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Experimental Characterization and Statistical Analysis of
Water-Based Gold Nanofluids for Solar Applications:
Optical Properties and Photothermal Conversion Efficiency

Jorge Burgos, Rosa Mondragén, Elif Begum Elcioglu, Francisco Fabregat-Santiago,

and Leonor Herndndez*

Optimizing optical and photothermal properties of the solar nanofluids (NFs) to be
used in direct absorption solar collectors is a key issue to maximize efficiencies in
these collector types. This work both experimentally and statistically analyzes the
influence of the size (5 and 20 nm) and concentration (5.1, 28.2, and 51.3 ppm) of
gold nanoparticles (NPs) on several important variables for collector performance:
NF stability, extinction coefficient, photothermal efficiency, etc. The research work
shows that the addition of small amounts of gold NPs, whose surface plasmon
resonance has wavelengths close to 520 nm, greatly improves the light absorption
capacity of the base fluid (water). The statistical analysis confirms the influence of NP
size and concentration on photothermal conversion efficiency (PTE), which lead to
an increase of up to 121% for the smallest-sized NF with the highest concentration.

1. Introduction

The 2015 Paris Agreement was motivated to obtain a global
response to climate change by keeping the rise in global temper-
ature well below 2 °C and pursuing efforts to limit it to 1.5 °C.["
European Union and United Nations Member States intend to
address different strategies in relation to the energy system:
improving energy efficiency and decarbonizing energy produc-
tion systems by implementing renewable energy sources.
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While recent trends indicate that the imple-
mentation of environment-conscious energy
systems is an accompanist to alternative fos-
sil fuel use, it is becoming increasingly clear
that a paradigm change is required to make
clean energy processes dominant to not
exceed the global warming limit.

In recent decades, solar energy has been
regarded as the most promising source of
inexhaustible clean energy. The two main
ways of collecting and transforming solar
energy are photovoltaic solar energy and
solar thermal energy,” of which the latter
is the basis of this work. In solar thermal
energy, solar radiation is collected by an
absorption material and transferred as heat
energy to a transfer medium, usually a heat transfer fluid (HTF).
Solar collectors are the devices used for solar-to-thermal energy
conversion. They can be classified as concentrating and non-con-
centrating solar collectors. Non-concentrating solar collectors are
used at low-to-medium temperatures, while the concentrating col-
lectors that employ mirrors to concentrate incident solar energy
are employed at higher temperatures.

The absorption material in conventional collectors is a dark sur-
face that heats up and transfers heat to the HTF flowing through
pipes. Although these collectors offer good energy conversion effi-
ciency, a series of thermal losses appear to lower the possible max-
imum efficiency limit. In the 1970s, directly exposing HTF to
incident radiation was proposed as an alternative to avoid such
losses in conventional collectors.” This concept, in which heat
is absorbed volumetrically by the working fluid instead of the sur-
face, is known as direct absorption solar collectors (DASC).
However, commonly used HTFs (water, oils, molten salts, etc.)
are transparent in most of the solar spectrum, possess low solar
radiation absorption capacity and, hence, offer low solar-to-thermal
conversion efficiency. To overcome this issue, nanofluids (NFs)
used as HTFs have been proposed in the literature.!!

NFs were first postulated by Choi in 1995 as suspensions of
nanoparticles (NPs, with sizes ranging from 1 to 100 nm) homo-
geneously dispersed in a base fluid to achieve improved thermal
properties, mainly thermal conductivity and heat transfer perfor-
mance. A wide variety of materials of different natures can be
employed in these NFs to improve thermal characteristics.
Some examples are metals (Ag, Au, Cu, Al etc.), metal oxides
(SiO,, AL, O3, TiO,, CuO, Fe,0s, etc.), and carbon-based materials
(carbon nanotubes, graphene, graphene oxide, graphite, etc.).l*”
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The term solar NFs was later proposed in 2009 by Otanicar
et all' It refers to those NFs with better solar radiation
absorption capacity thanks to the addition of NPs, even at very
low concentrations.''? Since then, many works have studied
the optical properties and photothermal conversion efficiency
(PTE) of solar NFs. This consists of different NPs like
metals, 2} metal oxides,**2° carbon-based materials,*’ "
and hybrid composites.*’* The NFs from coffee waste or black
Chinese ink**~*% have been investigated as possible NFs for
being cheap and also biodegradable. Hence they can reduce
waste production.

