticles were

left for 24 hours at the room temperature and then purifiedhdoymembrane dialysis method. In
this process, the gold nanofluid was put in a membrane ttiveavgore size of 2-3 nm in diameter
to alow a smooth diffusion of ions and keep the gold nanopartinéide the tube. The membrane
tube was located in a beaker flled with DI water of 200@nal stired by a magnetic stirrer. The

DI water was changed twice a day for ten days. The goldfloa is shown in Figure 1.

2.2 Copper and carbon black nanofluids preparation

Copper and carbon black nanofluid were prepared by the two-gtjedn i.e. by dispersing a
certain amount of pre-synthesised nanopowdex hosting liquid, i.e., DI water in this work. The
copper nanopowder was purchased from Sigma-Aldrich Corporation, réwach ¢cdack nanopowder
was purchased from Alfa Aesar. Dispersing agents of wisoditrate (TSC) aqueous solution 0.5

M and Gum- Arabic (GA) powder were added to DI water at 2 vol. @®a&wt. % respectively to



prepare the hosting liquid for copper nanofluids, and dispersiegt &j Tween was added to DI
water at 0.04 vol. % for carbon black nanofluid. The hosting liquiaignetically stirred when
controled amount of nanopowder was added. After 15 minutes, thelesavas putinto an
utrasonication bath. For copper nanofiuids, the ultrasonicaioe was one hour, and for carbon
black nanofiuids, an ultrasonication bath for 30 minutes wed, dslowed by a powerful probe

sonicator for extra 30 minutes. The copper and carbon black nancditedshown in Figure 1.

A flame atomic absorption spectrometer (AAS) was used tsureathe concentration of the
prepared nanofluids. For gold nanofiuid, the original concentrati@s determined as 250 mg/I.
The difference between AAS measured and pre-determinecerd@ion of copper nanofluid was
3.76%, which shows the reliability of the method. Differenttidlits were prepared from the stock
nanofluids. The particle size distribution and zeta potemtfathe different nanofluids were
measured by a zetasizer (Malvern) based on dynamic égittesng (DLS), as shown in Figure 2
A UV-Vis Spectrophotometer (UV-1800, SHIMADZU) was used to measee absorption
capability of the different nanofluids.  The results aresented in Figure 3, which reveal an
excellent agreement between the absorbance results and Beer’s law, indicating a linear relationship
between absorbance and soluton concentration. It is ¢hedr gold nanofluids have good
absorbance in the range 300-600 nm wavelength and the pealsvatoeind 528 nm, which is due
to the local surface plasmon resonance, whie the peak wdlihe absorbance of the copper
nanofluids is around 740 nm. However, the absorption capabiltijeafarbon black nanofluids is

better than the gold and copper nanofluids over the whole @pectr

2.3 Photothermal conversion experiment

The photothermal conversion experimental setup is showiguneF4. A sun simulator (ORIEL
SoIBA™ CLASS AAA SOLAR SIMULATOR) was used as a light sourte minimise the
uncertainties under direct sunlight. This sun simulataviges a radiation spectrum matches the
solar spectra, and the intensity can be varied by usitableufiters. This device is certified to IEC
60904-9 2007 edition, JIS C 8912 and ASTM E 927-05 standards. The performancetgrarain
the sun simulator are; spectral match between -0.¥25%, non-uniformity < 2% and temporal
instability < 0.5%. By using a precise micro-pipette, a 3 mipga was put in a Petri dish (35 mm
diameter) to get on a thin layer of the nanofiuid (~3 mmminimise the temperature gradient
within the sample. The Petri dish was located onthe baifaan upside down beaker in the cent
spot of the solar simulator, and it was covered by a thin glasmitoise the losssfrom the sample.
A K-type thermocouple (Omega 5TCF-K-36-36,aprecision of +0.3C) was used to measure the



temperature of the centre of the sample. The tranbiglkt temperature data was recorded to a PC
via data acquisition hardware under the LabVIEW environmdfrelminary tests with five
thermocouples located at different posttions on the bottom dPdte dish showed that the space
variation of the sample temperature was negligible. heuriore, by using two thermocouples, one
is just under beneath the sample level and the oth#ineabottom of the sample, the highest
temperature difference was less than ®@3or the highest concentration sample. Therefore, using

one thermocouple locatedt the cente of the sample is very reliable.

3. Results and Discussion
The nanofluid samples were subjected to 1000 AVadiation from the solar simulator for 300 s
during which the temperature was being recorded. The phot@h conversion efficiency is

defined as the ratio between the energy stored in tl@luidnand the total incident radiation:

PTE = (cwmwATw+ cnpmnpATnp)/At (1)
TAAT

wherec,, andc,,, are the specific heat of water and the nanoparticlegandm,,are the mass of
water and the nanoparticles respectivelff,, and AT,,,, are the water and nanoparticles temperature

rise in theAt time interval; I is the radiation intensity; antlis the illumination area of the nanofluid.

