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Abstract

Nanoparticles were prepared and incorporated into molten salts to form a nanofluid system for use in a
concentrated solar powerplant (CSP). Particle sizes of both the nanoparticles and incorporated molten salts were
analyzed from images captured by scanning electron microscopy using image processing software. The heat
transfer fluid was prepared via a two-step method by blending four molten salts (KNO3, NaNO3, LiNOs, and
Ca(NO3)2.4H,0) and anodic aluminum oxide (AAO) at 180°C for 360 minutes. Results showed that after the
anodization process, aluminum A5052 transformed the film surface into metal oxide (anodic aluminum oxide)
with particle size smaller than 56.3 nm. Incorporation of aluminum nanoparticles into the molten salt matrix
increased particle size to 100 nm due to the chemisorption of molten salt by hydroxide functional groups on the
AAO surface during the heat transfer process. Addition of AAO improved the discharge power provided by the
upright thermocline tank.
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1. Introduction

Nanotechnology is now used in industry. resulting in enormous benefits in material property development and
energy conservation, with increased insulation, cooling, energy storage, and reflectivity. Data collected in the
United States suggested that 41% of energy is used in residential buildings and offices, with most lost to heat,
lighting, and air conditioning [1]. Energy consumption can be greatly reduced by adopting nanotechnology.
Nanoparticles are now applied in various fields such as the construction industry [2], medicine [3], food products
[4], cosmetics [5], the military, and as catalysts [6]. Nanofluids are suspended solids consisting of metallic or non-
metallic particles, with size less than 100 nm, mixed with a liquid, and having a higher thermal conductivity than
that liquid, such as copper nanoparticles mixed with water and ethylene [7]. Nanofluids are used in various
industries including energy supply and emerging industries in the field of solar systems. Solar harnessing activities
utilize nanofluids to increase heat transfer efficiency between the solar collector and the storage tank, which then
transforms heat into electricity. Concentrated solar powerplant (CSP) technology converts sunlight or radiated
radiation as heat into heat transfer fluid that then delivers the heat into a heat exchanger which produces steam
and generates electricity from turning turbines. This technology has the advantage of being able to generate
electricity at times of no sunlight, using a heat transfer agent with low power loss.

Molten salt can be used for storing energy from sunlight in the form of a dynamic liquid or a working fluid
consisting of at least two types of salts. Current technology mixes NaNO3 and KNOj3 as starting salts, with other
ingredients added as thermal materials to improve the thermodynamic properties [8]. Molten salt is commonly
used as a eutectic mixture of 60% sodium nitrate and 40% potassium nitrate. This mixture can be heated and
liquefied between 260°C and 550°C, has a heat of fusion of 161 Joules per gram (J/g), and a heat capacity of 1.53



J/g Kelvin (J/g K) [9]. Molten salt combinations are usually employed as thermal energy storage (TES) systems,
with a heating or cooling medium such as water to receive or transfer heat. Many factors affect the amount of
energy that can be transferred using heat transfer fluid including the operation duration, the flow rate of the
working fluid, outdoor exposure, and the circulation time of the working fluid in CSPs [10-12]. Currently, heat
transfer fluids used for CSPs are limited by their high melting temperature and thermal stability. Binary and
ternary salt mixtures show potential as effective heat transfer fluids [13,14]. The normalized price of energy
(NPOE) must be reduced in CSPs to improve the effectiveness of employing thermal storage system materials
such as molten salts. Nanoparticles have recently attracted increased attention as fillers for the development of
molten salt nanofluids giving higher thermal conductivity. Nanofluids with added nanoparticles demonstrated
high specific heat capacity, constant decomposition temperature, and a slight incline in viscosity compared to
other base fluids [15]. New additives and mixtures for photovoltaic power plants as salt blends consisting of
Ca(NOs3),, KNOs, and NaNO;3; were not recommended due to their high viscosity [16], which prevented proper
fluid flow throughout the power plant. A mixture containing KNO3, NaNOs, and LiNO; has a low melting point
of 127°C, and it is important to control the NaNO3 content as this is responsible for the viscosity of the mixture.
Another proposed mixture consisted of KNO3 (60%), LiNO3 (22% ), and Ca(NO3); (18% ) with a melting point
of 112°C and an appropriate viscosity [17].