Metal NPs include a special group of metals of much interest
as solar NFs because they exhibit surface plasmon resonance
(SPR) at certain wavelengths when exposed to sunlight. They also
have the potential to enhance absorption characteristics.*”’ This
plasmonic response is a collective oscillation of electrons, stim-
ulated by incident light absorption. It is an effective way of
increasing solar energy in thermal energy conversion.
Therefore, these NPs are interesting candidates for the photo-
thermal conversion processes required in DASCs. The metal
NPs that present SPR include Au, Ag, Cu, Al, and Li. Of these,
Ag, Cu, and Al are easily oxidized, and Li is difficult to handle
given its reactivity. Au NPs exhibit good colloidal and thermal
stability, high electrical and thermal conductivity, and strong
SPR over a wide wavelength range within the sunlight
spectrum, all of which make it a good candidate as an NP in
solar NFs for DASC.

A parameter-based review literature is presented in Table 1. It
summarizes the results obtained in previous works for PTE. PTE
is defined as the ratio between the energy absorbed by the NF to
the incident radiation for pure water and water-based Au NFs
with different NP sizes and concentrations.

Table 1 reveals how PTE values differ depending on the energy
source, radiation conditions, and NF characteristics, with values
ranging from 8% to 71% for pure water. PTE is always enhanced
when Au NPs are added, even at very low concentrations.
Enhancements from 11%!"® to 518%”” have been reported
for different tested conditions. These findings reflect the high

Table 1. Review of the PTE results for water-based gold NFs.
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potential of Au NPs for solar-to-thermal conversion processes
under optimal conditions.

A statistical analysis is an important and rather recently appre-
ciated requirement for the NFs productization path for enabling:
1) evaluations of parameter (e.g., NP concentration and morphol-
ogy, temperature, NF type) effects on performance (e.g., thermal
efficiency); 2) evaluations of associations (correlations) between
parameters (e.g., between NP agglomeration and viscosity); and
3) performance predictions (e.g., Nusselt number correlations,
figures of merit); and all quantitatively.*®! Accordingly, this work
employs statistical analyses to quantify: 1) whether a dependent
variable changes significantly as an independent variable
change; and 2) how parameters are associated with or correlate
to one another.

In this article, the optical and photothermal properties of NFs
were studied in-depth for aqueous Au NFs. The results were
compared to pure water. The morphology and colloidal stability
of NPs in the fluid were analyzed by transmission electron
microscopy (TEM) and the dynamic light scattering (DLS) tech-
nique. The influence of both NP size (5 and 20 nm) and concen-
tration (51.3, 28.2, and 5.1 ppm) on optical and photothermal
properties (i.e., extinction coefficient, fraction of absorbed
sunlight, temperature increase, and PTE) was experimentally
studied. The experimental data were processed by rigorous
statistical analyses to quantitatively interpret the results and to
shed light on statistically significant variations and associations.

2. Experimental Section

2.1. NFs and Experimental Conditions

The two selected commercial Au NFs (particle sizes 5 and 20 nm)
were supplied by Sigma-Aldrich. Both were stabilized in 0.1 mm
phosphate-buffered saline (PBS). Micrographs of both the 5 and
20 nm NPs appear in Section 3.1 (Figure 4). Their optical density
was 1 and they were free of reactants. Both commercial NFs were
initially tested by inductively coupled plasma mass spectrometry

Author (year) [Ref] Size [nm] NP concentration [ppm] Energy source® PTEater [%] PTE.¢ [%]

Zhang et al. (2014, 2015) 1479 10-20 0.28-11.2 SS: 1000 W m 2 45 54-78

Chen et al. (2016)!"") 10 0.5-2.5 $S:10 000 W m 2 N/A 15-35

Chen et al. (2016)!"8 25, 33 and 40 0.08 SS: 450 W m 2 Cube: 71 Cube: 83.5-86.5
Flat: 65 Flat: 72-85

Jin et al. (2016)" 20 0.36-5.8 NL:600-950 W m 2 35 (@600 W m 2 56-80 (@600 W m~?)

17.3 (@950 Wm™%)  45.5-73.6 (@950 W m?)

