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Abstract

:

Solar thermal energy storage improves the practicality and efficiency of solar systems for space heating by addressing the intermittent nature of solar radiation, leading to enhanced energy utilization, cost reduction, and a more sustainable and environmentally friendly approach to meeting heating needs in residential, commercial, and industrial settings. In this study, an indoor experimental setup was employed to investigate the impact of a water-based Al2O3 nanofluid on the storage capacity of a flat plate solar collector under varying flow rates of the heat transfer fluid. The nanofluid, introduced at specific concentrations, was incorporated into a water-contained storage tank through which the hot heat transfer fluid circulated within a heat exchanger. This process resulted in the storage of thermal energy for future applications. The research identified that the optimal flow rate of the heat transfer fluid, corresponding to the maximum storage temperature, was 15 L per hour, and the ideal nanofluid concentration, associated with the maximum specific heat capacity of the storage medium, was 0.6%. Furthermore, the introduction of nanoparticles into the storage tank led to a significant increase in the specific heat of the water, reaching a maximum of 19% from 4.18 to 5.65 kJ/(kg·°C).
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1. Introduction


Thermal energy storage plays a crucial role in optimizing energy use, promoting renewable energy integration, enhancing grid stability, and contributing to overall energy efficiency and sustainability. As the world seeks to transition to cleaner and more sustainable energy systems, the importance of thermal energy storage is likely to continue growing. As a result, there has been a growing focus on sustainable and renewable energy sources as a means to mitigate the adverse effects of fossil fuel usage [1,2,3]. Among these renewable options, solar energy stands out as a highly promising choice due to its numerous advantages, such as its abundance and environmental friendliness [4,5]. One promising approach is the conversion of solar energy into thermal heat, which has the potential to integrate thermal energy storage (TES) with solar thermal collectors. This presents a valuable solution for addressing intermittent solar radiation, whether at night or due to adverse weather conditions. Consequently, TES becomes indispensable, particularly for storing electricity when combined with concentrating solar power (CSP) facilities, where the collected thermal heat can be stored and utilized when solar radiation is unavailable.



The literature presents various techniques employed to enhance the thermal conductivity of TES materials, including methods like bubble agitation [6], encapsulation [7], and the use of extended surfaces and fins [8]. In 1995, the idea of enhancing material properties by introducing tiny solid particles into the mix was explored when Choi proposed improving the thermal conductivity of heat transfer fluids by incorporating nanoparticles (NPs) into the base fluid [9]. An initial investigation into inorganic salt-based nanofluids was conducted by Shin and colleagues in 2010 [10]. In their study, they examined the potential to improve the thermophysical characteristics of the storage medium by dispersing silica NPs into a eutectic salt blend, resulting in nanomaterials. Their findings revealed a significant increase in specific heat capacity as a result of the NP addition. Furthermore, they noted that using these nanomaterials for TES could lead to cost reductions in solar thermal power generation by elevating operating temperatures and reducing material requirements [11,12].



Chavan et al. [13] undertook a research endeavor aimed at establishing a foundational comprehension of the progression of thermal energy storage systems. The assessment of storage system efficacy was conducted through an examination of diverse characterization studies, experimental endeavors, numerical analyses, and patents. The study delved into various techniques implemented to augment thermal performance, providing a thorough review and discussion. The ultimate finding was that composite phase change materials emerged as the most favorable option, striking a balance between cost feasibility and storage capacity in thermal energy storage systems.



Chavan et al. [14] focused on studying a composite phase change material (CPCM) comprising 98% paraffin wax and 2% copper nanoparticle, which was introduced into a confined space. They conducted a numerical analysis to investigate the impact of orientation (45°, 90°, 135°, and 180°) and varied wall heating conditions (base, left, and top wall) on the flow patterns and interface morphology during the melting/solidification processes. The melting/solidification mechanism displayed non-uniform flow patterns and irregular morphology, influenced by geometric orientations and diverse wall heating conditions. The findings highlighted that the orientation of the confined space significantly affects the formation of natural convection currents. Orientation changes have a substantial impact on the heat transfer rate, leading to an amplification of convection currents. The top wall heating arrangement with a 180° orientation demonstrated effectiveness in achieving superior thermal performance.



