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[bookmark: _Hlk156194715][bookmark: _Hlk495475023]The search for new phase change materials (PCM) of renewable origin and low cost, as an alternative to the use of paraffin wax, contributes to the environmental resilience of solar thermal energy systems. An important source of PCMs of renewable origin are vegetable oils and fats, especially those with established agro-industrial chains. Globally, palm oil has positioned as an indispensable product in many industrial sectors. One of the main by-products of palm oil refining is palm stearin, which can be hydrogenated to improve its thermal properties. This paper presents the results of the performance of a Solar thermal energy storage system (STESS) located in a Colombian paramo area with an altitude of 3,200 m.a.s.l. The system store heat in 550 kg of Hydrogenated Palm Stearin (HPS), contained in a rectangular vessel, which allow to supply hot water and space heating for a country house. The average ambient temperature is 12 °C during the day and 7 °C at night. This experimental station implements a robust measurement and control system including 39 PT-100 type temperature sensors, and different actuators connected to a control system based on Arduino and Raspberry Pi devices. This configuration permit also to implement a remote monitoring system. The constructed STESS employs 140 collector tubes, running at a maximum temperature of 95 °C. According to the energy load tests during a period of 7 hours of operation, approximately 40.0 MJ were stored as heat in the hydrogenated palm stearin. For the same period, the heat transfer fluid received approximately 170 MJ of energy. In subsequent discharge tests, the heat stored in the HPS allowed the ambient temperature inside the room to be maintained 8 °C above the external ambient temperature for up to 8 hours during the night, demonstrating the technical feasibility of using this new PCM from renewable sources.

Introduction
Low and medium temperature Solar Thermal Energy Storage Systems (STESS) are equipment used to supply hot water and/or heating or steam. These systems are generally composed of solar thermal energy collectors, a control system and instruments, an energy storage tank, and an auxiliary system for heat supply (Mahkamov et al., 2018). Materials that accumulate energy as sensible heat or latent heat are used in heat storage tanks. In general, energy storage as latent heat is preferred because it provides greater energy density, using different phase change materials (PCM). PCMs are used to store energy during the fusion process and release it during the crystallization process (Pielichowska & Pielichowski, 2014). PCMs are classified based on the phase transition they make and the chemical nature of the substance. This transition can be Gas-Liquid, Solid-Gas, Solid-Liquid and Solid-Solid, although for technical and safety considerations, most applications focus on Solid-Liquid transition (Riffat, Mempouo, & Fang, 2015). PCMs offer the advantage of a high energy storage to mass ratio and a quasi-isothermal operating process. Although the amount of energy stored depends on the material used, the rate of transfer with the surrounding medium also depends on the operating conditions and system design. Among the different applications reported in the literature, there are important differences in device configuration and performance efficiency. For the desalination of seawater, a solar still was used made up of a glass box, whose black bottom served as a collector and storage tank for the PCM, in this case paraffin wax. This configuration, tested under conditions of the Egyptian desert over the Mediterranean Sea, allowed the production of up to 3.8 kg of water per square meter of collector area (Yousef & Hassan, 2019). A second work compares the performance of a heat exchanger for the supply of domestic hot water, using paraffin wax or a mixture of fatty alcohols. The exchanger constructed with a heat sink configuration with copper tubing and heat-conducting baffles was immersed in 94 kg of PCM and was capable of heating 164 l of water from 5 °C to over 40 °C at a rate of 8 l/min (Dogkas et al., 2019). The construction of a mobile system for the supply of hot water, using 2.5 kg of phase change material, has also been reported. A vacuum tube collector with a total area of 0.29 m2 was used to charge the PCM. Under the conditions of the city of Mesa, Arizona, USA, this configuration was capable of storing up to 1.21 MJ of energy during an 8-hour charging cycle, when stearic acid and palmitic acid were used as PCM (Prakash et al., 2019). In the present work, the performance of hydrogenated palm stearin as a phase change material in a pilot system for the storage of solar thermal energy located in a high mountain area is evaluated. Palm stearin (PS) is the main by-product in palm oil refining, representing up to 30% of the total content of crude palm oil (Tan & Nehdi, 2012) and can be hydrogenated (HPS) in order to increase its temperature value and enthalpy of fusion, as well as improve chemical stability (Patterson, 2011). HPS is a renewable PCM of agro-industrial origin and whose production can take place on a large scale. To the authors' knowledge, this is the first solar thermal energy harnessing system that uses hydrogenated palm stearin as PCM.
Methods
A brief description of the device used and the method of calculating the heat exchanged is given below.
Experimental setup
The heat storage tank consists of a rectangular stainless-steel vessel with internal dimensions of 0.76 m x 0.76 m x 1.2 m as shown in Figure 1. Inside the storage tank, 27 temperature sensors were located inside the PCM, distributed in three groups of nine units, called sections A, B and C. The sensors are distributed following the nine vertical guides shown in Figure 1, located at the bottom, middle, and top of the PCM. Two coils, called the large coil and the small coil, made of copper and with a rectangular profile, were placed inside the tank. The total capacity of the tank is 550 kg of hydrogenated palm stearin.
[image: ]
[bookmark: _Ref156191257]Figure 1: Schematic of the heat storage tank. In sections A and C, only the large coil exchanges heat with the PCM.

