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The efficacy of a latent thermal battery (LTB) system is significantly enhanced through the
implementation of a multistage configuration. This study is centered on the utilization of
organic phase change material (OPCM) as the storage medium within the LTB, aimed at
augmenting the charge and discharge rates of the system. The adoption of a multistage
approach effectively mitigates the impact of partial phase transitions within the OPCM,
facilitating a higher cumulative charging rate of 2.39°C/min. This arrangement is
instrumental in minimizing the instability of heat release from each tank, thereby ensuring
a consistent heating process for the working fluid throughout the discharge cycle.
Consequently, the multistage LTB demonstrates an elevated power rate, reaching up to
7.64 Watts, with a sustained power duration of 45.5 minutes. Such performance signifies
an efficacious heat discharge mechanism, substantially improving the overall functionality
of the LTB system. The proposed multistage LTB configuration is particularly
advantageous for thermal systems operating at low temperatures, including solar water and
air heaters. Additionally, the enhanced charge and discharge rates contribute to an
increased effective energy density of the LTB, aligning with the objectives of developing
compact and efficient energy storage systems. The findings of this research underscore the
potential of multistage LTB systems in maximizing operational efficiency in thermal
energy storage, thereby contributing to the advancement of sustainable energy solutions.

1. INTRODUCTION

Energy storage technology (EST), a pivotal element in
renewable energy systems, has seen a significant evolution
over the past decade, particularly in the widespread adoption
of wind and solar energy facilities. This growth is attributed to
advancements in EST, as documented in recent studies [1-3].
EST encompasses a range of storage solutions, including both
electric and thermal batteries. Electric batteries are
predominantly utilized in systems focused on generating
electricity from renewable sources. Conversely, thermal
batteries find application in renewable thermal systems and are
increasingly recognized for their role in industrial processes,
particularly in harnessing waste heat. This application
enhances the thermal efficiency of systems and contributes to
an increase in net positive energy output, demonstrating the
versatility and broad applicability of thermal batteries in
various thermal systems [4].

Thermal batteries are categorized into three primary types
based on the storage material used. The first type, the sensible
system, leverages the sensible properties of the storage
material and has already achieved commercialization.
However, it is constrained by low energy density, limiting its
feasibility for large-scale and mobile applications [5]. The
second type, the thermochemical system, is characterized by
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minimal thermal losses and is thus suited for long-term
operations. Despite its potential, the thermochemical system
remains primarily in the experimental phase due to operational
complexities [6]. The most promising among these is the LTB,
which utilizes phase change material (PCM). LTBs offer a
higher energy density and can integrate the sensible properties
of the storage material, enhancing their applicability. This
combination positions LTBs favorably in terms of technology
readiness, making them suitable for a variety of thermal
systems, including space heating and water heaters [7, §].
PCM, particularly effective in low-temperature LTB
ranging from 50-100°C, has garnered significant interest [9].
These OPCMs are favored for their high heat of fusion and
cost-effective storage properties. However, a primary
limitation is their slow thermal response, primarily due to low
thermal conductivity. Various enhancement methods have
been explored, such as incorporating high-metal content
volcanic ash [10], amalgamating with polymers [11], and
adding nano-additives to the working fluid [12]. Nevertheless,
these methods encounter a significant challenge: a decrease in
storage capacity, attributed to the incorporation of solid
additives and binders in the composite. An alternative strategy
involves modifications to the storage tank design. This has
been achieved through the utilization of metal foam [13], coil
heat exchangers [14], and copper wire mesh [15], which
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generally improve the average thermal response of the LTB
during operation. However, this approach is not without
drawbacks, as the increased surface area of the heat exchanger
within the storage tank can lead to a reduction in the system's
effective volumetric capacity.