Jin et al. (2016)2 20 1.02-12.75 NL: Fresnel lens 220 000 W m 2 13 45-80.3

Chen et al. (2017)1" 10 0.5-2.5 SS: 10000 W m 2 N/A 48-70

Wang et al. (2017)?2 13 5-178 SS: 10000 W m 2 8 19-25

He et al. (2018) 10 5.1 SS: 1mW pm 2 33.8 7.7

Zeiny et al. (2018)!") 3-6 30-150 $S:1000 W m 2 23 28-44

SS: Solar Simulator; NL: Natural Light.

Sol. RRL 2022, 6, 2200104 2200104 (2 of 10)

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

5901 SUOUIWIOY) aAREa) d[qedfidde otp Aq PoLISAOS are SSORIE () @S JO SO 0§ ATRIqI T SUIUQ) ABJIA UO (SUORIPUOD-PUe-SILIaywo0 AS[pm Areiqrpuriuoy; sdiy) Suonfpuo) pue suus [ o 89S *[£20¢/20/ T0] U0 ATeiqr sutiuQ) ASIEAN *(u] BARGE'T) 9qnopesy Aq 701002202 J105/200T 01/10p/wi0d"Aajim-Areaqriautiucy/:sdi wouy papeofumo( ° ‘z20Z *861.962



ADVANCED
SCIENCE NEWS

E ;RRL

www.advancedsciencenews.com

Table 2. Test samples: nomenclature and experimental conditions.

ID D [nm] [Au] [ppm]
Water 0 0

5.5 5 5.1
528 5 28.2
5_51 5 51.3
20_5 20 5.1
20_28 20 28.2
20_51 20 51.3

(ICP-MS). The Au concentrations of 63.8 and 51.3 ppm for the 5
and 20 nm NFs were, respectively, obtained.

Table 2 and Figure 1 include the nomenclature and conditions
of the different samples tested in this study. The two indepen-
dent variables of this experiment are NP diameter (D) and
concentration ([Au]), respectively, at two and three levels.
Concentrations were set at 51.3, 28.2, and 5.1 ppm for each
NP size by diluting the initial commercial samples with distilled
water. These two inputs were used to study their effect on the
three following output (performance) variables: temperature
variation (AT); PTE; distance at which 50% of incident solar
radiation is absorbed (xso).

2.2. Experimental Techniques

2.2.1. NP Concentration

The concentration of the NPs contained in NFs was measured by
ICP-MS with an ICAP-RQ (Thermofisher Scientific) device.
Argon was the carrier gas. Helium was used to eliminate possible
interferences. The sample volume was 10-15mL and a gold
standard was employed.

2.2.2. NP Morphology and Size, D

The Au NPs were observed under a transmission electron micro-
scope (TEM, JEM-1010, JEOL) operating at an accelerating volt-
age of 100KV, a resolution of 0.45nm, and an AMT RX80
(8 Mpx) digital camera. A droplet of the NF was dispersed on
a carbon-coated copper-based grid. The liquid content was
removed with the help of absorbent paper to leave solid particles

205 20 28 20 51

7

Water 5!

Figure 1. Visual observation of the tested samples.
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on the grid surface. Both morphology and primary particle size
were studied with the acquired images.

The size distribution of the NPs in NF was analyzed by the
DLS technique with a Zetasizer Nano ZS instrument
(Malvern Instruments Ltd.). Size can be known from the light
scattered by particles due to their Brownian motion and signal
intensity. The equipment comprises a laser centered at
532nm and a detector that acquires the intensity of the light
scattered by suspended particles. Both the laser and detector
are enclosed in the device. The hydrodynamic diameter is
calculated based on the intensity of scattered light at 173°. It also
contains a Peltier heating system that can heat samples up
to 90 °C.

2.2.3. Thermal Conductivity, k

Samples’ thermal conductivity was measured by the transient
hot-wire technique using a TEMPOS conductimeter (Meter).
The sample was placed inside a sealed glass tube (40 mL) where
the sensor was vertically inserted. To run the test at a specific
temperature, the tube was immersed in a thermostatic bath at
a controlled temperature. Measurements were taken at 25 and
60 °C. Six tests were run for all the samples to obtain a mean
value per temperature. The experimental error, ¢, was obtained
from the standard deviation, o, of the n measurement taken
o

€=1, 10025 ﬁ (1)

where t, 1 ¢.025 is the student's t-distribution for n-1 of freedom
at the 95% confidence level. The average value of the relative
experimental error for thermal conductivity was 2.64%.

