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Paraffin-based latent heat storage has a higher thermal capacity than sensible heat storage.
Despite that, the actual implementation of paraffin as an active latent heat storage (ALHS)
system is limited due to low charging and discharging rate with unequal temperature
distribution as the impact of mushy region formation. The present study evaluates the
finned-coil heat exchanger for the ALHS tank to overcome the related problems. Three
finned-coil configurations are tested experimentally: straight-fin, branched-fin and height-
fin. The evaluation uses the ALHS arrangement to assess each configuration's
charging/discharging rate. The branched fin provides an equal thermal distribution,
promoting a higher final temperature of 112.3<C. It also achieves the highest power rate of
250.5 Watts. The height-fin minimizes the effect of void formation, which maintains a
sufficient heat transfer rate during the discharging. However, the average power rate for
each model is relatively low. The finding indicates that it is essential to provide adequate
heat transfer for the center part of the tank, including adding a branched fin along with coil
turn to provide a better heat transfer rate. It boosts the charging/discharging rate, making

the system's response time desirable to achieve effective power during the operation.

1. INTRODUCTION

The need for clean energy has become a major issue, while
at the same time, energy security from fossil fuels is also
considered an important topic. Harvesting wind and solar
power as renewable energy sources are proven to develop a
clean energy supply. Continuous development for improving
the system, particularly for implementing a suitable wind farm
layout to improve the plant's energy density, continuously
supports the readiness to supply power to the system [1].
Reactivating an old oil well for short mitigation [2] and
improving the burner for solid biomass waste [3] can be taken
as an alternative approach to exploring new energy sources
and increasing the efficiency of the existing system. Perhaps,
harvesting solar energy through a photovoltaic system for
electric generation and concentrated solar power as a thermal
plant is the most profound technology in renewable energy
systems [4]. The dispatchability of the plant can be improved
with the help of advanced technology in the system. Also, an
enormous improvement in the energy storage system
contributes positively to the renewable energy plant. It helps
to reduce operational costs and make the system economically
favorable.

Thermal energy storage (TES) is considered an innovative
energy storage system that can be applied both for small and
large-scale applications [5]. TES uses sensible and phase
change material (PCM) to store heat. It can be applied as a
suitable method for reducing the primary energy consumption
in heating and cooling application [6]. The sensible material is
the most available method but suffers from low storage density,
both in gravimetric and volumetric capacity [7]. The PCM
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provides a higher energy density since it works based on phase
transition, which also can be combined as sensible material
during the charging process [8]. Therefore, effective energy
capacity can be achieved, reducing the cost per unit of energy.

One of the most common materials for latent heat storage is
paraffin wax. Paraffin is advantageous as PCM since it has a
high melting enthalpy and low cost [9]. Furthermore, the wax
is non-corrosive, making it suitable for various storage tanks.
It has been successfully implemented as a passive thermal
storage system in building and housing applications [10]. The
shortcoming issue from the wax is the leakage issue. It occurs
during phase transition and can be minimized by compositing
the wax with polymer to form shape-stabilized phase change
material (SSPCM) [11]. Furthermore, the method is also
suitable for improving the cycling ability, which can be used
for up to 10,000 thermal cycles without significant decrement
in the storage capacity [12]. Thus, the method is already
processed for large-scale manufacturing and is expected to
significantly reduce production costs [13].

Besides the passive storage system, paraffin is also suitable
for implementing an active latent heat storage system (ALHS).
It works by using working fluid as the heat transfer medium,
making it possible for wider applications such as solar dryers
[14]. The ALHS stored the paraffin within the storage tank and
coupled it with a heat exchanger. The working fluid flows to
provide a heat exchange process to the storage material. The
ALHS can be operated up to 100°C. It can also be combined
using a multi-storage tank to develop a cascade storage system
[15]. However, the major challenge for ALHS is the heat
exchanger configuration within the storage tank since it relates
to the charging/discharging cycle. The heat exchanger
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designation must consider the effective heat transfer area
without decreasing the storage capacity. Moreover, it must
consider the effect of paraffin's unstable phase transition,
which interrupts the heat transfer process.