Another avenue for enhancing LTB performance is through
the microencapsulation of the storage material [16].
Additionally, incorporating a bypass line for the working fluid
has proven to be a viable method, effectively reducing total
melting time by up to 67% and thus enhancing system
charging efficiency [17]. Adjustments to the piping
arrangement within the storage tank also influence LTB
operation, particularly in accelerating the PCM melting
process by approximately 18.2% during the charging process
[18]. Common solutions often involve modifying the
operation of the working fluid and the dimensions of the
storage tank. Despite these efforts, further advancements are
required to optimize the operational efficiency of LTB units.

Improving the operational efficiency of an LTB unit
typically focuses on utilizing a single storage tank. However,
this approach is constrained by a low-temperature gradient
[19], particularly evident in active LTB systems employing
liquid as the working fluid, thereby limiting overall
performance [20]. Research by Mao et al. [21] on single tank
LTB for water heating applications revealed a maximum heat
release of only 13.8% when the working fluid's inlet
temperature dropped to 4°C. To address this limitation, Abtahi
Mehrjardi et al. [22] proposed the use of auxiliary fluid, which
increased the energy storage rate to 0.341 kW/kg. Furthermore,
Shalaby et al. [23] transformed the storage tank into a direct
heat exchanger unit, achieving a daily efficiency of
approximately 65%. Despite these advancements, these
modifications still relied on a single storage tank, facing
inherent limitations, especially in terms of effective storage
capacity.

A potential solution to overcome these limitations involves
integrating multiple storage tanks into a single system,
enhancing both storage capacity and operational efficiency
[24]. For instance, the multistage hydrogen refueling system
has demonstrated reduced specific energy consumption for
hydrogen refueling, thereby boosting the system's net positive
energy [25]. Similarly, cascaded molten salt technology has
shown promise in augmenting the storage capacity of high-
temperature thermal storage tanks [26]. Consequently, a
multistage LTB, particularly one that utilizes organic phase
change material (OPCM), emerges as a promising strategy to
enhance the thermal operation of low-temperature Thermal
Energy Storage (TES) systems. However, a comprehensive
evaluation of the characteristics of a multistage LTB utilizing
OPCM is requisite.

The current study is directed towards assessing the
performance and operational characteristics of a three-stage
LTB unit employing OPCM. This involves an evaluation of
the charging characteristics and power profile, aimed at

elucidating the efficacy of the multistage OPCM-LTB concept.

It is anticipated that the outcomes of this study will contribute
to the enhancement of the effective storage capacity of LTB
systems. Moreover, the proposed methodology can be
integrated with recent advancements in storage materials and
heat transfer enhancements within the storage tank. Hence, the
findings of this study are anticipated to be pivotal in advancing
the development of LTB systems for energy storage
applications.
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2. MATERIALS AND METHOD

Figure 1(a) shows the arrangement of the proposed
multistage LTB, which operated in active mode. The active
mode involves working fluid as the heating/cooling medium
to provide convective heat transfer within the system [27].
Three storage tank was arranged in series connection relative
to the working fluid flow direction. The fluid enters the LTB
from tank A. The heat transfer process was done using
working fluid AT-400 with the detailed thermophysical
properties can be found here [28]. During the charge cycle, the
working fluid was heated by two consecutive electric heaters
employed as a heat source. The heat source was designed to
maintain the outlet temperature of working fluid around 150°C.
The charge cycle was stopped once the PCM's temperature
reached 100°C. After that, the discharge cycle was performed.
In this stage, two recirculating oil chiller was used as heat sink
to maintain the temperature of working fluid at 25°C. The
discharge cycle was stopped once the PCM's temperature
reached 40°C.
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(a) Schematic for charge and discharge cycle
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(b) Detailed dimension for storage tank and thermometer
location

Figure 1. Multistage arrangement for experiment test and
dimension of the storage tank

Figure 1(b) presents the detailed dimensions of the storage
tank and thermometer position. The performance of multistage
LTB from the heating and cooling test was analyzed using the
temperature as the working indicator [29]. Thus, several
thermometers were installed to measure the temperature of the



PCM within the tank. The heat releasement characteristics and
power indicators can be analyzed by evaluating the
temperature of the working fluid during the cooling test.
Therefore, two thermometers were used to measure the
working fluid's inlet (TA) and outlet (TB) temperature. The
measurement was taken using K-type thermocouples with an
absolute error + 0.2°C.