The solar radiation is captured by vacuum tubes. A total of 140 tubes were installed, separated into two circuits. The first group of 60 tubes is connected to the small coil, while the second group is connected to the large coil. According to the manufacturer, the collectors have a solar radiation capture efficiency of 76%. During charging cycles, a hot water recirculation pump drives the water from the solar collectors to the storage tank in a closed circuit. During the discharge cycles, water is recirculated between the storage tank and radiators located inside a house. The start and end of each cycle is determined automatically depending on the availability of solar radiation and the need for heating during the night. The solar thermal energy storage system is located in a rural house in a Colombian paramo area with an altitude of 3,200 m.a.s.l.
[bookmark: _Hlk156170433]Calculation of energy stored and transferred by hydrogenated palm stearin
The energy absorbed and delivered by the hydrogenated palm stearin during the charging and discharging cycles was calculated from the sensible heat exchanged by the water, according to the following equation:
	
	(1)


W represents the volumetric flow,  the density, Cp(T) the heat capacity and ΔT the temperature difference between the fluid inlet and outlet. The calculation was made for each coil, considering the flow rate and the recorded inlet and outlet water temperature. The calculation of the heat exchanged by the heat transfer fluid makes it possible to establish the energy effectively used, implicitly considering the heat losses present.
Results
Temperature profiles during charge and discharge cycles
To determine the heat transferred to and from the heat transfer fluid it is necessary to identify the start and end time of the charging and discharging cycles. Table 1 shows the start and end time of each cycle and its duration. Both the start and end times of each cycle were very similar during the two tests with durations of approximately 7 hours for the heat charging cycles and 8 hours for the discharge cycles. The selected days correspond to an example of operation during the beginning of the cold season. Although there is no winter period in the area where the system was located, every year, from the end of November to mid-January, the lowest temperatures of the year are recorded.
[bookmark: _Ref156194277]Table 1 Starting date, end date and duration of two charge/discharge cycles of hydrogenated palm stearin.
	[bookmark: _Hlk156173068]Cycle type
	Start date
(y/m/d h:min)
	End Date
(y/m/d h:min)
	Duration
(h:min)

	Charge
	2023/12/11 9:22
	2023/12/11 16:07
	6:45

	Discharge
	2023/12/11 22:27
	2023/12/12 6:42
	8:15

	Charge
	2023/12/12 9:16
	2023/12/12 16:15
	6:59

	Discharge
	2023/12/12 22:30
	2023/12/13 6:55
	8:25










Figure 2 shows the temperature variation of both inlet and outlet water in the coils during the charging and discharging cycles. The volumetric water flow profile obtained is also shown. During the load cycles, the water temperature at the inlet of the coils was always above 60 °C, reaching maximums of 75 °C around 2:00 pm. The temperature of the water varied as a function of the incident solar radiation. 
[image: ]
[bookmark: _Ref156195907]Figure 2: Volumetric flow and water temperature profiles at the inlet and outlet of the coils during two charging and discharging cycles. The horizontal green lines indicate the temperature range in which the HPS melts. During the charging cycles, the water coming from the collectors reached temperatures of up to 77 °C. Notably, the outlet water temperature decreased slowly during the discharge cycles, losing only 10 °C in about 8 hours.
The values recorded by the temperature sensors for sections A, B and C are presented in Figure 3, Figure 4 and Figure 5.
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[bookmark: _Ref156226192]Figure 3: Temperature profile in section A of the PCM. The three sensors located at the top of the section record temperatures above the melting point of the material during a charging cycle, and then record the largest temperature decrease during the discharging cycle. The other sensors indicate the presence of solid material, with small temperature variations.