2.2.4. Extinction Coefficient, pie,(4)

The extinction coefficient was estimated from optical measure-
ments with a Lambda 1050 + UV/Vis/NIR (PerkinElmer) spec-
trophotometer. The system consists of a lamp as a light source, a
mirror to produce a double beam, and two photodetectors located
once the light has crossed the reference and sample cuvettes. The
wavelength range of measurements spanned 220-1100nm,
which covers 83.5% of total solar radiation.

The spectral extinction coefficient (ueq(4)) was obtained
according to the Beer—Lambert law, given by Equation (2). See
the supporting information for more details

log(T (4
peal) = — BT @
x
where T() is spectral transmittance (the ratio between transmit-
ted light and incident radiation) and x is the path length that
equals sample thickness (namely 10 mm).

2.2.5. Sunlight-Absorbed Fraction, F(x)

The solar absorption ability of NFs is important in volumetric
solar collectors and is evaluated by the sunlight-absorbed fraction
F(x). This parameter calculates the fraction of incident sunlight,
Is (1), which is absorbed by fluid after a penetration distance x

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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within the specified wavelength range. The F(x) value is obtained

by Equation (3)1'23%4%
Amax 1) Hext(4)% )
F(x):l_fﬂmm s(d)-e )

[ Ts(4)d2

where I;(A) was obtained from American Society for Testing
and Materials solar radiation,*!! the extinction coefficient was
calculated by Equation (2) and the spectral range was
determined by optical measurements (within A.;, = 220nm
and Ay, = 1100nm). As a characteristic value for each sample,
the penetration distance at which 50% of the incident radiation
was absorbed (xso) was determined.

2.2.6. Photothermal Conversion Efficiency

The measurements to determine the efficiency of fluids to trans-
form solar energy into thermal energy were taken according to
the experimental setup shown in Figure 2. It consisted of a quartz
glass tube in which a 10 mL sample volume was placed per
measurement. The quartz glass tube in the experiment was
custom-made for high-temperature resistance purposes. The
tube contained a vacuum interlayer to reduce heat losses by
convection to ambient air. Fluids were placed inside the inner
tube (25 mm diameter, 150 mm length). The outer-tube diameter
was 50 mm. Samples’ temperature evolution was recorded by a
data acquisition system that comprised a data logger (Agilent
34970 A) linked to a PC. As shown in Figure 2, a k-type thermo-
couple (RS PRO K-228-7451) with +1.5 °C measurement uncer-
tainty was placed inside the fluid. This position remained
constant in relation to the light source while taking all the meas-
urements. Another thermocouple was employed to measure
ambient temperature.

Samples were illuminated using a collimated radiation source
from an artificial sunlight simulator (Oriel 6263 75W Xe
OZONE FREE). The spectrum of the source is depicted in
Figure 3, which shows that the sunlight simulator reproduced
to a certain extent the spectral behavior of solar irradiance at
ground level, Is(1). A potentiometer (Ophir 1201500, Nova

Figure 2. Experimental setup for the PTE tests.
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Figure 3. The solar (solid line) and artificial sunlight simulator (dashed
line) spectra.

Display) was used to measure the solar simulator power in
the quartz glass tube position (Wineasured)-

Experiments were performed in a closed insulated room to
avoid thermal effects from the environment and to work under
controlled conditions. Up to four repetitions of measurements
were taken per sample to perform the statistical analysis.

PTE, as defined in Equation (4), was calculated as the ratio
between the power of energy absorbed by fluid (W, and the
power of the incident radiation on the sample (Wincident)

w w
PTE = abs abs ( 4)
Wincident Wmeasured T

where Wincident Was calculated by applying a correction factor, 7,
to the potentiometer measurement (Wyeasured). This factor con-
siders the losses brought about by light propagating through
media with different refractive indexes, including air, quartz,
vacuum, and fluid. In this work, its value was 0.86.%?

Two different methods were followed to estimate PTE. The
first method (Equation (5)), evaluates W5 as the energy stored
in fluid and does not take heat losses into account

PTE, = Wabs o (Cp,w'mw + Cp,np'mnp) AT
1= = p—
Wmeasured T Wmeasured T At

_ (opum) AT
Wmeasured T At

)

where ¢; v, My and ¢ np, My are, respectively, the specific heat,
mass of water, and the NP. AT is the temperature increase within
a time interval At. As the NP concentration of the NF was very
low, term (cp np * M) Was disregarded.'®'*!]. Enough time was
left for the experimental temperature to stabilize. So PTE; was
calculated for 5400s.