Chavan and Gumtapure [15] discussed environmental concerns arising from plastic usage and proposed a solution to address these issues by transforming recycled plastics into thermal storage materials (TSM). The impractical thermophysical properties of plastic can be overcome by incorporating additives with superior thermophysical properties, such as functionalized graphene. They concluded that blending recycled plastics with these additives can result in the creation of efficient thermal storage materials.



Chavan et al. [16] concentrated on examining the applications of TES across diverse fields, including waste heat recovery and cooling for heavy electronic equipment. Their extensive investigation revealed that stored thermal energy can be effectively utilized for both heating and cooling purposes, presenting significant potential for the development of innovative technologies and methodologies to maximize its use. Exploring a range of thermal storage materials and methods tailored to different applications offers numerous avenues for advancing sustainable development and optimizing the utilization of existing thermal energy resources.



Numerous research studies have explored the potential improvements in thermophysical properties achieved by incorporating various nanomaterials into different applications, as documented in references [17,18,19]. Many researchers have specifically focused on the effectiveness of nanofluids/composites in enhancing thermal conductivity, as indicated in references [20,21,22]. These investigations have consistently demonstrated that adding nanoparticles (NPs) to the base fluid leads to an augmentation in the thermal conductivity of the suspension. This enhancement can be attributed to two primary factors: Brownian motion (which refers to the random movement of NPs suspended in a fluid due to their collisions with swiftly moving fluid molecules) and the interfacial layer (comprising liquid molecules close to the solid particle surface, forming layered structures) [23,24,25,26].



In addition, various researchers have conducted experimental, numerical, and theoretical studies to assess the improvements in conductive and convective heat transfer resulting from the introduction of NPs, Singh et al. [27] conducted simulations work on a parabolic trough collector solar thermal system using nanofluid properties and system advisor model software, showed an enhancement in energy production along with a 10.37% reduction in real power purchase agreement price as well as a 21% reduction in the thermal energy storage volume.



The effect of water-based nanofluids to store the energy and results have been compared with base fluid by studies by Sokhal et al. [28]. It was observed that the nanofluid has more capacity to store energy as compared to the base fluid because of its superior thermal transport properties. The pressure drop is also slightly higher than that of base fluid. The thermal storage capacity of the system is significantly increased when it has been used with nanofluids as compared to base fluids under the same operating conditions.



Yousef et al. [29] reviewed the research development of applying nano-additives to base storage materials. They found that silica and alumina nanoparticles are the most efficient candidates to enhance the specific heat capacity (SHC) of the storage media; using a 1 wt% concentration, an average of up to 120% and 60% enhancement in heat capacity and thermal conductivity/diffusivity, respectively, can be achieved. Furthermore, they showed a significant change in the melting temperature and the heat of fusion for the nano-mixture compared to the base material.



El Far et al. [30] synthesized molten salt nanofluids by dispersing spherical SiO2 nanoparticles at a minute concentration (1 wt%) into a binary mixture of NaNO3-KNO3. The results showed that the heat capacity was enhanced by 15% and the viscosity was enhanced by 41–429%.



Alrowaili et al. [31] used mono-CuO and hybrid CuO + Cu/water nanofluids as working fluids to explore the performance of an evacuated tube solar collector. They found that, in the case of the hybrid nanofluid, the thermal conductivity study observed a 21% increase. The performance of the solar PTC collector was tested at flow rates of 0.0125 L/s, 0.015 L/s, and 0.0175 L/s. With the use of a hybrid nanofluid, the collector area can be reduced by up to 38%. The heat removal factor was found to be 0.894. The hybrid CuO 2.5 g + Cu 1.5 g nanofluid exhibited 61.7% and 14.9% greater thermal-optical efficiency than water and mono-CuO, respectively.



