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Abstract

We analyzed the behavior of a “Solar Wall” and validated the apparatus with three nanofluids (silver,
titanium dioxide and a hybrid compound) in view of their photothermal conversion performance.
The factors considered were the temperature gain in relation to the base fluid, the stored energy and
the specific absorption rate. A cost survey was carried out to find out the profit of each nanofluid.
Five concentrations were studied for each nanofluid. A hybrid nanofluid formed by the previous
ones was also tested. The results presented that the Solar Wall has achieved repeatability, and we can
state that it is suitable for the tests on other nanofluids. The silver and hybrid nanofluids performed
better, the first obtained a temperature gain of 10.2 °C compared to the base fluid and the hybrid
reached 9.9 °C. Regarding the energy gain, the silver-based obtained a gain of 31.93%, and the hybrid
obtained 34.52%. The SAR values for the silver nanofluid were higher than the titanium-based,
nevertheless the cost to generate an energy unit using the former was higher than in the titanium
case. The silver-based and the hybrid nanofluids obtained improved photothermal conversion, being
the most promising options.

Keywords: renewable energy; solar thermal conversion; solar wall; nanofluids; cost assessment

1. Introduction

Concerns about environmental causes have been a major issue at the moment, since one of the
main factors is linked to the use of fossil fuels, which has been causing great degradation to nature.
The generation of energy from conventional sources has resulted in environmental degradation that
can be seen by pollution levels, acid rain, global warming, etc. [1]. Due to this problem, the search for
renewable energy has increased significantly in recent years, when it has been an object of study by
scientists and professionals [2]. One of the notable renewable energy sources is solar energy, which
has applications both for converting solar energy into electrical (photovoltaic) and for converting
solar energy into thermal energy, which thereafter can be applied for heating fluids for domestic and
industrial use or electrical energy generation by power cycles.

The use of thermal energy to heat fluids occurs through the use of solar collectors, where the
efficiency of a collector is a parameter of study that is often limited [3-5]. Conventional fluids that are
used in solar systems are very limited in relation to their capacity and thermal properties, so the use
of nanofluids can be indicated to solve this type of problem [6]. Nanofluids are constituted by
nanoparticles dispersed in a base fluid with a size ranging from 1 nm to 100 nm. In recent results, it
has been shown that characteristics such as thermal conductivity, viscosity, thermal diffusivity and
heat transfer coefficient have been improved when compared to conventional fluids [7].
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Nanoparticles can be made of several materials, such as metals, non-metals, oxides, carbides,
mixtures of nanoparticles (hybrid fluids), etc. [8-10].

Recent research on nanofluids has demonstrated their superiority compared to common fluids,
showing that they have great heat transfer potential [11]. A study in which a silver nanofluid was
applied in an evacuated tube solar collector showed a 40% improvement in efficiency [12]. Another
study performed on a ribbed flat plate solar collector showed an improvement of 10% in the efficiency
of the collector [2]. Zinc oxide increased the efficiency of a U-tube solar collector by 62.87% [13]. A
new category of nanofluids is under study, called hybrid nanofluids, which are formed by the
agglomeration of two or more nanoparticles in a base fluid. Recent research has revealed that the
hybrid nanofluids have been increasingly outperforming ordinary nanofluids, thus enhancing their
thermal properties when dispersed in the base fluid.

Graphene oxide and gold formed a hybrid solution and improved the efficiency of steam
generation by 10.8% [14], the hybrid nanofluid TiO2-MWCNT obtained a maximum increase in
thermal conductivity by 34.31% [7], the ternary nanoparticles rGO-Fe304-TiO2 showed an
improvement in thermal conductivity by 13.3% [15], Fe304/SiO2 improved the efficiency of a solar
collector in 21.7% [16] and the thermal conductivity using SWCNTs-MgO was increased by 35% at a
temperature of 50° C [17]. Much other research has also revealed a higher thermal conductivity of
nanofluids compared to the base fluid [18-21].