To calculate the power absorbed by fluid in the second
method, W, a balance was struck between the power measured
directly in fluid, Wyample, and the power associated with losses
due to convection and heat radiation effects, Wi, by these
equations

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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(a)

20nm

Figure 4. Gold NPs: a) 5nm and b) 20 nm.

VVsample = Wabs — Wioss (6)

ar

p,W.E = Wabs - ﬂ(T - Ta) (7)

My
where T'is fluid temperature, T, is ambient temperature and f is
the loss coefficient. In this case, the NP contribution to the
Wsample term was neglected. By operating and applying the exper-
iment's boundary conditions, the equation of the heating process
can be obtained

-t

r= {% * Ta} " {To -7, - %} e Mo ®)

where T is the initial NF temperature and ¢ is time (also 5400 s
in this case). By fitting the measured temperature to the theoret-

ical exponential curve in Equation (8), W,,s was obtained.
Therefore, PTE, was calculated using Equation (4).

3. Results and Discussion

3.1. NP Size and Colloidal Stability

The morphology and size of the primary NPs dispersed in the
commercial NFs were observed by TEM as received. The micro-
graphs of both materials are shown in Figure 4. It depicts how
particles were almost spherical in shape. The primary particle
size well agreed with the values provided by the manufacturer.

To analyze the degree of dispersion of the NPs in the base
fluid and its colloidal stability with temperature increase, DLS
measurements of the two commercial NFs were taken between
25 and 60 °C. Tests were run for the highest NP concentration
after checking that the influence of the solid content on particle
size distribution was negligible. Figure S1, Supporting
Information, offers the DSL results for the commercial and
for all the diluted samples. The study of colloidal stability with
temperature was then performed with the commercial NFs for
being the most concentrated. As their stability was confirmed,
further dilutions at lower concentrations were assumed stable.

Sol. RRL 2022, 6, 2200104 2200104 (5 of 10)
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Figure 5. Evolution of particle size distribution with a temperature of the
commercial NFs of 5nm and 20 nm Au nanoparticles (NPs).

Table 3. Evolution of the mean particle size with temperature of the
commercial NFs.

Temperature [°C] Dso [nm]

5 [nm] 20 [nm]
25 6.0 16.2
40 73 18.9
60 5.8 16.5

The evolution of the particle size distributions obtained for
both NFs with temperature appears in Figure 5. All the samples
exhibited mono-modal distributions, and no large agglomerates
formed in fluid. The mean diameter (Dso) values of the NPs for
each temperature are included in Table 3. The results showed
that the mean particle sizes came close to those of the manufac-
turer, and to those observed for the primary particles in the TEM

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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Table 4. Thermal conductivity enhancement at 25 and 60 °C.

Sample Ak [%]
25°C 60°C

5.5 1.7 3.9
528 3.2 33
5_51 3.2 2.4
20_5 0.5 3.7
20_28 1.0 1.3
20_51 0.4 0.3

images, which corroborated NPs’ high degree of dispersion.
With the rising temperature, NPs remained mono-modal with
a similar mean particle size, and displayed slight differences that
could be attributed to the experimental error. These results
indicate good colloidal stability with temperature for NFs with
both NPs.

3.2. Thermal Conductivity

This section evaluates the thermal conductivity enhancement
caused by adding solid particles to water. However, it should
be noted that the NFs herein studied have very low particle con-
centrations. So limited increments were expected in this case.
The results of the enhancements in relation to the base fluid
are shown in Table 4 for the six samples at 25 and 60°C. In
all cases, thermal conductivity increased when the Au NPs were
present in the base fluid. The average enhancement was 2.08%.
However, the obtained results indicate experimental uncertainty,
and their difficult interpretation increases insofar as NP size or
concentration are not feasible.

2.0 T T T
Water

Extinction Coefficient, z,,, [cm™]

250 500 750 1000
Wavelength, 1 [nm]

Figure 6. Extinction coefficient of the base fluid (water) and the water-
based Au nanofluids (NFs).
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Figure 7. Fraction of absorbed sunlight in relation to the penetration
distance of the base fluid (water) and the water-based Au NFs.

