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Abstract: The energy consumption for space cooling is progressively increasing. Integrating renew-
able energy into space cooling systems is critical for reducing CO, emissions from the building sector.
The salt-based cooling system is an appealing alternative as it can be charged by solar energy. This
system is based on the characteristic of endothermic salts, which generate a considerable cooling
effect when dissolved in water. A screening test was performed in this work to evaluate the cooling
performance of several endothermic salts. Furthermore, a laboratory-scale system was developed
to demonstrate the endothermic salt-based thermal storage and cooling generation system. Tem-
perature decreases up to 12.3 °C were observed in the system containing Potassium Chloride salt.
The temperature drop was maintained after the system underwent a charging/discharging cycle;
however, the cooling period was shortened. The system demonstrated an inherent low efficiency due
to the large volume of water required in the discharging phase, demanding a considerable amount of
energy to evaporate the water in the charging phase. As a result, the application of this system will
be restricted to the usage of low-grade energy during the charging phase.
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1. Introduction

The energy consumption for space cooling has increased significantly, and it has more
than tripled within the span of 16 years (1990-2016) [1]. In the United States alone, space
cooling consumes 2.34 quadrillion BTU of energy annually [2]. Currently, most space
cooling systems are powered by electricity generated from coal-fired power plants [1],
which is directly correlated with increased greenhouse gas (GHG) emissions. Efforts to
minimize GHG emissions from space cooling can be made by lowering energy usage
or employing renewable energy sources. Energy consumption for space cooling may be
reduced using phase change materials (PCM) to enhance thermal comfort and shift the
building’s cooling peak load [3]. Approximately 10% energy saving during summer months
was reported by employing an active PCM system for space cooling applications [4].

On the other hand, for the utilization of renewable energy in space cooling systems,
solar energy is one of the renewable energy sources potentially to be deployed [5]. Solar
thermal energy can be captured by concentrating solar of an evacuated tube to drive a
refrigeration or cooling unit and produce cool air or chilled water to supply the building’s
cooling demand [5,6]. However, solar energy is unstable and intermittent because of its
dependency on location and seasonal weather conditions. As a result, to provide a constant
and uninterruptible cooling supply, a solar energy-based cooling system will need to be
integrated with an energy storage system.

Thermochemical energy storage (TCES) is one of the technologies that can store
thermal energy for later utilization to generate cooling. Currently, TCES has the lowest
technology readiness level compared to other forms of thermal energy storage (latent and
sensible) [7]. Nonetheless, it theoretically possesses the highest energy density and nearly
no heat loss during the storage period [8], making it appealing as a long-term energy storage
solution. There are three methods for a TCES system to perform the space cooling function.
In the first method, the cooling effect is produced during the endothermic decomposition
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reaction of a thermochemical material (TCM). For example, the heat from ambient air
absorbed during the decomposition of metal hydride into metal alloy and hydrogen can
generate a cooling effect in indoor space [9]. In the second method, the cooling effect is
generated during the evaporation phase of one of the TCM components. For example, the
cooling effect is produced during the evaporation of liquid NHj into gaseous NH3 before it
reacts with BaClj to form BaCls-8NHj in a TCES reactor [10]. The third method is based
on the phenomenon that certain salts, such as NPK fertilizer salt, have an endothermic
property and dissolving these salts in water can generate a substantial cooling effect [11].
The experiment conducted in this paper is based on the last method.

The notion of a space cooling system based on the theory of endothermic heat of
solution of salt material was established by Telkes [12] in the 1970s. The heat of solution
is defined as “the quantity of heat evolved or absorbed in the dissolution of one gram-
molecule of substance in a quantity of solvent so large that any further dilution would
cause no thermal effect” [13]. In her patented space cooling system [12], the cooling
effect formed by adding water to a salt or salt combination is transferred to air passing
through the solution and provided to a building for air conditioning. After the cooling
potential of the solution has been depleted, it is regenerated by flowing hot air partly heated
by solar to evaporate the water from the solution and leave the dry salt for reuse. The
recommended salt material for this application is salt having a high cooling effect per gram
solute, low molecular weight, and high solubility. Based on Telkes’ experiment, the highest
temperature drop achieved by ammonium chloride is 18.5 °C. Meanwhile, the combination
of ammonium chloride and ammonium nitrate resulted in a maximum temperature drop
of 31 °C.