[image: ]
[bookmark: _Ref156226201]Figure 4: Temperature profile in section B of the PCM. Five sessions showed temperatures above the melting point of the HPS during the first charging cycle, increasing to six in the second cycle. A complete melting of the PCM is deduced in this section, except for the lower corners.
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[bookmark: _Ref156226209]Figure 5: Temperature profile in section C of the PCM. Similar behaviour to that recorded in section A is observed. It should be noted that in sections A and B only the large coil is present. The fact that the largest temperature variations are recorded at the top indicates that the molten PCM flows there as the charging cycle progresses.

The temperature difference between water inlet and outlet was up to 8 °C. This behavior allows us to deduce that it is still possible to propose improvements in the design of the heat exchanger or increase the amount of PCM to be used in order to increase the efficiency of the system. In each section, the 9 sensors were arranged equidistantly inside the HPS, with three sensors at the top, three in the middle and three at the bottom. For sections A and C, during the load cycles, it is observed that the temperatures measured at the top of the PCM increase rapidly from approximately 40 °C to 75 °C. The other sensors indicate the presence of solid PCM, except for the center of each section where the material was in the phase change range during the tests. During the discharge tests, all sensors again registered values below the melting temperature of the material, indicating that it had fully crystallized. For section B, up to five sensors recorded temperatures above 59°C, indicating complete melting of the material. Up to five of the sensors remain at temperatures in the phase change range, even after the end of a discharge cycle. As in sections A and C, the lower corners of section B are the areas of lowest heat transfer, presenting slight temperature variations. Similar behavior has been reported for others PCMs, and is attributed to the phenomenon of natural convection in which the molten material with a higher temperature and lower density tends to be located at the top of the system, generating a temperature difference between the top and the bottom of the storage tank. (Mahdi et al., 2021). 
Energy stored and transferred by hydrogenated palm stearin
The amount of energy transferred from the hot water to the PCM during the charge cycles and vice versa during the discharge cycles is shown in Table 2. 
Table 2: Energy absorbed and released by the HPS during charge/discharge cycles
	Cycle type
	Start date
(y/m/d h:min)
	Energy exchanged by the large coil (MJ)
	Energy exchanged by the small coil (MJ)
	Total Energy
(MJ)

	Charge
	2023/12/11 9:22
	22.4
	19.8
	42.2

	Discharge
	2023/12/11 22:27
	20.7
	11.7
	32.4

	Charge
	2023/12/12 9:16
	21.1
	18.8
	39.9

	Discharge
	2023/12/12 22:30
	23.7
	13.3
	37.0


The energy exchanged by each coil and the total energy are detailed. The energy released during a discharge cycle corresponds to between 76% and 92% of the energy absorbed during the day. This lower proportion is due to energy losses to the environment and to the characteristics of the crystallization process where, as the PCM becomes a solid state, the layer that forms around the coils forms a barrier that limits heat transfer. This, however, allows hot water to be delivered for longer, where in the 8 hours of discharge tests, the water outlet temperature decreased only 10 °C.
Conclusions
Hydrogenated palm stearin showed satisfactory performance as a phase change material allowing up to 37 MJ of heat to be delivered during a discharge cycle. Being a material of renewable and biodegradable origin, it is presented as a viable alternative to replace the use of paraffin of petrochemical origin, which is currently the most widely used PCM. In addition, this would make it possible to diversify the oil palm production chain where palm stearin is seen as an unwanted product by most companies. It is necessary to continue with the design and implementation of improvements in solar thermal energy storage systems to increase the overall efficiency of this type of technologies, guaranteeing the fusion of the entire PCM and minimizing energy losses heat to the environment. Likewise, it is necessary to establish the behavior of the system over longer periods of time, in order to estimate a more accurate efficiency, which includes the climatic variations of the area.
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