The PCM was located within the storage tank. The tank was
made of polytetrafluoroethylene (PTFE) with a melting
temperature of around 300°C, suitable for the desired working
temperature of the multistage LTB. The mass of the PCM
within each tank was 54 grams. The OPCM for each storage
tank were tetradecanoic acid (tank A), hydrocarbon wax (tank
B) and octadecanoic acid (tank C). The thermal capacity of
each storage material was assessed through the calorimetry
method (DSC method with a scanning rate of 10 K/min). The
same method was also used for evaluating the melting and
solidification temperature of the storage material.

3. RESULTS AND DISCUSSION

The heating profile for each storage tank is presented in
Figure 2. It shows that all PCM demonstrates non-plateau lines
during solid-liquid transition. It is affected by the unstable
phase transition, which makes the solid-liquid transition
followed by temperature increment [30]. The heating process
is started by solid-sensible region, which is done after 3.5
minutes for hydrocarbon wax (HW), 4 minutes for
tetradecanoic acid (TA) and 6 minutes for octadecanoic acid
(OA). The TA is located in the first tank but shows a slower
charging rate in the solid-sensible region than HW. It is
affected by the low heat transfer rate for TA, which requires
further adjustment to improve its heat transfer rate [31].

The longest duration for phase transition is obtained by HW
which is located in tank B. The average charging rate for HW
during phase transition is only 0.47°C/min, much lower than
TA (0.87°C/min) and OA (1.02°C/min). OA obtains the
highest temperature increment during phase transition with a
temperature gradient of 16.3°C. As a result, OA has the lowest
charging rate compared to the other tanks. The average
charging rate for OA is only 2.13°C/min. It is affected by the
location of OA in the last arrangement since the energy of the
working fluid is absorbed notably in tank A and tank B. Thus,
it has the lowest temperature when entering tank C.
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Figure 2. Temperature increment of each PCM in the
multistage LTB
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Figure 3. Thermal properties for each PCM within the
multistage LTB

Each tank's charge characteristic is also related to the
thermal capacity for each PCM within the tank. For example,
the lowest charging rate is obtained by OA. As seen in Figure
3, OA has the highest heat of fusion compared to TA and HW.
Locating the OA in the last arrangement is advantageous since
the residual heat from the working fluid can be absorbed
effectively, increasing the energy ratio during the charging
process. HW obtains the highest deviation between melting
and freezing temperatures with a supercooling degree of
around 9.3°C. It makes the heat transfer rate during phase
transition ineffective [32], which explains the lowest charging
rate for HW compared to OA and TA. TA has the lowest
melting temperature, initiating an early phase transition
process during the charging process (Figure 2).

The surface profile for each PCM within the storage tank is
displayed in Figure 4. It helps to explain the change in
charging rate for each OPCM during the heating stage. The
carboxyl profile for fatty acid (TA and OA) is observed
distinctively compared to the hydrocarbon profile for HW. The
fatty acids show a tiny hole (red circle in Figure 4(a) and
Figure 4(c)), which is affected by the presence of oxygen in
their chemical formula [33]. Local agglomeration is found for
TA (red square in Figure 4(a)), while a fragmented surface is
found for OA (white circle in Figure 4(c)). In contrast, the
corrugated profile for HW is notable due to the slow freezing
process during solidification (white square in Figure 4(b)). It
explains the high-temperature gradient for the HW (Figure 3).