In a more recent patent document [14], endothermic salts were proposed to be used as
cooling agents, which can be activated by mixing them with water. This patent addressed
the toxicity, reactivity and combustibility of several salt materials that make them unsuitable
for consumer products. Non-toxic salt compositions that can produce at least a 14 °C
temperature drop and can be reused as fertilizer are presented as the invention in this
document. The utilization of salt solution’s endothermic properties was applied in another
patent to develop a dry instant cold pack [15]. The dry cold pack is pre-filled with 50 g of
urea, ammonium nitrate, or calcium ammonium nitrate. By adding 50 g water to this cold
pack, an instant cooling effect of up to —5 °C can be achieved in 30 s.

The above patents show the potential of endothermic salt to generate a cooling effect
but do not emphasize the thermal storage application of these salts. A conceptual design
of solar energy storage combined with the generation of a cooling effect for buildings
by employing endothermic fertilizer salt is suggested by Desai et al. [16]. The proposed
system has two operating phases. In the charging phase, solar energy is used to heat the salt
solution so that water is evaporated, and salt is dried. This phase also represents the thermal
storage phase, as after the salt is entirely dried, it may be stored at ambient temperature
for an indefinite time. Then, when there is a demand for space cooling, the discharging
phase can be started by adding water to the salt, leading to an endothermic reaction and a
cooling effect. The challenges identified in this system include the characteristics of the salt
material (solubility, agglomeration, thermal stability, recyclability, non-toxicity, availability
and cost), the system coolness storage capacity, heat of evaporation and resulted coefficient
of performance (COP) [11].

The experimental work in this paper was built upon the above conceptual design. In
this paper, a small-scale system was developed in the laboratory to model the endothermic
salt-based thermal storage and cooling generation system. Before running the small-scale
system, the salt screening and charging/discharging cycle experiment were conducted.
Additionally, the effect of salt morphology and using seawater for salt dissolution was also
investigated. The main objective of this study is to evaluate the potential endothermic salt
utilization for thermal storage and space-cooling applications based on the performance of
the small-scale system.



Thermo 2023, 3

202

2. Materials and Methods
2.1. Experiment 1: Screening of Salt

The objective of the first experiment is to investigate the potential of the cooling effect
generated by several endothermic salts. The criteria for the salts included in the screening
process are energy density, solubility, safety /non-toxicity, cost, and largely available in
the industry. Based on these criteria, five salts were selected for the screening experiment:
Sodium Thiosulfate Pentahydrate (NayS,O3-5H,0), Disodium Phosphate Dodecahydrate
(NapHPO4-12H,0), Sodium Carbonate Decahydrate (NayCO3-10H0), Potassium Chloride
(KCl), and Potassium Nitrate (KNOs). The salts were supplied by Sigma Aldrich.

The screening experiment was conducted for each salt as follows: the salt material
was placed in a small, insulated beaker. Water was then added up to reach the saturation
points based on the salt’s solubility at 20 °C. Table 1 details the salt’s solubility data, weight
and the amount of water added to the salt during the experiment. After the water had been
added to the salt, the temperature of the solution was measured and recorded for 60 s.

Table 1. Salt solubility and water added during Experiment 1.

Solubility Salt Weight Water Used Water Added
Material (20°0) (@) & for Hydration for Saturation
[17] & (mL) (mL)
Sodium Thiosulfate
Pentahydrate 70.1 g/100 mL 6.4 3.6 5.46
(Na2 S2 03 -5H2 O)
Disodium Phosphate
Dodecahydrate 7.7 g/100 mL 1.9 8.1 17.1

(Na,HPO,-12H,0)

Sodium Carbonate
Decahydrate 21.8 g/100 mL 3.8 6.3 10.7
(Na2C03 . 10H2 O)

Potassium Chloride

(KCI) 34.2.g/100 mL 10.0 0 29.2
Potassium Nitrate
(KNO3) 33.0 g/100 mL 10.0 0 30.3

2.2. Experiment 2: Charging and Discharging Experiment

Two salts showing the highest potential of cooling effect from Experiment 1 proceeded
to the charging (water evaporation/salt drying) and discharging (salt dissolution) experi-
ment. The focus of the experiments was to analyze the initial temperature drop upon the
discharging phase. Therefore, the thermal insulation of the samples was not crucial as the
cooling period was not measured. The MA35 Infrared Moisture Analyzer from Sartorius
was used in this experiment. A 60 mm aluminum petri dish held the salt and solution.
Each sample used 5 g of salt material. After the salt was placed into the aluminum dish,
the tare weight on the moisture analyzer was reset to account for both the dish and the salt.
The water was then added to each salt sample to reach the salt’s saturation point based on
the salt solubility at 20 °C.