Alamayreh and Alahmar [32] used a solar–thermal hybrid system that utilizes a parabolic solar dish (PSD) with a cylindrical solar receiver to capture both heat and solar radiation. The system involves transmitting light to internal photovoltaic panels through fiber optics, serving as an illumination source for the building while concurrently generating hot household water. In their experimental approach, they incorporated a direct storage system with phase change material (PCM) using petroleum jelly to prolong the duration of water heating. To enhance heat transfer during heat charge and discharge, 1% of Al2O3 nanoparticles were added to the PCM material. Additionally, a low-cost, two-axis tracking system for the PSD was developed. The experimental results demonstrated a 5.68% increase in thermal efficiency with the incorporation of Al2O3 nanoparticles.



As mentioned earlier, prior research focused on improving thermal solar energy storage through nanotechnology. This involved introducing nanoparticles either into the heat transfer fluid within the collector [31] or incorporating them into phase change materials [7]. To the authors’ knowledge, no prior studies have explored the incorporation of Al2O3 nanoparticles into a water-contained storage tank. This serves as the motivation for the current research.



In this study, we utilized an indoor thermal energy storage system acquired from Gunt, Hamburg, to investigate the impact of incorporating Al2O3 nanoparticles on the storage capacity of water within a storage tank. The water volume in the tank undergoes heating as the heat transfer fluid exits the flat plate solar collector and travels through a heat exchanger integrated with the storage tank. Subsequently, the heated heat transfer fluid is returned to the collector for reheating.




2. Theoretical Analysis


The equation representing the output energy from the solar thermal collector within the solar thermal energy simulator and subsequently transferred to the heat exchanger integrated with the storage system (    Q ˙   e x c h a n g e r    ) is expressed as follows:


    Q ˙   e x c h a n g e r   =   m ˙   e x c h a n g e r   ∗  C P  ∗  (   T 2  −  T 1   ) ∗ Time   



(1)




where the mass flow rate of the heat exchanger (    m ˙   e x c h a n g e r    ) can be found using the following equation:


    m ˙   e x c h a n g e r   =  Flow   Rate ∗ Density   



(2)







The thermal energy stored in the tank can be determined using the following equation:


    Q ˙   t a n k   =  m  t a n k   ∗  C p  ∗  (   T  3 , f i n a l   −  T  3 , i n t i a l    )   



(3)




where the mass of the liquid in the tank can be determined using the following:


   m  t a n k   = V o l u m e ∗ D e n s i t y  



(4)







Following the first law of thermodynamics, which asserts the conservation of energy, stipulating that energy cannot be created nor destroyed but only transformed from one form to another, the energy output from the heat exchanger is equivalent to the energy input into the tank.


     Q ˙   e x c h a n g e r     =   Q ˙   t a n k     



(5)







By applying Equations (1) through (5), the heat capacity of the working fluid within the tank can be calculated as follows:


   C P  =     Q ˙   e x c h a n g e r      m  t a n k   ∗  (   T  3 , f i n a l   −  T  3 , i n t i a l    )     



(6)







Ultimately, the overall efficiency of the system (   η  a l l    ) is


   η  a l l   =  η 0  −    k 1  ∗ Δ T   S o l a r   R a d i a t i o n   −    k 2  ∗ Δ  T 2    S o l a r   R a d i a t i o n    



(7)




where    η 0    is the optical efficiencies, k1 denotes the linear loss coefficient (unit: W/m2K), k2 is the quadratic loss coefficient (unit: W/m2K2), and   Δ T   is the temperature difference between collector and environment.