The thermodynamic properties are an important aspect of heat exchange systems, and choosing a good heat
conductor for heat exchange is very important. Media used in heat exchange include water, ethylene glycol, and
oil but these liquids have low thermal conductivity. Therefore, they must be developed to provide better heat
conduction efficiency. Nowadays, a popular way to improve thermal conductivity is by adding dispersed solid
particles to the medium liquid, known as nanofluid. These solid particles increase the surface area of the heat
exchanger and increase the heat capacity of the system, resulting in increased heat conduction efficiency without
the need to modify existing equipment [18] In this study, aluminum nanoparticles were mixed with molten salts
as a medium to increase thermal efficiency in CSP systems. The novelty of this research lies in the usage of a
lithium-based salt and anodic aluminum oxide as the heat transfer agent, which to the best of our knowledge have
not been extensively studied.

This research examined the effects of nanoparticles on the thermal properties of quaternary salts for application
in CSPs. The thermal energy storage system comprised the four nitrate salts NaNOs;, KNO;, LiNOs, and
Ca(NO3),.4H,0. The additive used was aluminum foil that had been exposed to anodization to create a porous
surface film. The selected starting salts were mixed with the nano aluminum composite (A5052-H32), and the
physical properties were measured by Field Emission Scanning Electron Microscope (FE-SEM). The discharge
power of molten salts with different concentrations of additive and molten salt flow rate were used to benchmark
different operational scenarios.

2. Materials and methods

Aluminum foil (A5052-H32) with thickness 0.5 mm and area 3x3 cm was cleansed in NaOH solution,
submerged in 50% isopropanol and dried in nitrogen gas for 24 hours. Anodization of the aluminum foil
representing the anode electrode was conducted in concentrated sulfuric acid (2M) with a solid platinum cathode.
The anodization process was performed at 120V, 10°C for 30 minutes. Before the anodization process, the
anodized aluminum oxide film was submerged in phosphoric acid solution (20 wt%) and then cleansed at 35°C
in an ultrasound bath for 10 minutes. Sandpaper was used to polish the surface of the anodized aluminum sheet to
give about 2 g of nanoparticles, resulting in an aluminum plate shown in Figure 2(A).

A two-step drying method involved grinding the nanoparticles and molten salt mixture. The other molten salts
were combined with KNO; and NaNOs at a weight ratio of 51:49. The combination was melted for 6 hours at
360°C, then cooled to 25°C, and ground to turn the solid eutectic salt mixture into a uniform powder. The Al,O;
(1 wt%) nanomaterial was then added and the mixture was placed in an aluminum flask to reduce the moisture
content before analysis [16], with results shown in Table 1. The compositions of the nanofluid mixtures including
anodized aluminum oxide (AAOQ) are presented in Table 2.

Table 1 Preparation and characterization methodology

Process Method Characterization
1. Preparation of A5052 aluminum Anodized one sample at thickness of  The surface basic structure was examined by
5, 10, 15 micrometers scanning electron microscopy (SEM)
2. Sheet, size 5x5 cm, 3 samples each Surface etching Nanoparticles smaller than 100 nm
3. Preparation of quaternary nitrate salt Two-step drying technique Quaternary nitrate salt (basic salt)
4. Preparation of nanofluid Heating the quaternary nitrate salt Nanofluid

(basic salt) at 120 °C for 10 hours
and adding nanoparticles




Table 2 Compositions of nanofluid mixtures including anodized aluminum oxide (AAQO)

Composite KNO; NaNO; LiNO; Ca(NO;),.4H,0 AAO
Mole molecule 101.10 85.00 68.40 236.00 26.98
S A 19.54 16.43 15.72 48.11 0.20
% B 19.54 16.43 15.67 48.06 030
§ C 19.54 16.43 15.62 48.01 0.40
G D 19.54 16.43 15.57 47.96 0.50

3. Results and discussion

Anodization of the aluminum foil was accomplished in a concentrated acid solution using lead as the cathode
and surfactant mixtures to facilitate the pore opening mechanism. The anodized foil morphology is shown in
Figure 1. The physical characteristics of the aluminum foil were slightly altered and less reflective after the
anodization process, indicating a change in the surface texture. This was anticipated because the anodization
process caused the surface to lose electrons, turning the metal structure into aluminum oxide [19,20]. With
hydroxide surfaces, the anodic aluminum oxide represented a heterogeneous site for the chemisorption of molten
salt during the heat transfer process [21,22]. The SEM image of the anodic aluminum oxide is illustrated in Figure
1(B). The granular structure with uniform size is clearly shown, indicating loss of electrons and formation of a

hydroxide surface. The uniform grain size suggested adequate mixing during anodization and the absence of a
dead zone inside the anodization vessel.