The multistage arrangement promotes a better state of
charge or charge indicator level (CIL) level for each storage
tank. The CIL level comes from the temperature increment of
each tank during the charging process [34]. As seen in Figure
5, the cumulative charge level for solid sensible stage is
38.23%, implying that all storage tanks can be charged
effectively at this stage. Thus, the effect of thermal properties
for each PCM can be minimized. For example, TA reaches the
final solid sensible stage with CIL 33.1% since it has the
lowest melting temperature compared to paraffin (Figure 3).
The low heat of fusion for paraffin that located in the second
tank can be minimized by the presence of TA in the first tank,
which minimizes the charge level variation. The high melting
temperature and heat of fusion for OA that located in the final
arrangement is advantageous to promotes a higher charge level.
The CIL clearly demonstrates the key performance of
multistage LTB.
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Figure 5. Charging level profile for each storage tank

The decomposition profile for each PCM is plotted in
Figure 6. Each PCM shows a direct thermal decomposition.
The TA has direct decomposition from 110°C-230°C, which is
much lower compared to OA, which starts to decompose
between 230°C-350°C. OA has a higher molecular chain than
TA, allowing it to decompose at higher temperatures. In
contrast, HW has a more extended decomposition range
between 190°C-395°C, which is affected by the alkane profile
for HW. Despite all the variations, each PCM has a direct
decomposition above 100°C, making it favorable for low-
temperature applications, particularly solar water and air
heaters.
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The heat is released during the discharge process, which can
be drawn as a power curve according to the energy balance of
the working fluid. The cut-off value for each tank is set at 1.2
Watts by considering the size of each tank. As seen in Figure
7(a), the power profile for each storage tank varies. The
highest power is achieved by tank C, which uses OA as the
PCM. OA has the highest melting temperature and heat of
fusion (Figure 3), which delivers a higher power rate.
Moreover, the tank C is located at the end of the tank
arrangement, which makes the power rate can be elevated
significantly. It indicates that PCM's thermal properties also
play a significant role in promoting a better power rate for LTB.
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Figure 7. The power profile of each tank and system

The power curve for tank B is generally steady, with the
highest power of 2.41 Watts. It is affected by the slow
discharge process of HW, which reduces the average heat
release from the PCM to the working fluid. Contrary to that,
tank A indicates a better power rate (2.69 Watts), which can



be affected by its location. However, the low melting point of
TA decreases the effective power duration from tank A.
Moreover, the profile fluctuates notably, which is undesirable
for specific applications that requires steady power rates.

The combined effect for each tank is shown in Figure 7(b).
It shows the cumulative power rate as a system much higher
than each tank. The effective power duration can be increased,
making the LTB discharge the stored energy effectively. The
steady power rate (6 Watts - 7.64 Watts) is achieved in more
than 20 minutes. It shows that the LTB promotes a stable
discharge process with a higher power rate. It makes the
arrangement favorable for a fast response system. Moreover,
the combined effect from each PCM within the storage tank
can be an advantage to utilizing the organic-based PCM more
effectively for low-temperature applications.

4. CONCLUSION

The operation and performance of multistage LTB are
evaluated in this work. The finding indicates that using a
multistage arrangement can improve the charging process. The
partial melting process from organic PCM can be minimized
by cascading the storage tank. The partial melting process is
found at only 8.1°C for HW, which is located in the middle
arrangement. It promotes a higher effective charge process
during the partial melting process for the LTB arrangement
with the highest cumulative charge rate of 2.39°C/min. The
effective power rate for the LTB improves by more than 200%,
compared to power effective from a single storage tank. The
thermal properties of each PCM are applicable for low-
temperature operations such as solar water and air heaters,
which operate below 100°C.

The proposed LTB arrangement can be applied to improve
the performance of renewable thermal systems, especially for
low-temperature operations such as solar water and air heaters.
The LTB arrangement increases the effective charge and
discharge process, which is essential for a better volumetric
storage system. The proposed method can be considered a
suitable approach to improve the operation characteristic of
LTB in the thermal system. However, the work is limited to
preliminary study and uses a small storage tank. Thus, further
development can be focused on analyzing the large-scale
system's cumulative energy balance, including further
modification of the heat exchanger within each storage tank.
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