3.3. Optical Characterization

Figure 6 shows the extinction coefficients of the base fluid (water)
and the water-based Au NFs with different NP sizes and concen-
trations. Water remained almost transparent over the entire stud-
ied wavelength range, and only a small amount of near-infrared
light was absorbed. The extinction properties of NFs were
enhanced given the presence of Au NPs. The peaks associated
with the SPR of the Au NPs were located at 516 and 520 nm
for the 5 and 20 nm samples, respectively, regardless of NP con-
centration. The peak wavelengths and the slight shift to longer
wavelengths with particle size agreed with the values expected
for the spherical Au NPs within this size range['*!*®
Higher extinction coefficient magnitudes were obtained for
the Au NFs with increasing concentrations. This means that
as the sample became more concentrated, its absorption capabil-
ity improved. The extinction coefficient for wavelengths below
450nm lowered with increasing particle size, while within
SPR wavelength ranges an increase is observed with particle size.

Figure 7 compares the fraction of sunlight absorbed by the
tested samples (F(x)), as calculated with Equation (3). The
obtained results clearly showed that using water-based Au
NFs for a solar collector allowed sunlight to be fully absorbed
at a shorter penetration distance compared to the base fluid

Table 5. Values of xso and PTE for the different tested samples.

Sample ID Xs0 [cm] PTE, [%] PTE, [%]
water 17.14 5.25 22.39
5.5 7.60 7.09 28.46
5.28 2.50 10.98 48.59
5.51 1.55 11.15 49.44
20_5 8.90 7.18 28.19
20_28 2.85 9.72 41.04
20_51 1.78 10.59 44.49

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH
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alone. Therefore, implementing NFs in a solar collector is
expected to improve its compactness by reducing both the vol-
ume of required liquid and the system's cost. To quantitatively
evaluate the differences in Figure 7, the values of the penetration
distance at which the tested fluids absorbed 50% of the incident
radiation (xs,) are shown in Table 5. The base fluid absorbed 50%
of the incident radiation at a distance of 17.14 cm. The measured
water-based Au NF with the highest concentration and the
smallest NP size significantly cut this distance to 1.55cm.
This confirmed the positive effect of NPs’ optical characteristics
for efficient solar energy absorption.

Although optical properties are a key factor for evaluating solar
NFs, detailed studies into photothermal conversion are necessary
to better evaluate their applicability in DASC.

3.4. Photothermal Conversion Efficiency

To evaluate the efficiency to transform radiation from the solar
simulator into heat, the temperature evolution with time in the
different samples was measured from the experimental setup
shown in Figure 2. After an initial rapid increase in temperature,
a balance between heat losses and the energy of incident radia-
tion was achieved, and provided a maximum temperature
increase (see Figure 8). The water-based Au NFs showed a more
marked temperature rise than that with water, which was
expected given their corresponding extinction coefficients. For
each NP size, AT increased as NP concentration rose. The maxi-
mum temperature increase obtained for water was 5.45 °C, while
after adding gold NPs went up to 11.41°C.

Both experimental PTEs were obtained from the measured
temperature evolutions. Table 5 summarizes relevant data from
each sample, including the penetration distance at which 50% of
incident radiation was absorbed (xso) and the experimental PTE
obtained by both methods (PTE; and PTE,). For PTE, the average
values of all the repetitions for each sample are shown.
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Figure 8. Temperature evolution of the base fluid (water) and the water-
based Au NFs in relation to irradiation time.
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Comparing the obtained PTE results to previous studies is not
straightforward. Even for water, differences in experimental
setups, selecting times for PTE calculations (5400 s in this study,
but 300 s for Jin et al.*” and 60 s for Zhang et al."*)) and the PTE
equations, can lead to a wide range of PTE values. Table 1 shows
the PTE values for water within the 8-71% range. In this study,
and depending on the PTE equations, the PTE value for water
was 5.25% when heat losses were not contemplated and was
22.39% when they were.

By comparing the PTE values in Table 5 for all the samples,
and as expected from the power balance equation, the photother-
mal conversion efficiencies that considered heat losses in the sys-
tem (PTE,) were higher than those that lacked them (PTEj).
According to Equation (5), as the sample mass remained con-
stant in all the experiments, PTE; was directly proportional to
the maximum temperature increase (AT) (see Figure 8). It is
noteworthy that remarkable PTE values for the Au NFs were
obtained even for very low NP concentrations.