A (B)

Figure 1 (A) Aluminum foil 15 pum A5052-H32 and (B) SEM image of anodized aluminum foil under 10,000x
magnification.

AAO nanoparticles were prepared using sandpaper. After physical treatment, the AAO nanoparticles were
collected and subjected to SEM analysis, as shown in Figure 2 to determine average particle size as 56 nm.

) | (B)

Figure 2 (A) Anodized aluminum foil after treatment, and (B) SEM image of nanoparticles produced from
physical treatment of anodized aluminum foil under 100x magnification.



The AAO nanoparticles were added to mixtures of the molten salts at different compositions. SEM images of
anodic aluminum oxide incorporated in the molten salt mixture are shown in Figure 3. According to the image
processing software, the average particle size was 100 nm. An increase in the size of incorporated AAO
nanoparticles was consistent with other research [23]. Agglomeration of molten salt ions on AAO was due to the
hydroxyl group on the surface of AAO [24]. Reinforcement of the AAO nanoparticles improved the thermal
conductivity of the molten salt solution, especially in a rigid form.

(A) (B)

Figure 3 SEM images of (A) agglomerated nanofluid, and (B) the surface of incorporated AAO under 100,000x
magnification.

Performance testing of the molten salt system with different concentrations of AAO additive was conducted
in a stainless-steel thermocline tank with different types of filler material, as shown in Figure 4. Stainless steel
balls provided the highest discharge power of 8.5 MW at a molten salt flow rate of 0.3 m*h. An increase in the
flow rate of the molten salt resulted in a gradual increase in discharge power. The other filler materials provided
discharge power ranging between 6.0 and 7.9 MW, and significantly lower than the stainless steel balls. The
superior thermal conductivity of the stainless steel balls facilitated heat transfer of the filler material to the molten
salts during discharge and from molten salts to the filler material during the charging cycle [25,26]. The filler
material that provided the highest discharge power was used to test the performance of molten salts with different
amounts of additives.
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Figure 4 Discharge power of the thermocline tank at different molten salt flow rates and types of filler material
as heat transfer receiver, with the molten salts containing 2.5% AAO additives.

Stainless stain balls were used in the thermocline tank to conduct performance testing of the molten salts with
different contents of AAO additives. An increase in AAO from 1.5% to 2.5% significantly increased the discharge



power by 19.6% from 5.6 MW to 6.7 MW. However, as the amount of AAO additive increased to 3.5% and 4.5%,
the discharge power did not significantly increase. The highest change in discharge power of 27.4% was observed
as the flow rate changed from 0.1 to 0.2 m3/h, as shown in Figure 5 and Figure 6. A further increase in flow rate
from 0.2 to 0.3 m?/h resulted in a reduction in the percentage increase of discharge power because at higher flow
velocity some of the ceramic ball fillers broke, resulting in the loss of heat transfer capability.
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Figure 5 Discharge power of the thermocline tank at different molten salt flow rates and amounts of AAO
additives using stainless steel balls as the filler material.
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Figure 6 Percentage increase in discharge power at different flow rates as the concentration of heat transfer agent
increased from 1.5% to 2.5%.

4. Conclusions

This research addressed heat transfer efficiency problems in the charging and discharging activities of a
thermocline tank. Different alternatives were studied including alteration of the heat transfer agent concentration
and the flow rate of the molten salt system. Nanoparticles were prepared by anodizing the aluminum foil before
combining with molten salts to form the nanofluid used as a thermal energy storage medium inside a thermocline
tank. SEM images of AAO nanoparticles suggested an average particle size of 56 nm. After the incorporation of
AAO in the molten salts, particle size increased to 100 nm, indicating significant agglomeration of the molten



salts on the AAO surface. Discharge power peaked when stainless steel balls were used as the filler material inside
the thermocline tank. The highest discharge power achieved for stainless steel balls was 8.5 MW, conducted at
0.3 m*h flow rate with 3.5 wt% additive. Our results can be used to design a heat transfer facility of an actual
CSP using the novel molten salt system investigated at different flow rates and heat transfer agent concentrations.
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