Another practical limitation that may be cited, in the case of solar collectors, is the efficiency with
which energy is transferred to the fluid. In this way, studies were made on direct absorption solar
collectors (DASC), where the fluid directly absorbs solar energy, thus mitigating the efficiency
limitation in this regard. A balance was observed between the temperature and power gain in direct
absorption solar collectors, where the efficiency of 55% was observed without major losses in
temperature gain [22], and the efficiency of 40% in heating for direct steam generation using gold
nanofluids was found [23].

In front of the recent research efforts that test nanofluids aiming at their characterization, this
work built, field tested and analyzed an apparatus called “Solar Wall”, taking into consideration that
it might be able to standardize the testing of different types of nanofluids, under direct radiation
absorption. In our Solar Wall, several concentrations of silver nanofluid, titanium dioxide and a
hybrid compound were used to verify in a uniformed fashion if the results of photothermal
conversion capacity were consistent with those presented in the literature. One of the main focuses
was to validate the Solar Wall layout suitability for this task. Temperature gains in relation to the
base fluid, total stored energy and the specific absorption rate per unit of mass (SAR) was measured
and analyzed. In addition, the work estimated the production costs of an energy unit (kW) for each
tested nanoparticle.

This work is outlined as follows: after this introduction, the employed materials and methods
are presented with the experimental configuration (Section 2); in Section 3 the data acquisition
procedures are detailed; in Section 4 the tested nanofluids are characterized; the results are presented
and discussed in Section 5; Section 6 depicts the evaluation of the stored energy, while the economic
viability is presented in Section 7; finally the conclusions are drawn in Section 8.

2. Materials and Methods

Figure 1 shows an experimental apparatus called “Solar Wall”, which was designed and built to
accomplish the research objectives, i.e., to uniformly compare the performance of different
nanofluids. Similar devices are available for the purpose of analyzing nanofluids [3], and in this sense,
our intention was to use them as a model to standardize the performance values obtained. The bench
was composed of an aluminum structure with glass cells at the bottom and at the top, each cell had
two tempered glasses and between them there was the nanofluid, occupying a volume of 3.5 L. The
dimensions of the glasses were as follows: 8 mm thick, 1000 mm in length and 500 mm in height. In
order to minimize convection losses, two extra glasses were inserted in each cell, where the external
glasses were 4 mm thick. A white paint coating was used on the aluminum structure to prevent its
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heating and, consequently, not to influence the cell temperature. In addition, steel cables supported
the structure.
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Figure 1. Designed and built Solar Wall for data acquisition. On the left, a picture of the mounted system is

@ Fluid temperature sensor

@ Ambient temperature sensor

shown, whereas on the right, a schematic of the side view is depicted. The circles indicate the positions of the

temperature sensors.

2.1. Data Acquisition

During the experiments, six type K thermocouples were used. They have 0.1 °C accuracy, 2 Hz
frequency. They were calibrated in a thermostatic bath against a glass thermometer. Three of the
thermocouples were placed in the lower cell, and the other three were placed in the corresponding
positions of the upper cell. They were equally spaced and fixed with resin support. The registered
temperature was given by the arithmetic mean of the three measurements in each cell. For data
acquisition, a Datalogger model RX12 OMEGA was used. The experiments were carried out at the
Solar Energy and Natural Gas Laboratory (LESGN) of the Federal University of Ceara in the city of
Fortaleza (Latitude: 03° 43002esouth, Longitude: 38° 32035" west) in the period between 20/06/2019
and 10/16/2019. The measurements were taken from 5:30 am to 9:30 pm, since before that time it was
still possible to verify a temperature differential of the nanofluid compared to the distilled water. The
experimental apparatus had one side facing east and the other facing west, in such a way that the
incidence of solar radiation occurring before and after noon penetrated through the cells as shown in
Figure 2.
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Figure 2. Schematic side view of the solar incidence during the test hours (5:30—9:30 pm).