A wide range of results has been reported by different studies
for absolute PTE values. Thus to remove the influence of factors
other than NP, it is better to analyze improvements in NFs in
relation to the base fluid. Figure 9 includes the PTE enhance-
ments provided by the NFs in Table 5 in relation to water, as
calculated by Equation (9)

PTE,; — PTE,

Enh t=
nnancemen PT EW

100 9)

Although the absolute values obtained for both PTE defini-
tions differed, the enhancements provided by both equations
indicated similar trends. As observed in Figure 9 for both exper-
imental PTEs, the higher the NP concentration, the greater the
PTE. Although this relation was not linear, a rapid increase was
noted for both NP sizes when changing from 5.1 to 28.2 ppm,
with somewhat asymptotic behavior when moving to the highest
concentration. This could be related to the fluid thickness effect,
where the absorption efficiency of an NP may vary with fluid
depth."*'822] The maximum enhancement was around 121%
for the sample with the smallest particle size and the highest
NP concentration. Similarly to the water case, comparing these
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Figure 9. PTE enhancement of NFs in relation to water.
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results to the PTE enhancements for the water-based Au NFs
obtained in previous studies is a difficult task. The references
in Table 1, which also cover different experimental setups, cal-
culation procedures, light sources, and NP sizes and concentra-
tions, provide a wide range of enhancement variations (from 11%
to 518%). To help to advance the potential ability of solar NFs for
DASC, itis necessary to do away with the inconsistencies in these
PTE enhancement results. Round robin tests have been used in
the past to overcome the high dispersion of results in other NFs
variables, such as thermal conductivity,**** specific heat
capacity,*”! contact angle,*®! numerical simulation,*” etc.
They might help in this case.

3.5. PTE Statistical Analysis

The experimental data collected for PTE were statistically
analyzed. The methodology followed for the statistical analyses
is depicted in Figure 10. The analyses started with an initial
normality check by the Shapiro Wilk test,*®! along with the
homogeneity of variances assumptions and some descriptive
data statistics. Parametric tests are used if data exhibit normal
distribution, and nonparametric tests otherwise. A comparison
of the differences between the mean ranks of the independent
groups of the normally distributed variables was performed by
independent samples, with T-tests and analysis of variances
(ANOVA's) when there were two groups or more, respectively.[*!
The Kruskal-Wallis test was employed when the normal distri-
bution assumption was not valid.%

The statistical analyses were followed with the PTE variation
based on the independent variables (Au NP concentration, [Au]
and NP size, D). As the normal distribution assumption was not
valid in this case, the Kruskal-Wallis test was run to investigate
the differences between the means of the PTE trends based on
the D groups. The results are provided in Table 6.

The mean rank values of the PTE measurements were statis-
tically different based on the D groups (p < 0.05). For the differ-
ent D values (0, 5, 20 nm), the PTE values significantly changed.
A post hoc Bonferroni analysis was run to determine the group/
groups of D that brought about this difference. The results
showed that the difference between the mean rank values of
PTE was statistically significant for the D=0nm (water) and
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Figure 10. The statistical methodology of this study.
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Table 6. Comparison of the means of the PTE values based on the NP size
(D) groups.

D[nm] n  Mean  Standard  Mean Rank Test p
deviation statistics
PTE [%] 0 4 22390 1.181 2.50 11.312°  0.003
5 8 43983 9.967 13.44
20 6 37.903 7.695 8.92

Ap < 0.05; b)Kruskal-Wallis test.

Table 7. Comparison of the means of the PTE values based on the NP
concentration [Au] groups.

[Au] [ppm] n Mean Standard Deviation Test Statistics p

PTE [%] 0 4 22390 1.181 66.701° 0.000%
5.1 4 28323 0.236
28.2 4 443813 4.684
51.3 6 47.790 3.913

3p < 0.05; Y ANOVA test.

D=5nm groups (p=0.002). The D=5nm group obtaining
higher PTE mean values than those of D=0nm (water). All
the other comparisons were statistically insignificant
(i-e., between D =5 and 20 nm, and between D =0 and 20 nm).

To determine the differences between the means of the PTE
trends based on the [Au] groups, the ANOVA test was used
because data exhibited normal distribution and more than two
groups were present. The results are provided in Table 7.