The samples were then dried at 80 °C to achieve 0%, 5% and 10% of the original water
content to investigate the change in performance due to partially drying the salt before
starting the discharging phase. The dried samples were then allowed to rest until they were
cooled to room temperature before re-dissolving them in water. A simple rig was used to
keep the thermocouple steady during the discharging phase to measure and record the
temperature change continuously. The temperature drop data were compared between two
salts in this experiment. The salt showed a better performance and then advanced to the
subsequent experiments.
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2.3. Experiment 3: Effect of Salt Morphology

A change in the salt morphology after charging (salt drying) was observed in Exper-
iment 2. Therefore, in this experiment, the effect of a salt morphology on the generated
cooling effect is evaluated. The experimental method is almost identical to Experiment
2; only in this experiment, after the charging phase, the samples were crushed, so they
returned to the powder form. The same technique and crushing period were applied to
each sample to ensure a similar particle size. After the crushing process, the samples were
mixed with water (discharging phase), and temperatures were measured identically to the
method used in Experiment 2.

2.4. Experiment 4: Use of Sea Water for Discharging Phase

This experiment aims to investigate the salt-cooling effect when seawater is used for
salt dissolution during the discharging phase. This experiment did not use actual seawater;
instead, it was created by mixing 4 wt% sodium chloride (NaCl) and 96 wt% distilled water.
A large batch of 2 L was made and was well-shaken before every application to ensure
a homogeneous seawater solution. This experiment used the same crushed salt samples
from Experiment 3. The charging and discharging phase were conducted using an identical
methodology as Experiment 2.

2.5. Experiment 5: Small-Scale System

The main objective of Experiment 5 was to simulate a small-scale system in which the
salt-based thermal storage can be charged and discharged on demand. Due to the technical
complexity of using a solar energy source to charge the salt inside the lab, a thermal oil bath
was used to provide the heat instead. Although a coherent system could not be tested, this
experiment aimed to give insight into the expected power output of various-sized systems.

The experiment set-up consisted of a heat transfer coil and an oil bath, which allowed
the oil (heat transfer fluid) to be pumped through the coil at temperatures above 100 °C to
simulate the charging process by solar. A medium-sized insulated vessel would essentially
hold the coil and the salt solution, while the oil would be pumped through the coils to
and from the oil bath. The oil bath acts as a temperature regulator as well as a heat load.
Approximately 3600 cm of 5 mm diameter copper tubing in a zigzag formation was placed
inside the vessel of the dimensions 290 mm x 225 mm x 200 mm (L x W x H). The
amount of salt used in this experiment was 850 g. The experimental set-up can be seen in
Figures 1 and 2.

i Coil Outlet
Salt solution Copper Tubing Coil Coil Inlet Oil (Heat Transfer Fluid)

290mm

Figure 1. Copper coil and experimental set-up configuration.
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Location of Location of Location of
Insulated Vessel 15t Thermocouple 2" Thermocouple Oil pump 3 Thermocouple Oil Bath

*Oil Heater

Figure 2. Experimental System Configuration and Thermocouple Locations.

Following the equipment set-up, the trials comprised three steps: discharging (salt
dissolution), thermal testing, and charging (salt re-drying). After the dry salt was placed
within the vessel, water was dripped up to the saturation point at 10 °C. A slow water drip
rate of 20 mL /s and a fast water drip rate of 100 mL/s was used for the salt dissolution
(discharging phase) to measure the change in the cooling rate. A total of three runs were
undertaken due to time constrains of laboratory access hours and extended charging time.
The first run was performed using fresh salt, while the subsequent two runs used dried salt
from the previous run. Three 0.5 mm Type K thermocouples were placed along the heat
transfer fluid pathway: one in the vessel, one on the coil exit, and one in the oil bath. The
exact locations of the thermocouples and system set-up can be seen in Figure 2.

During the discharging phase, the peristaltic pump was calibrated to 0.24 L/min,
and the oil heater was set to 25 °C with the magnetic stirrer rotating at 1000 rpm. The
discharging phase was commenced by adding water to the vessel. The temperature of
the oil (heat transfer fluid) was measured and recorded for the entire duration of the
discharging process. Once the difference in inlet and outlet temperatures was within 1 °C,
the cooling process was assumed to be completed.

The charging process was initially intended to use the same system by flowing the
oil at a temperature above 100 °C. However, the desired drying level was not achieved
after running the procedure for 12 h, while this high-temperature operation cannot be left
unattended, the charging method was changed. The method was substituted by draining
the salt solution from the vessel to a tray and then continuing the salt drying process in the
convection oven.