The temperature distribution over the surface of the glasses was also verified with the aim of
correcting any position deviation from the measured temperatures, and thus giving more reliability
to the data obtained. A higher temperature was registered in the lower glasses due to the reflection
of the sun® rays coming from the ground, as can be seen in Figure 3. Several tests were done only
with the base fluid inside the two cells in order to develop a correction equation that equalizes the
temperature curves for each test instant. The effect was corrected by a polynomial regression (y =
—0,0008x? 4 1,0226x) in such a way that the data of the temperature curves of the lower and upper
glasses were then correspondent.

07 /01/19
12 :55: 1d

Figure 3. Temperature profile on the glass surface. A small difference can be perceived between the upper

(colder) and the lower (hotter) cell. A correction equation was developed.

2.2. Characterization of the Nanofluids

The experiments were carried out using water-based nanofluids of silver and titanium dioxide
(TiOz) in several concentrations. The titanium dioxide nanofluid was obtained by dispersing TiO:z
nanoparticles in water using ultrasound. In a different way, the production of silver nanofluid
consists of a chemical reduction of silver nitrate to form the nanoparticles in the nanofluid itself. Five
concentrations were studied for silver and titanium dioxide nanofluids, according to Table 1.

Table 1. Concentrations of the studied nanofluids.

Nanofluids Molar Concentration (mol/L) Volume Concentration (ppm)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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3.86 x 10> 0.40625
7.71x 107 0.8125
Silver 1.54x 10* 1.625
3.09x 10+ 3.25
6.17 x 10 6.5
7.71x10° 1.45
1.54 x104 2.9
TiO: 3.09x 10+ 5.8
6.17x 10* 11.6
1.23x 10# 23.2

The nanofluids with the same molar concentration (mol/L) have different proportions in volume
(ppm v/v) because of the difference in their density, but for comparison, it was preferable to consider
equal values of molar concentrations. Also seeking to improve the performance of the nanofluids, an
analysis of hybrid nanofluids made of silver and titanium was carried out, where the titanium
nanoparticle (23.2 ppm) was doped with the increase of several amounts of silver (0.40625; 0, 8125;
1.625; 3.25), corresponding to the molar fractions of 3%, 6%, 12% and 25% respectively. The quantity
of titanium dioxide remained fixed, since previous experiments showed the superiority of silver. In
this sense, we applied the best concentration of titanium with silver increments. Table 2 details these

samples.
Table 2. Studied samples of the hybrid nanofluid.
Samples Titanium Silver Hybrid
Sample 1 23.2 ppm 0.4025 ppm 3%
Sample 2 23.2 ppm 0.8125 ppm 6%
Sample 3 23.2 ppm 1.625 ppm 12%
Sample 4 23.2 ppm 3.5 ppm 25%
3. Results

3.1. Temperature Gain of Nanofluids

An analysis was done to determine how much the nanofluid achieved in temperature gain over
the base fluid during the experiment. Figure 4 shows the temperature gains of the titanium dioxide
nanofluid compared to water. The temperature profile has an upward trend until 12:00, and just after
a drop in this temperature, since the angle of incidence of the solar rays to the Solar Wall reaches near
parallel values, which causes this temperature drop. In the second half of the day, the temperature
profile returns to normal behavior and presents similar values. Figure 5 shows the maximum gain
for each concentration of TiO2 nanofluid, which establishes that the higher the concentration of
nanoparticles, the greater the gain. The concentration of 23.2 ppm showed a gain in temperature of
2.7 °C (increase of 5%), i.e. an advantage with a little relative expression, since the nanofluid of 1.45
ppm reaches a very similar gain. This poor relative performance may justify not using the 23.2
concentration, because the 1.45 ppm concentration already makes it possible to obtain similar gains,
and the expense with nanoparticles is lower. The comparison against the silver nanofluid will give
even more reasonability to this choice. One of the limiting factors that may have caused the low
temperature gain of this nanofluid is its white color, which may be responsible for the partial
reflection of the sune rays, even though it presents a higher thermal conductivity than water.