3. Materials and Methods


3.1. Selection of Materials


Aluminum oxide nanoparticles, also referred to as alumina nanoparticles, find frequent application in photovoltaic (PV) cooling due to their distinct properties and advantages. The utilization of these nanoparticles is widespread in PV cooling applications because of their noteworthy characteristics such as high thermal conductivity, a substantial surface area, stability, compatibility, cost-effectiveness, and ease of integration. The prevalence of aluminum oxide nanoparticles in PV cooling is attributed to their ability to efficiently dissipate heat, thus playing a pivotal role in upholding the efficacy and durability of PV systems [33]. In this study, Al2O3 nanofluids with particles sized at approximately 30 nm were purchased from US Research Nanomaterials, Inc., Houston, TX, USA.




3.2. Test Method


Figure 1 depicts the essential components of the experimental arrangement utilized in this study. The primary apparatus employed is the ET 202: Principles of Solar Thermal Energy, procured from Gunt, Hamburg. The lighting unit (1) is equipped with 25 halogen lamps. Halogen lamps are occasionally employed in scientific and industrial environments to provide simulated sunlight for experiments and testing. Although they do not serve as a substitute for authentic solar radiation, they were utilized in this study to control certain variables like light intensity, spectrum, and exposure duration parameters that might be challenging to achieve with natural sunlight. Additionally, halogen lamps provide a more reliable and reproducible light source, enabling researchers to conduct experiments under stable and predetermined conditions. This illumination permeates the flat plate collector (2), causing the absorber within it to heat up. The absorber transfers heat to the circulating heat transfer fluid, which then exits the flat plate collector and enters the tank (3).



A pipe integrated into the solar circuit within the flat plate collector facilitates the circulation of the heat transfer fluid (water) using a pump (P). The pump can adjust the flow rate of the heat transfer fluid within the range of 5 to 30 L per hour. Through experimentation in this study, the optimal mass flow rate was determined to be 15 L per hour, achieved with a pump input power of 20 W. It is important to highlight that this input power corresponds to 9.7% of the total collected solar radiation power controlled by the pump. Accurate measurement of the heat transfer fluid’s flow rate is essential for calculating the produced heat quantity



The tank’s pipe is configured in a spiral shape, functioning as a heat exchanger (4). As a result, the water in the tank heats up while the heat transfer fluid cools down. The pump then propels the cooled heat transfer fluid back to the flat plate collector, establishing a closed solar circuit. The solar circuit incorporates a ventilator and an overflow, with the overflow compensating for volume expansions in the heat transfer fluid. Temperature measurements at critical points are conducted using sensors.



The temperature of the heat transfer fluid is monitored at both the collector inlet (flowing into the collector) and outlet (returning from the collector) using temperature sensors T1 and T2. This allows for the measurement of the temperature rise achieved within the collector. The heat transfer fluid is introduced into the heat exchanger through the solar circuit, leading to an increase in the temperature of the tank contents. Temperature sensor T3 is employed to ascertain the temperature of the tank contents, and it is positioned at the midpoint of the tank’s height.



To analyze the measurement results, it is essential to determine the temperature of the surrounding air. Temperature sensor T4, integrated into the control cabinet of the trainer, is responsible for detecting this ambient air temperature. Positioned at the side, near the system diagram and adjacent to the USB port, the sensor provides this crucial temperature data.



As a first step, the optimum flow rate that corresponds to the best performance of the system, which is indicated by the maximum storage temperature, was estimated. This was accomplished by measuring the average storage temperature that corresponds to a certain flow rate of the heat transfer fluid, which indicated the pump speed. The second step of the work was conducted with the heat transfer fluid being fixed at the optimal value. Nanoparticles were added at different concentrations to the water-contained tank, and the effect of this addition on the storage capacity of the system was determine by the measurement of the collector outlet and inlet temperatures, the average storage tank temperature, using copper constant thermocouples, which are connected to a data logger. These measured temperature values were used to estimate the storage capacity of the system at various values of nanoparticle concentrations.