3. Results and Discussion
3.1. Salt Screening Result

The temperature profile from the salt screening experiment is shown in Figure 3.
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Figure 3. Temperature profile of saturated salt solution during salt screening experiment.

Key values from Experiment 1 are shown in Table 2 below. It indicates that the
Sodium Thiosulfate Pentahydrate gave the highest temperature drop of 14.1 °C, followed
by Potassium Chloride at 10.2 °C temperature drop. The resulted temperature drop of these
two salts is close to the predicted temperature change in the literature [14] for saturated
salt solution (assuming 30% heat loss), which are 14 °C for Sodium Thiosulfate Pentahy-
drate and 10 °C for Potassium Chloride. In addition to giving the highest temperature
drops, these two salt materials represented salt hydrate and anhydrous salt. Therefore,
Sodium Thiosulfate Pentahydrate and Potassium Chloride were selected to advance to
Experiment 2.

Table 2. Temperature response of saturated solution.

Sample (10 g of Salt) Final Temp (°C) Final Time (s) Temp Drop (°C)
Sodium Thiosulfate Pentahydrate 6.9 31 14.1
Sodium Carbonate Decahydrate 14.2 127 6.8
Disodium Phosphate Dodecahydrate 19.2 51 1.8
Potassium Chloride 10.8 60 10.2
Potassium Nitrate 11.3 73 9.7

3.2. Charging and Discharging Experiment Result
3.2.1. Sodium Thiosulfate Pentahydrate

Figure 4 shows the temperature profile during the discharging phase of Sodium Thio-
sulfate Pentahydrate containing 0%, 5% and 10% moisture. Each of the temperature profiles
shown in the graph is the average (means) value of multiple runs of the discharging process
at the respective moisture level. Upper and lower bounds of three standard deviations
were also calculated to give 99.7% confidence intervals for each temperature profile.

Table 3 provides the range of final temperature and time of Sodium Thiosulfate
Pentahydrate from the multiple runs in this experiment. The final temperatures were based
on the lowest temperatures that the solutions achieved, and the time to reach this point
was also recorded.
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Figure 4. Temperature profile of Sodium Thiosulfate Pentahydrate.

Table 3. Final temperature and time of dried Sodium Thiosulfate Pentahydrate samples.

Sample Final Temperature (°C) Final Time (s)
0% Moisture Content 14.2-15.7 94.9-186.4
5% Moisture Content 13.5-14.1 49.8-104.2
10% Moisture Content 12.6-12.7 266.8-288.3

There are two essential points observed from the results shown above. Firstly, the
initial temperature drop is attained over a more extended period than the profile obtained
in Experiment 1, which uses a fresh Sodium Thiosulfate Pentahydrate. Compared to the
temperature drop of 14.1 °C resulted in Experiment 1, the sample with 0% moisture content
only achieved 38% to 48% of the original temperature drop. It also took substantially longer
to reach the final temperature. The details of the temperature drop and performance change
of dried samples compared to fresh samples (Experiment 1) are shown in Table 4 below.

Table 4. Temperature drops of dried Sodium Thiosulfate Pentahydrate samples.

Performance Change

Sample Temp. Drop (°C) (Compared to Fresh Sample)
0% Moisture Content 5.3-6.8 —63-—52%
5% Moisture Content 7.0-7.5 —51-—47%
10% Moisture Content 8.4-8.5 —40%

The second observation from this experiment is the cooling effect increased with
increasing moisture content in the dried Sodium Thiosulfate Pentahydrate. The improved
performance with partially dried salt suggests two potential explanations. The first one
is the change in the physical characteristic of the dried salt. For instance, the sample with
lower moisture content may have been ‘overdried” and baked into a harder solid. It was
observed during this experiment that the dried salt samples appear to be a single porous
solid compared to the fine powder of the fresh salt. This physical change may have reduced
the rate of diffusion of water into significant portions of the salt. In addition, the salt did
not break apart with the introduction of water. Agitation was avoided as it decreased the
efficiency of the system. Although the additional water principle could be applied in this
situation to relieve this issue to an extent, the underlying problem of salt agglomerating
into a dense mass would not be able to be avoided in an actual system.
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Another possible explanation is related to the salt hydrate characteristic of Sodium
Thiosulfate Pentahydrate. A salt hydrate material has a multitude of hydration levels. The
inevitable concentration gradient and temperature gradient across the vessel could result
in unpredictable solution composition. Unless it is in a closed, controlled, well-mixed
container, it is doubtful that sodium thiosulfate would move just between the saturated
solution and the pentahydrate. In this experiment, the salt was dried from top to bottom,
meaning the sample’s top layer was likely to have a lower hydrate than the bottom layer.