The temperature difference between the nanoparticleshartbsting flud (water) is negligible for

low intensity continuous radiation (Keblinski et al., 2[p06, Zhangl., 201{), and the nanoparticles

mass is negligible comparing to the hosting fuid masstetdre, Eqn. 1 can be re-written as:

PTE =~ e S @)

whereAT, , is the temperature difference rise of the buk nanofluid.

The transient temperature difference and photothermaleion eficiency (PTE) curves are
shown in Figure 5 for gold, copper and carbon black nanofluidsecteely. It is evident that the
temperature difference rise for each nanofluid increasethe time increases. Also, it is clear that
AT, ; increases as the nanoparticle concentration incred$es is due to the enhancement of the

water absorption of the radiation by the nanoparticles. Reguto Eqn. 2, the PTE is proportional

to the ratio Q%ﬁ), or in other words, PTE is a function to the rate chaofghe temperature. Thus

the PTE decreases as the time increases, as shovgura b.

Due to the negligible effect of the length of the lighath within the sample (sample thickness is ~

3mm), and according to the Beer’s law, which indicates that absorbance of a sample is linearly



proportional to its concentration, it is expected ftij, is linearly proportional to the nanoparticles
concentration. Indeed, that is well presented in Figyran@ it is clear that the rate change of the
temperature rise with respect to the concentratioreases as the time increases. This is because
more radiative energy is captured and converted to thexnsaby with time. As a consequent, the
PTE increases linearly as the concentration of thepaticles increases as shown in the inset of

Figure 6.

Practically, the improving in the PTE of nanoparticles segeuderking flud comparing to the PTE

PTE,

of the hosting fluid dnhancement = —’;@:ﬂ. 100%) is the fruit. A comparison between the

gold and copper nanofluids is presented in Figure 7. Obviotisdy, higher the nanoparticles
concentration, the higher the photothermal conversionneeh@nt is. The maximum enhanceme nt
for gold nanofluid is ~72% at 150 mg/l concentration, and for copgrasfluid is ~ 100% at 3000
mg/l. However, it seems that the PTE of 60 mg/l gold nadofapproximately equal to 750 mg/I
copper nanofluid, 90 mg/l gold nanofluid approximately equal to 1250 mg/l coppefiuid, and
150 mg/l gold nanofiuid is equal to 2000 mg/l copper nanofluid.

Blending different plasmonic nanofluids with different absorpp@aks was suggested by Cole and
Halas [(Cole and Halas, 2006), Lee et[al. (Lee et al.,|2012),emmded al| (Jeon et al., 2016) to

improve the radiative absorption with breadbsorption peaks. However, nao of them compared

the PTE of the hybrid nanofluid with that of the originainofiuids under the same concentration.
In this work, hybrids from blending gold (absorption peak at ~528 awekngth) and copper
(absorption peak at ~740 nm wavelength) were prepared. Firgthy,gdld nanofluid was blended
with 1 ml copper nanofluid, and then an absorbance spectsimvés performed for the hybrid.
The results are shown in Figure 8.Indeed, the width dditiserbance peak became broader for the
hybrid, but the absorbance value app#&rebecame lower. It is logical because mixing different
nanofluids together leads to the diution of the originahafiluids due to the increase in the overall
volume of the hybrid. For instance, in a hybrid of 1 ml goldoftaid with 1 ml of copper nanofluid,
the concentration of gold nanoparticles becomes half obrigpal, and so as to the copper
nanofluid (i.e., this is true if there is no reaction andAggregation between the blead
nanofluids). Good agreement is found between the absorbandrurspetthe hybrid measured by

the spectrophotometer (experimental) and the average babser of the original nanofluids

(theoretical). Such results were quite different to wbabrted earlien (Lee et al., 2?'12, Cole and

Halas, 2006). Though a high solar collector eficiency veg®nted by usinga hybrid in Jeon’s




experiment (~71%) (Jeon et al., 2016), the result is mielgadue to a nearly doubled hybrid

particle concentration used.