In this study, it was assumed that the heat lost from the heat transfer fluid as it flows within the exchanger is the same that was gained by the water in the storage tank. Based on this, the specific heat of storage water was easily calculated.





4. Results and Discussions


In this section, we explore the core of our research discoveries and the methodical procedures that directed our inquiry. The outcomes offer a thorough view of our study’s results, providing perspectives on the observed patterns, trends, and implications. While navigating the complexities of our data, our goal is to clarify the importance of our findings within the framework of the research questions raised.



Figure 2 represents the temperature drop of the heat transfer fluid as it flows inside the heat exchanger. As it may be noticed, this temperature drop decreases with the flow rate, which may be attributed to the fact that the residence time of the fluids within the heat exchanger decreases, and hence the fluids have less time to exchange heat, resulting in a smaller temperature drop. Furthermore, higher flow rates can promote turbulence and improve heat transfer efficiency. This can result in a higher heat transfer coefficient, allowing for more effective heat loss from the heat transfer fluid. With increased heat transfer, the temperature difference between the inlet and outlet may decrease.



Figure 3 shows the variation in the average temperature of the storage tank with the flow rate of the heat transfer fluid. As indicated, the temperature increases with the flow rate up to a certain flow rate value, beyond which the temperature starts to decrease. The initial increase in the temperature is a result of the heat gained by the water in the storage tank. However, as the flow rate increases beyond 15 L/h, the temperature decreases. This is due to the fact that the residence time of the fluid decreases, and hence less heat is gained by the water in the tank, which leads to a decrease in the storage temperature.



As presented in Figure 4, the efficiency of a thermal energy system can be influenced by the flow rate of the heat transfer fluid, as the heat that flows into the storage tank increases with the flow rate of the heat transfer fluid, which contains high thermal energy; consequently, the efficiency of the storage system increases. Furthermore, higher flow rates can enhance heat transfer in some systems. This is because a faster-moving fluid can promote turbulence and improve the overall heat transfer coefficient. In such cases, an increase in flow rate may lead to higher efficiency by allowing for a more effective transfer of thermal energy. However, as the flow rate of the heat transfer fluid increases, the efficiency of the system decreases, since higher flow rates can result in reduced residence time of the heat transfer fluid within the heat exchanger. This means that the fluid has less time to exchange heat with the storage material. As a result, the thermal storage system may not be able to absorb or release heat effectively, leading to lower overall efficiency.



Figure 5 illustrates the average specific heat capacity (Cp) for the different nanoparticle concentrations in the nanofluid compared to the baseline water. It is evident that the introduction of nanoparticles has a notable impact on the thermal characteristics of the nanofluid, with all modified nanofluids exhibiting higher Cp values than pure water. The most striking observation is associated with the nanofluid containing a 0.6% concentration of water-based Al2O3 nanoparticles. This particular nanofluid surpasses the Cp of water by a substantial 23.5%, indicating a significant enhancement in its heat storage and transfer capabilities. As shown in the figure, the maximum Cp observed at 0.6% nanoparticle concentration implies an optimal point, where the enhancements in thermal properties are most pronounced. Beyond this concentration, there appears to be a slight decline in Cp, indicating potential saturation or interparticle interaction effects influencing the thermal response of the nanofluid.



In Figure 6, the average temperature profiles of the storage tank for different concentrations of water-based Al2O3 nanoparticles are presented. A noteworthy trend emerges, revealing that all modified nanofluids consistently exhibit lower temperatures compared to the baseline water. The most striking observation pertains to the nanofluid with a 0.6% concentration of nanoparticles, which demonstrates the lowest temperature among all concentrations. Surpassing the water temperature by 2.9%, this finding implies an efficient cooling effect associated with the introduction of nanoparticles into the fluid. The maximum cooling effect observed at a 0.6% nanoparticle concentration suggests an optimal point where the thermal characteristics of the nanofluid are most pronounced. Beyond this concentration, there is a slight deviation from the cooling trend, indicating potential saturation or interaction effects that warrant closer examination.