Furbo [18] explained that inconsistencies in phase change during the melting and
crystallization of the salt hydrate would result in the formation of three layers within the
vessel. Due to the difference in densities of the salt hydrate and the crystal water, the bottom
layer is composed of relatively anhydrous salt, precipitating out of the solution during
cooling. This layer is sealed from the top layer of the saturated solution by a middle layer
of precipitated salt hydrate. Subsequent heating and cooling cycles continue to grow the
bottom layer and reduce the overall concentration of salt available in the system; this results
in the loss of efficiency of the reversibility of the system. Therefore, the extra water principle
is applicable for salt hydrate, whereby adding extra water ensures that any premature
anhydrous salt precipitates are dissolved at the melting point, allowing fully hydrated salt
precipitates to preferentially crystalize when further cooled.

One of the problems that could render Sodium Thiosulfate Pentahydrate or salt
hydrates, in general, unusable was supercooling. Almost all the samples did not precipitate
any solids during the drying process and were completely liquid even at the end of the
process after cooling down to room temperature. These samples had to be shaken until
crystallization could occur, at which point the samples produced a significant amount of
heat. This phenomenon was expected as hydration is always exothermic. However, the
salt being unable to crystalize naturally was an unexpected behavior. Two situations may
occur if Sodium Thiosulfate Pentahydrate were used in a system. The system would either
unexpectedly produce no cooling, and a whole cycle of charging and discharging would be
wasted, or the supercooled solution would crystallize at an unknown time and produce
heating rather than cooling.

This experiment cannot determine whether this occurs in a range of conditions or all
conditions. However, this problem would be another long list of potential issues with using
salt hydrate for a cooling system with endothermic salts. One of the essential aspects of
this idea was the simplicity of the final system. Trying to account for these complications
would only make the initial system more complicated and, therefore, more expensive. It
would raise a question about the suitability of using salt hydrate for cooling purposes.

3.2.2. Potassium Chloride

Figure 5 shows the temperature profile during the discharging phase of Potassium
Chloride containing 0%, 5% and 10% moisture. Each of the temperature profiles shown in
the graph is the average (means) value of multiple runs of the discharging process at the
respective moisture level. Upper and lower bounds of three standard deviations were also
calculated to give 99.7% confidence intervals for each temperature profile.

Similarly, Table 5 provides the range of final temperature and time range of Potassium
Chloride from the multiple runs in this experiment. The final temperatures were based on
the lowest temperatures that the solutions achieved, and the time to reach this point was
also recorded.

Table 5. Final temperature and time of dried Potassium Chloride samples.

Sample Final Temperature (°C) Final Time (s)
0% Moisture Content 11.3-11.8 19.68—42.32
5% Moisture Content 9.7-10.1 13.76-52.24

10% Moisture Content 11.6-13.8 25.61-32.39
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Figure 5. Temperature profile of potassium chloride.

Unlike Sodium Thiosulfate Pentahydrate, the temperature drop of Potassium chloride
did not increase with increasing moisture content. The sample with 5% moisture content
outperformed 0% and 10% and obtained the highest temperature drop. This result suggests
that Potassium Chloride faced similar issues to Sodium Thiosulfate Pentahydrate. Potas-
sium Chloride is not a salt hydrate, so there would be no compositional changes (concerning
hydration levels). It would suggest that the inconsistent order of performance may be due
to the physical characteristic changes undergone during evaporative drying. Therefore, the
issue of ‘over drying’ appears less severe than Sodium Thiosulfate Pentahydrate, as the
10% samples performed worse than the 0% samples.

Similar to Sodium Thiosulfate Pentahydrate, the dried Potassium Chloride formed a
porous solid. However, it is evident from the final temperature shown in Tables 3 and 5
that the Potassium Chloride allowed an easier diffusion of water throughout the solid as the
final temperature was reached two to five times faster. Overall, comparing the temperature
drop result with the fresh Potassium Chloride sample in Experiment 1, the Potassium
Chloride performed much closer to fresh salt than Sodium Thiosulfate Pentahydrate.
The 0% moisture content sample of Potassium Chloride reached 90.4% to 95.7% of the
temperature drop obtained from the fresh salt experiment (10.2 °C). The details of the
temperature drop and performance change of dried samples compared to fresh samples
(Experiment 1) are shown in Table 6 below.