The results in Table 7 revealed that the difference in the mean
PTE measurement values was statistically significant based on
the [Au] groups (p < 0.05). The posthoc Bonferroni analysis
showed that the [Au] = 0 ppm (water) group's PTE mean statisti-
cally differed from those of the [Au]=282ppm and
[Au]=51.3ppm groups (p=0.000, p=0.000). [Au]=0ppm
gave a lower PTE mean value than the [Au]=28.2 ppm and
[Au] =51.3 ppm groups. The differences between the mean
PTE values of [Au]=5.1ppm and [Au]=28.2ppm, and

Parametric test
(T-test and
ANOVA)

Normally
distributed data

A 4

Non parametric
test
(Kruskal-Wallis)

Non normally
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Table 8. Correlation analysis between the independent ([Au], D) and
dependent (PTE) variables (p: significance value, p: correlation
coefficient).

PTE
D p 0.305
p 0.199
[Au] p 0.000?
P 0.770
Ap < 0.05.

[Au] = 5.1 ppm and [Au] = 51.3 ppm were statistically significant
(p=10.000, p=0.000). [Au]=51.3 ppm gave the highest PTE
mean value.

The correlation between the [Au] and D (ordinal) categorical
and the PTE continuous variables was studied by Kendal's
Tau correlation, applied for normally distributed data. The
results in Table 8 indicate that the correlations between D-
PTE were not statistically significant (p > 0.05). This implies that
these variable pairs were not statistically associated with one
another. The correlation between [Au]-PTE was statistically
significant (p <0.05), with a correlation coefficient between
those two variables of 0.770 (>0.60), indicating a positive strong
correlation.!

4. Conclusions

Gold, one of the metal materials that presents SPR, is a good
candidate to improve the solar radiation absorption capacity of
solar NFs using this property. The suitability of water-based
Au NFs to be used in DASC was herein studied. Different parti-
cle sizes of 5 and 20 nm, and Au concentrations of 5.1, 28.2, and
51.3 ppm, were applied to evaluate the effect of these variables on
the study of several properties related to DASC photothermal
performance. Some important conclusions can be drawn:
1) Commercial Au NFs of both sizes show good colloidal stability
at the maximum temperatures reached during the PTE experi-
ments (below 40 °C); 2) The extinction coefficient measurements
reveal that NFs have an advantage over water for absorbing solar
radiation at wavelengths within the visible radiation spectrum;
3) For the employed Au NP sizes, NFs presented a plasma reso-
nance wavelength at 516 and 520 nm for 5 and 20 nm, respec-
tively. This wavelength was independent of the concentration
and increases with NP size; 4) The influence of particle size
on the extinction coefficient is not relevant compared to the
Au concentration. The best result is obtained for the NFs at
the 51.3 ppm concentration; 5) A positive effect on the fraction
of absorbed sunlight with the addition of NPs appears, and the
penetration distance at which light is absorbed significantly
reduces. All this is important for reducing dimensions and costs
when designing DASC; 6) Two methods were used to calculate
PTE. The first one does not consider heat losses, but the second
calculation method does. Although the absolute values of both
PTE calculations differ, PTE enhancements in relation to water
show similar trends in both cases; 7) Enhanced PTE takes place
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for all the tested NFs. The maximum 121% PTE enhancement in
relation to the base fluid is obtained for the NF with 5 nm NPs at
the 51.3 ppm concentration; 8) A statistical analysis can be used
to evaluate the influence of the input variables on the PTE results.
It confirms that NP size (D) and Au concentration ([Au]) statisti-
cally and significantly influence PTE; 9) For the entire dataset,
the correlations between D-PTE are not statistically significant.
So these variable pairs are not statistically associated with one
another, while the correlations between [Au]-PTE are statistically
significant, positive, and strong; 10) Although the Au concentra-
tion positively impacts PTE, the increase in PTE within the mea-
sured concentration range is not linear. A threshold is obtained
beyond which no further improvement can be achieved; and 11)
Given the high dispersion of the PTE present in the literature,
comparing the results to previous works is not easy. A round-
robin test might be interesting to overcome this high dispersion
and to help to advance in the potential application of solar NFs in
DASC.

From the future DASC industrial application point of view, the
results in this articlehighlight the advantage of using smaller
sized NPs (thanks to the lower Au concentration improving
the PTE results) and the reduction in the required NF volume
to reduce collector depth. Both have a positive effect on the
DASC cost.
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