The initial decline in tank temperature as the flow rate increases can be explained by the introduction of nanoparticles into the tank, which tends to raise the thermal conductivity of the water. This, in turn, enhances heat loss from the tank, resulting in a decrease in temperature. However, as the nanoparticle concentration rises, there is a likelihood of nanoparticle agglomeration, causing a reduction in heat loss from the tank due to the increased thermal conductivity of the water inside the tank, and hence the tank temperature increases.



Figure 7 demonstrates the impact of nanoparticle concentration on thermal storage efficiency. As depicted in the figure, there is an initial decline in system efficiency with the increasing nanoparticle concentration. However, beyond a concentration of 0.6%, efficiency begins to rise. This fluctuation in efficiency is attributed to changes in thermal conductivity resulting from the addition of nanoparticles. The initial increase in the thermal conductivity of the storage water contributes to greater heat loss and, consequently, a decrease in system efficiency. Conversely, higher nanoparticle concentrations lead to increased efficiency due to reduced thermal conductivity resulting from nanoparticle agglomeration.




5. Uncertainty Analysis


Uncertainty is characterized by the inherent limitations of several measurement components. It arises from various factors such as measurement techniques, instruments, operators, and the ambient conditions. Analyzing uncertainty is essential to evaluate the accuracy of measurement results. This process ensures the validation of data integrity, and a comprehensive method for precisely calculating uncertainty is presented. Equation (8) illustrates the uncertainties stemming from the computation (UR) due to multiple independent variables [34].


   U R  =    [     (    ∂ R   ∂  x 1     u 1   )   2  +    (    ∂ R   ∂  x 2     u 2   )   2  + ⋯ +    (    ∂ R   ∂  x n     u n   )   2   ]    1 / 2    



(8)




where the result R is a function in terms of its independent variables as x1, x2, …, xn; thus, R = R (x1, x2, …, xn), u1, u2, …, un are the uncertainties in the independent variables and UR is the uncertainty of the result.



After applying Equation (8), the overall accuracy of the system is ±2.1%, according to the data.




6. Conclusions


In this work, the effect of Al2O3 nanoparticles on the performance of a thermal energy storage system was successfully achieved using an indoor setup at different flow rates of the thermal heat fluid. The incorporation of nanoparticles into a solar thermal energy storage system has a notable impact on its performance. Initially, the addition of nanoparticles tends to enhance the thermal conductivity of the storage medium, which is typically water. This heightened thermal conductivity results in increased heat loss from the system, leading to an initial decrease in overall efficiency. However, as the concentration of nanoparticles surpasses a certain threshold, a phenomenon of agglomeration occurs. This agglomeration causes a reduction in thermal conductivity, mitigating heat loss and subsequently improving the efficiency of the solar thermal energy storage system. Therefore, the careful manipulation of nanoparticle concentration becomes a critical factor in optimizing the balance between enhanced thermal properties and efficient energy storage in solar systems.



From this study, the following may be concluded:




	
The optimal flow rate of the heat transfer fluid, corresponding to the maximum storage temperature, was 15 L per hour.



	
The ideal nanofluid concentration, associated with the maximum specific heat capacity of the storage medium, was 0.6%.



	
The introduction of nanoparticles into the storage tank led to a significant increase in the specific heat of water, reaching a maximum of 19% from 4.18 to 5.65 kJ/(kg·°C).



	
The optimal nanofluid concentration, associated with the maximum storage system efficiency, was 1.0%.
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Figure 1. Experiment setup. 
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Figure 2. The temperature drops of the heat transfer fluid along the heat exchanger on the mass flow rate. 
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Figure 3. Variation in the storage temperature with the mass flow rate of the heat transfer fluid. 
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Figure 4. Variation in the storage system efficiency with the mass flow rate of the heat transfer fluid. 
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Figure 5. The variation in the average heat capacity with the concentration of nanoparticles. 
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