Table 6. Temperature drops of dried Potassium Chloride samples.

Performance Change

Sample Temp. Drop (*C) (Compared to Fresh Sample)
0% Moisture Content 9.2-9.7 —10——4%
5% Moisture Content 10.9-11.3 7-12%
10% Moisture Content 7.2-9.4 —30-—7%

3.2.3. Comparison of Sodium Thiosulfate Pentahydrate and Potassium Chloride

Comparing the performance change values shown in Tables 4 and 6, it is obvious that
Potassium Chloride has a better cooling performance after the charging and discharging
cycle. A performance increase was recorded for the Potassium Chloride with 5% moisture
content samples compared to the fresh salt with 7.4% to 11.6%. The complications caused
by the salt hydrates end up counteracting the theoretically better performance of these salts.
When used in a well-controlled environment, salt hydrates have shown the potential to
outperform anhydrous salts such as potassium chloride.
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One of the main attractions of the studied salt hydrates was that it generally has a
higher solubility than the anhydrous salts. The solubility of the salt is crucial to the overall
performance of the salt. In the thermal storage and cooling application, the charging and
discharging process involves the evaporation and dilution of the salt solution. Therefore,
the thermal efficiency of the system can be measured as the energy release during cool-
ing generation over the energy required for evaporation. This means that to effectively
increase the efficiency, the amount of water in the solution should be minimum. The higher
solubility means less water has to be evaporated during the charging phase, leading to
a higher overall efficiency. However, the complications shown so far have resulted in
sub-optimal performances.

Many design considerations would have to be made for Sodium Thiosulfate Pentahy-
drate to operate in a system setting. The temperature during salt drying (charging phase)
would have to be homogeneous to sustain the reaction pathway only between saturated
solution and pentahydrate. It could be performed by having a sufficiently large surface
area so that the solution layer is thin or using an outside heat source with evenly spaced
coils. In addition, due to the phase properties of sodium thiosulfate pentahydrate, the
operating temperatures are limited to within the pathway described above. In contrast,
Potassium Chloride could operate over a broader range of conditions as its use is limited
by vessel construction material considerations. Potassium Chloride offers a performance
consistent with theory, and its behavior can be better predicted. Considering the result of
Experiment 2, Potassium Chloride is selected to proceed to the subsequent experiments.

3.3. Effect of Potassium Chloride Salt Morphology

As described in Section 2.3, in this experiment, the dried salt was crushed before being
subjected to the discharging phase. Figure 6 shows the temperature profile of crushed
Potassium Chloride containing 0% and 5% moisture during the discharging phase. The
same with Experiment 2 result, each of the temperature profiles shown in the graph is
the average (means) value from multiple runs. The 10% samples were excluded from this
experiment as the focus was to see if over-drying, as discussed in the previous experiment,
occurs. The final temperature reached in this experiment appears to be higher than the
results shown in Figure 5. However, it was observed that the ambient temperature was
higher during the day of this experiment. The temperature of the distilled water at room
temperature was approximately 2 °C higher than the usual temperature of 21 °C. Table 7
shows in detail the ranges of temperature drop from this experiment compared to the fresh
Potassium Chloride in Experiment 1.

By comparing the percentage of performance change in Tables 6 and 7, it can be
concluded that the change in the salt morphology after being dried can significantly affect
the cooling effect performance. By crushing the solid porous block back to fine powder
form, a higher temperature drop is achieved than the un-crushed salt or fresh salt.

Table 7. Final temperature and temperature drop of crushed potassium chloride.

. o Temp. Drop Performance Change
Sample Final Temp. (°C) Q) (Compared to Fresh Salt)
0% Moisture Content 9.8-13.1 9.9-13.2 —2.8-30.2%

5% Moisture Content 9.7-14.6 8.4-13.3 —17.4-31.0%
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Figure 6. Temperature profile of crushed Potassium Chloride.

3.4. Performance of Salt Water as an Alternative Water Source

Figure 7 compares the resulting temperature drops when the crushed Potassium
Chloride discharging phase was performed using distilled water (Experiment 3 result)
and seawater. The temperature response shown in this figure appears to be similar, and
no discernible difference can be seen from visual observations. When inspected after the

charging phase, the samples did not appear to be any different in color or form.

Temperature (°C)
|
)

0 2 4 6 8 10 12 14 16 18 20

Time [sec]

——0% Moisture Content w/ Sea Water 5% Moisture Content w/ Sea Water
0% Moisture Content 5% Moisture Content

Figure 7. Temperature response of dried and crushed Potassium Chloride using seawater.