To check this thermally, photothermal conversion tests werelucted for three hybrids. These
hybrids were prepared by mixing equal portions of gold and coppefluds that showed
approximately the same PTE enhancement, ie., 60 mg/l go@fiudnwith 750 mg/l copper
nanofluid, 90 mg/l gold nanofiuid with 1250 mg/l copper nanofiuid, and 130golgl nanofiuid
with 2000 mg/l copper nanofluid respectively. The resultsshosvn in Figure 10, and it is clear
that the temperature rise curves are almost iderttizathe hybrids and their original ingredients.
Using hybrid nanofluids does not produce any additional beneftsnp@ring to other materials,
carbon-based nanofluids have the most desired absorption spe(teenFigure 3 (iJ. With its
super absorbance at low concentrations (less than 100 oagf)on black nanofluids appear the
most feasible choice for solar energy harvesting, wheenbancement of ~125% was achieved by

100 mg/l carbon black nanofiuid, as shown in Figure 10.

From the previous results, it is clear that for the saamparticles concentration, the temperature
rise of gold nanofluids is higher than that of copper nanofiuid®refore, to quantify the abiity of

a certain nanoparticle to generate thermal power, thefispaiosorption rate (SAR) is used, which

indicates the amount of thermal power generated by ana@s of nanoparticles (Bandarra Fihg et

al., 2014”, Zhang et al., 2014):

SAR = [(cwmw+cnmn)ATnf—cwmwATW]/At 3) (

my,

However, the cost of the nanofluids is crucial for solar icgtjplns, especially applications that
needa large amount of working fluids. So, to investigate thisoigcthe cost of generating a unit

thermal power is employed:

$ cost, [$/ gl

R @

kW SAR[KW/ ]

where cost,, is the cost of the nanoparticles used in synthesizingnaghefluids. The price of gold
and copper was taken from the international markets faal ragicks, which represents the lowest
cost to generate one kW thermal power, while the price of cénbok was taken from the supplier
(Alfa Aesar). Figure 11 shows the SAR and $/kW of both gold, caprkcarbon black nanofluids.
It is obvious that gold nanofluids have higher SARs tl@pper nanofluids (ten folds), but the cost



of generating 1kW is much higher than that of copper nansfl(iié., the cost of using the lowest
gold nanoparticles concentration, 30 mg/l, is higher than $108, Wi cost of using the highest
copper nanoparticles, 3000 mg/l, is less than $ ®H8yever, the SAR for the carbon black

nanofluids is higher than that of gold nanofluids and, asdme time,% is comparable with that

of copper nanofluids.

The prediction of the maximum PTE can be done by relyinghenresults of the absorbance
spectrum tests, where the ratio of the transmitted sit§erio the incident intensity defines the

transmittance (T):

A = —logT (6)
where A is the absorbance. The scattering effect camedfjectedbecause a1, where a is the

particle size parameter and equals"—ﬁo D is the nanoparticle diameter and A the wavelength

Taylor et al., 2011, Lenert and Wang, 2()12, Khular et al., [2012)harefore,

Lps =1;i =1, =1;(1-T) (7)

wherel, is the absorbed intensity. The optical efficiency (maximRiE) is the ratio of the

absorbed intensity to the incident intensity:

(o] [o'e] -
o Diapsdr fy 11— Y)da
- o0 - 00
max Jo 12,42 Jo 1:d2

PTE 8)(

where y is the light path length. The solar spectratliance, which represents air mass (AM) 1.5

was taken from the lterature (Gueymard, 2004).

Due tothe limitation of the spectrometer used in this study (320 nm <A < 1060 nm), and because
water is almost transparent over this range (seeeFB(#R)), the calculated’TE,, ,, was assumed

to represent the effect of nanoparticles only. ThereforePTe enhancement can be re-written as:

_ (PTEyq, +PTE,)~PTE
PTE

enhancement,,,, *.100% )

w

A comparison between the maximum enhancement predicted fopm 9Eand the photothermal
conversion enhancemeid shown in Figure 12. The results shawnear behaviour as expected. It
is clear that carbon black (CB) nanofluids have the Higleetancement comparing to gold and

copper nanofluids, due to their broad and high absorbance spectru



4. Conclusion

In order to enhance the solar photothermal conversion parfoembased on the direct absorption

concept, gold, copper, gold-copper hybrid, and carbon black nanofluids Weitle rdifconcentrations

were prepared and charactedsin this work. Extensive experiments were conducted vathious

nanofluids under a solar simulator, and important conclusi@msbe drawn as follows:

e Seeding water with nanoparticles enhances the solar ipdotatl conversion eficiency, and

this enhancement is linearly proportional to the nanopesticoncemition, which obeys Beer’s

law.

e The solar energy absorption efficiency does not increaseehglitd different nanofluids with

different absorbance peaks. Although tiending broadens the peak’s width, it reduces the

absorption peak value due to the diution in particle concenmtrat

e Considering both photothermal conversion efficiency and potestiahomic cost, carbon black

nanofluid is a suitable candidate, whie gold is not.

e Using optical properties of a nanofluid could predict its maxinsoiar photothermal conversion

efficiency.
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