Some studies also found that TiO2 nanofluids were not so promising for direct absorption,
always obtaining inferior results when compared to other nanofluids [24,25].
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—Ti02 (1.45 ppm)

—Ti02 (2.9 ppm)
—Ti02 (5.8 ppm)
———Ti02 (11.6 ppm)
——Ti02 (23.2 ppm)

Temperature gain of titanium dioxide
nanofluid (° C)

5:00 9:00 13:00 17:00 21:00
Time

Figure 4. Temperature gain of the titanium dioxide nanofluid compared to the base fluid. The values are
absolutely referred to the base fluid. It can be perceived that the thermal inertia of the system to the right of the
lines (after 5:30 pm), since almost no direct radiation reaches the apparatus after this time.

2.5 1

2
1.5 A
1 A
0.5
0 T T T T
1.45 29 5.8 11.6 23.2

Concentration (ppm)

Temperature gain titanium dioxide (°C)

Figure 5. Maximum temperature gain in relation to the base fluid of the titanium dioxide nanofluid for each one-
day test. Very high concentrations were tested, and they did not outperform the smallest value in the same
proportion.

The same analysis was carried out for the silver nanofluids, where one can notice that the
temperature profile of both nanofluids is very similar. It is noteworthy strong correlation between
the concentrations and the temperature gain, as can be seen in Figure 6. Silver nanofluids have
reached energy gains well above titanium nanofluids, showing a maximum gain of 14° C (26% gain
compared to the base fluid) for a 6.5 ppm concentration (Figure 7). Silver nanofluids gains related to
increasing concentrations were very expressive too. In this analysis, it can be seen that the strong
influence that the concentration of nanoparticles has on the temperature increase, implying in both
cases that the higher the concentration, the higher the energy gain. For other authors, silver obtained
satisfactory results accordingly. In [3], the authors found that silver nanofluids provided a 144%
increase in stored energy.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Temperature gain of the silver nanofluids compared to the base fluid, for a one-day test. Each curve
represents a different test concentration.
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Figure 7. Maximum temperature gain of the silver nanofluid for each one-day test.

Figure 8 depicts a similar analysis for the hybrid nanofluid, and once again, the same shape as
the temperature profile was noticed when compared to the isolated nanofluids, thus showing the
good repeatability of the Solar Wall to collect temperature data. The quantity of titanium
nanoparticles of 23.2 ppm was fixed, and the nanofluids were doped with a double-wise increase in
silver nanoparticles (0.4025, 0.8125, 1.625, 3.25 ppm). As a result, the hybrid nanofluid with a 25%
molar fraction achieved a gain of 9.9 °C, an improvement of 18.3% over the base fluid. Figure 9 shows
behavior for the hybrid nanofluid, in such a way that the higher the proportion of silver in the
titanium nanoparticles, the greater the temperature gain, being a prominent factor in this work. It is
noteworthy that this gain reaches values higher than the algebraic sum of the isolated gains from
silver and titanium dioxide nanofluids.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202601.1197.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 January 2026 d0i:10.20944/preprints202601.1197.v1

8 of 15

12
b=l
2 ——Ag/TiO2 (3%)
2 10
® —Ag/TiO2 (6%)
E . ——Ag/TiO2 (12%)
£ —— Ag/TiO2 (25%)
2_
hagy )
o —
c
)
@ 4
3
2
o
g 2
€
()]
[t
0
05:30:00 08:30:00 11:30:00 14:30:00 17:30:00 20:30:00

Time

Figure 8. Temperature gain of the hybrid nanofluid compared to the base fluid, for a one-day test. Each curve
represents a different test concentration.
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Figure 9. Maximum temperature gain of the hybrid nanofluid for each one-day test.