Table 8 compares the result between the distilled water and seawater.

Table 8. Comparison of performance of dried and crushed Potassium Chloride using seawater.

. o Temp. Drop (°C) Temp. Drop (°C)
Sample Final Temp. (°C) (Distilled Water) (Seawater)
0% Moisture Content 11.4-13.0 9.9-13.2 10.5-11.8

5% Moisture Content 13.3-13.9 8.4-13.3 9.4-10.0
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The temperature drop when distilled water was used has a more extensive range, but
both results have a similar range and the averages lie within 0.4 °C of each other. The
average final temperatures of the distilled water experiments were 11.5 °C and 12.2 °C
for 0% and 5% samples, respectively. For the seawater experiment, the average final
temperatures were 11.9 °C and 12.3 °C for 0% and 5% samples, respectively.

As presented above, no discernible difference in performance is a positive result for
the overall research as it allows more flexibility for designing the final system. Distilled
water is more costly than seawater, so a system employing seawater will be more econom-
ical. However, seawater’s salt content accumulation and corrosion effect should also be
considered in such a system.

3.5. Small-Scale System Performance of Potassium Chloride

This experiment investigated the temperature response of Potassium Chloride within
a small-scale system. The first trial was performed with 850 g of fresh Potassium Chloride
and 2050 mL of distilled water dripped over approximately 20 s at a flow rate of 100 mL/s.
The result is shown in Figure 8. The vessel temperature quickly dropped to 11.7 °C reducing
the outlet water temperature from the coil to 17.6 °C within 241 s after water was dripped
into the salt.
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Figure 8. Temperature profile of small-scale system containing fresh Potassium Chloride.

Following the completion of the discharging in the first trial, the potassium chloride
slurry was poured into a tray and dried in the convection oven. After the dried salt was put
back into the vessel, the second trial of the discharging phase was commenced by adding
distilled water to the dried salt at a drip rate of 100 mL/s. The test using the dried salt is a
more accurate representation of an actual system, as, in reality, the system will be operated
for more than one cycle throughout its life span. The result of the second trial is shown in
Figure 9 below.

By comparing the results in Figures 8 and 9, it can be seen that dried salt’s cooling
availability period is shorter than fresh potassium chloride’s. As the ambient temperature
during the period of these experiments had remained constant, the cooling period was
calculated from when water was introduced to the moment the output temperature reached
19 °C. Another trial was conducted using the dried Potassium Chloride but employing a
slower water drip rate of 20 mL/s. The trial result is shown in Figure 10.
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Figure 9. System temperature response of dried Potassium Chloride at 100 mL/s water drip rate.
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Figure 10. System temperature response of dried Potassium Chloride at 20 mL/s water drip rate.

Table 9 details the key findings of the final two trials with the slow and fast water
drip rates.

Table 9. System temperature drops at both drip rates.

Drip Rate Temp. Drop of Vessel Temp. Drop of Output Time to Reach 19 °C
(mL/s) O °O) (s)
100 11.7 7.0 1060
20 11.1 6.5 960

The variation in the temperature drop suggests that the water drip rate will affect the
solution’s minimum temperature and, subsequently, output temperature. In addition, the
drip rate of water also appears to influence the longevity of the cooling effect. As shown
in Table 9 above, a 20 mL/s drip rate resulted in a 9.4% shorter cooling period and a 7.4%
lower performance.
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Tables 10 and 11 show the calculated peak and average output power if soya oil or
water were used as heat transfer fluid in the system.

Table 10. System power output (peak).

Dl‘ip Rate (mL/s) ATl ATZ ATLMTD Qoil (W) Qwa’ter (W)
20.00 9.2 8.9 9.1 10.95 21.3
100.00 10.5 10.2 10.4 12.5 24.3

Table 11. System power output (average over the cooling period).

Drip Rate (mL/s) AT, AT, ATy mTD Qoit (W) Qwater (W)
20.00 1.5 34 2.3 2.8 5.5
100.00 1.2 3.5 2.2 2.6 5.1

Water performs better than soya oil for the transfer of the generated cooling effect.
However, water is limited to transferring heat required for the charging phase, as the
required temperature can be higher than 100 °C. From the calculations above, a higher drip
rate resulted in a higher peak performance of the system, showing an increase of 14.3%.
However, it is at the cost of the ‘average’ performance over the cooling period in which the
high drip rate system displayed a performance decrease of 7%. As discussed previously, the
extra water principle preferentially leans towards the slow drip rate system, and the drip
rate would have to be balanced for the application of the system for the highest possible
output. The drip rate is limited by the initial temperature drop; a higher average does not
mean anything for cooling applications if the heat transfer medium is not cold enough to
be useful.