These findings can be explained because the hybrid fluid is not a mixture of two nanoparticles,
ie, Ag + TiO2, in the water-based fluid. Instead, the silver nanoparticles are formed onto TiO2
nanoparticles dispersed in water by chemical reduction of silver nitrate. These approaches cause a
significant difference in the ultraviolet light absorption spectra of the fluids.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Silver nanofluid
— Hybrid nanofluid
—Ti02 nanofluid
——Mix Ag + TiO2

- =TiO2 + Ag

Figure 10. UV-VIS spectra of Silver nanofluid (red line), Titanium oxide nanofluid (green line), Mixture of Ag
and TiO2 nanofluids, Silver/Titanium oxide Hybrid nanofluid (blue line) and algebraic sum of silver nanofluid

and titanium oxide nanofluid curves (dashed black curve).

Figure 10 shows a laboratory experiment in which four types of nanofluids, namely silver,
titanium oxide, a mixture of these two nanofluids and a hybrid Ag/TiO2 nanofluid, were analyzed
by UV-VIS Silver nanofluid is characterized by a pick absorption at 415 nm (red line), while TiO2
spectrum shows a wide band at 240 nm to 280 nm (green line). A mixture of these two nanofluids in
the same proportion as the hybrid fluid results in almost the same shape of the curve (orange line) as
the calculated algebraic sum of two separate spectra (dashed black lines). Differently, hybrid Ag/TIO2
nanofluid presents an absorption curve (blue line) that reveals, in addition to the two characteristic
bands of TiO2 and Ag, a new broad band between 480 nm and 740 nm that is not seen in the original
fluids or in their mixture. It means the new nanoparticles are formed as a composite of both species,
corroborating to increasing the light absorption.

A comparison was made of the three situations involved in the tests with the solar wall. Figure
11 shows the maximum temperature gain for each molar fraction of the hybrid and the corresponding
concentrations of silver and titanium dioxide nanofluids. It is noticed that the hybrid nanofluid has a
remarkably higher gain than the silver and titanium in the case of 3% molar fractions. Nevertheless,
the silver nanofluid achieves greater differential gains with increasing concentrations, and it finally
reaches temperature gains even higher than the hybrid nanofluid. Figure 12 shows that the 3.5 ppm
silver nanofluid was able to achieve a temperature gain of 10.2 °C, while the hybrid nanofluid reached
a value of 9.9 °C. Therefore, it is possible to infer the unfeasibility (regarding the temperature gain)
of the hybrid nanofluid for higher silver concentrations.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 11. Comparison of the three tests performed on the solar wall with silver nanofluids (0.4025 ppm, 0.8125
ppm, 1.625 ppm and 3.5 ppm), titanium dioxide (23.2 ppm) and the hybrid nanofluid.
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Figure 12. Comparison of the hybrid nanofluid temperature gain against the silver nanofluid as a function of the
tested concentrations.

3.2. Total Energy Stored

The total energy stored in the nanofluids was calculated during the heating period:

Etorar = mnfcnf(Tma’x = Tonin)

where m,c and T are the mass, specific heat and temperature and the subscript nf refers to
the nanofluid.

The energy gain obtained by each nanofluid tested was calculated relative to the base fluid, for
which the results are shown in Figure 13. The four samples of the hybrid nanofluid were compared
with the nanofluids of silver and titanium dioxide. The hybrid nanofluid has always obtained a
greater energy gain for all samples, while the titanium dioxide obtained gains much lower than the
other nanofluids. The silver nanofluid started out with a relatively small energy gain, but increasing

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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its concentration leads the values to a result more equivalent to that of the hybrid, such that the most
concentrated silver nanofluid shows an energy gain of 31.93% compared to the base fluid, while the
hybrid obtained an energy gain of 34.52% (e.g. titanium dioxide obtained 9.04%). These results show
once again the effectiveness of the use of the solar wall, where a better performance of the hybrid
nanofluid was expected and confirmed in comparison to the isolated nanofluids, even when this
reaches a relative small amount.
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Figure 13. Percentage of energy gain of the samples for the three nanofluids under study.

3.2. Economic Viability Evaluation

The cost for applications using nanofluids must also be taken into account, as it is an important
factor in industrial analysis. The cost evaluation regarding the performance of nanofluids was studied
in this work, where the relationship between the price of the nanoparticle and the capacity of the
nanoparticle to generate thermal energy was estimated; that is, the cost to generate a thermal energy

unit was investigated [26].

Price per gram
cost = ——————

SAR (kW /g)
in our evaluation, the specific absorption rate per unit mass is given by:
SAR = —ww_ (ﬁ - Aﬂ)
1000m,, \ At At

where m represents mass, c is specific heat, T is temperature, and t is time. The subscripts w, nf
and np represent the base fluid, nanofluid and nanoparticle, respectively.

Figure 14. shows that silver nanofluids have a SAR consistently higher than titanium dioxide
ones, for corresponding concentrations, and thus have greater absorption capacity per unit of mass.
Nevertheless, in Figures 14, 15 and 16, it can be seen the economic viability for the production of
nanofluids with these nanoparticles, where the cost of silver nanofluid to produce 1 kW of energy at
a concentration of 0.40625 ppm is close to US $10, while the cost of producing 1 kW of energy for TiOz
at the highest concentration of 23.2 ppm is close to US $0.49. Through this comparison, the highest
cost of silver is perceived, but when analyzing the type of application, the cost-benefit of nanofluids
must be taken into account, too.
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Figure 14. Comparison between the SAR values of silver and titanium dioxide nanofluids.
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Figure 15. Economic viability of titanium dioxide nanofluid for the studied concentrations.
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Figure 16. Economic viability of silver nanofluid for the studied concentrations.

5. Conclusions

The work presented experimental modelling to analyze the ability of a Solar Wall to collect
nanofluid analysis data in a standard procedure. It proved to be suitable for the evaluation of direct
absorption of solar irradiation by nanofluids, where the photothermal conversion capacity of three
types of nanofluids, namely silver, titanium dioxide and yet another hybrid compound formed by
the union of the previous nanoparticles, was verified. After all, the following conclusions could be
drawn:

e  The Solar Wall device was found to be suitable for direct energy absorption tests, where the
results showed good repeatability for three different types of nanofluids in several
concentrations.

e  Regarding the temperature gain, titanium dioxide nanofluids were not as effective as the silver
nanofluids and the hybrid compounds. Silver obtained a gain of 10.22 °C in the nanofluid
concentration of 3.5 ppm, while the hybrid obtained a gain of 9.97 °C in the molar fraction of
25%, thus indicating the impracticability of a higher molar fraction for the hybrid compound,
since silver alone leads to a better result.

e At a maximum concentration (i.e. 23.2 ppm of TiO2), the nanofluid achieves an energy gain in
relation to the base fluid of less than 10% and the additional increase in concentrations did not
imply any significant energy gain. This fact justifies not using higher concentrations, since 1.45
ppm already obtains similar results to those of high concentrations.

e For the concentrations studied, silver nanofluids have obtained significant improvements,
reaching an energy increase of up to 45.75% for the concentration of 6.5 ppm in comparison with
the base fluid.

e  The comparison between the three types of nanofluids indicated a better performance of the
hybrid nanofluid in the Solar Wall, which achieves an energy gain of 34.52% in the molar fraction
of 25%, while the silver in the concentration of 3.5 ppm obtained an increase of 31.93% in the
concentration of 3.5 ppm and the titanium dioxide gained 9.04%.

e  Silver nanofluids have shown a direct absorption capacity per unit mass always greater than
that of titanium dioxide.

¢  Regarding the temperature gain, it could be perceived that at some point silver overtakes the
hybrid nanofluid, while titanium dioxide does not achieve comparable gains.

e It can be perceived too that silver nanofluids increase the energy gain faster than the hybrid
nanofluids, until a moment that these gains become practically the same.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Considering the cost analysis, silver is less economically viable, as it needs U$10 to produce an
energy unit (kW) approximately, whereas titanium dioxide needs U$0.49.
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