There are two other key points noted in this experiment. Firstly, a larger surface area
is required for the vessel to ensure the highest possible efficiency. Each trial left a bed
of Potassium Chloride that was yet to solubilize. In addition, it goes hand in hand with
intending to utilize solar energy as the energy source for the charging phase, as a larger
surface area will result in a faster salt drying/water evaporation process. However, this
will be at the cost of heat loss through the vessel. Depending on how long the system is
expected to operate, the heat loss through the vessel’s walls will introduce a breakpoint at
which the loss becomes more significant than the gain.

Secondly, the charging method must be chosen carefully depending on the heat load
available on site and the cooling load required. In this experiment, oil at 100 °C was initially
pumped through the coils to evaporate the water from the solution. It was estimated that
the evaporation time would require approximately 6 to 7 h. In reality, the evaporation time
was found to be much longer. It was observed that after employing this method for 12 h,
less than half the water evaporated. Charging using a heat load rather than solar energy
should be avoided when the heat load is less than 100 °C. In the case that a suitable heat
load is available, for example, in an industrial application, surface area should continue to
be maximized to maximize the solubility of the system. Like the system described in this
experiment, a separate heating loop will be required as well as a cooling coil. However,
if a suitable heat load is unavailable, for example, in a residential application, the system
would become simpler as only the cooling loop will be required.

Efficiency-wise, this experimental set-up showed extremely low efficiency. In this
system, 2050 mL of water was used for salt dissolution. Using 2257 k] /kg as the enthalpy
of vaporization, approximately 4500 kJ of energy is required. Therefore, using the highest
‘average’ performance power of 5.46 W, the efficiency would be only 0.12%. Even using the
peak performance power of 24.3 W, the efficiency would be 0.57%. Although this efficiency
figure has a lot of potential to improve using the methods discussed previously in this
section, it is not expected to be significantly higher. It is limited to the theoretical heat of
solution and solubility of potassium chloride. An upper limit of 3.63% efficiency can be
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achieved if 100% of the heat of the solution is extracted. Auckland’s average available solar
energy is approximately 13 MJ/m?/day [19]. If this experimental system were applied
using solar energy, the required area would be approximately 0.347 m? and produce
between 15.73 W/m?/ day and 70 W/ m?/ day.

4. Conclusions

This paper aimed to investigate the potential of endothermic salt utilization for ther-
mal storage and space-cooling applications. In the salt screening experiment, Sodium
Thiosulfate Pentahydrate and Potassium Chloride showed the highest temperature drop
among other salts. The performance of these two salts was then compared after being
subjected to the charging/discharging cycle. The result showed that dried Potassium
Chloride samples have a better cooling performance since they exhibited a smaller cooling
effect reduction when compared to the fresh sample.

The Potassium Chloride salt was then experimented in a small-scale system that was
developed in the laboratory to model the endothermic salt-based thermal storage and
cooling generation system. Using the fresh Potassium Chloride and an initial system
temperature of 24 °C, the lowest temperature recorded was 11.7 °C (in the container)
and 17.6 °C (at heat transfer fluid). A similar temperature was obtained with the dried
Potassium Chloride after it underwent a charging phase; however, the cooling duration
was significantly shorter than the fresh salt. A variation of water drip rate during the
discharging phase in this system revealed that a slower drip rate at 20 mL/s resulted in a
shorter cooling period and lower cooling performance than a 100 mL/s drip rate by 9.4%
and 7.4%, respectively.

The experiment shows that a thermal storage and cooling system based on endother-
mic salt is possible. However, as it has low efficiency, its application is highly limited to
low-grade energy for charging processes, such as solar energy and waste heat. Further
work is required to improve the system efficiency, such as implementing a higher surface
area and better insulation and improving the salt solubility to reduce the energy and time
needed for charging (water evaporation/salt drying) phase.
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Nomenclature

BTU British Thermal Unit

(€(0) International Energy Agency

GHG Greenhouse gas

IEA Coefficient of Performance

PCM Phase Change Material

TCES Thermochemical Energy Storage

TCM Thermochemical material

TES Thermal Energy Storage

USEIA  United States of America Energy Information Administration
USEPA  United States of America Environmental Protection Agency
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