A continuous effort has been made to maximize paraffin's
charging/discharging cycle in an ALHS system. Faghiri et al.
[16] develop an innovative method using intermediate boiling
fluid (IBF) for heat exchange and effectively improves the heat
transfer rate during discharging cycle. Veismoradi et al. [17]
utilizes a storage tank by using shell and tube arrangement for
the heat exchange process. The study combines PCM with
metal foam and heat pipe, where the system achieves a
significant increment in the charging/discharging cycle. Barz
conducts numerical analysis for the heat exchanger with plate-
fin to improve the heat transfer process to the storage material.
The study recommends the fin configuration to reduce the
hysteresis effect during the heating/cooling cycle to ensure
effective heat energy transfer [18]. Using a fin in the heat
exchanger is desirable since it is relatively simple to
implement and enhance the heat transfer area to the storage
material. Mehta et al. develop a spiral-fin configuration that
accelerates the charging/discharging rate by 41.48% and
22.16%, respectively [19].

The recommended heat exchanger configuration for the
ALHS tank is the coil heat exchanger with a compact body and
large heat transfer area [20-22]. Adding a fin on the coil heat
exchanger is expected to improve the system's overall
performance, particularly for the charging/discharging cycle,
with an unsubstantial decrement in the storage capacity [23].
Further study is also conducted by embedding the fin with a
single tube configuration. Wu et al. use a spider-web-like heat
exchanger within the storage tank to improve the heat transfer
surface to the storage material. The numerical study indicates
a rapid solidification up to 47.9% where the charging rate is
improved substantially by a value of 1.44 times [24]. The
advanced fin configuration is also studied by Shalaby et al. [25]
for application in shell and tube heat exchangers. The study
focuses on the system arrangement with a solar collector,
which shows a considerable improvement in daily efficiency
by up to 65%.

Further development on the finned-coil heat exchanger is
still relevant as it can be adjusted using multiple fin
configurations within the storage tank. Remarkably, the void
formation generally occurs during the solidification process
[26], which makes the crater formation at the center of the
storage tank that can be reduced by utilizing an extra fin at the
center part of the coil [27]. In good agreement with the recent
development in finned-coil heat exchangers for ALHS tanks,
the present study proposes several configurations for the coil
heat exchanger in ALHS tanks. Three fin configurations are
evaluated experimentally to improve the charging/discharging
cycle of the ALHS system and support continuous
development in the ALHS tank. The result of the study is
expected to present sufficient information and a novel
approach for designing the ALHS tank.

2. MATERIALS AND METHOD

The convective heat transfer system for active latent heat
storage requires interaction between the working fluid and
storage material using the recuperative heat exchanger
principle. The coil heat exchanger has main advantages, with
a high surface area and a relatively small index volume. Figure

1471

la displays the present study's basic model of the coil heat
exchanger. The modification was applied by adding flat-fin
along with the coil turns to provide a straight-fin model. The
second variation was applied using a branched fin instead of a
flat fin. The third variation is the height-fin model, which was
installed at the center of the storage tank. The 3D model for
straight-fin (also as a basic model for branched fin) and height
fin is presented in Figure 1b. The height-fin was specifically
intended to overcome the void formation issue during the
solidification process of paraffin wax.
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Figure 1. Configuration for coil heat exchanger

The total stored and released energy by the storage material
(paraffin) is the amount of energy gained during sensible (solid
and liquid) stage and melting/freezing process. The total
sensible energy is obtained from Eq. (1) [28]:

AQgen = (m " Cpsolid ~ ATsolid) (1)

+ (m " Cp,lqiuid ATliquid)

Then, the total energy during phase transition can be
obtained from Eq. (2) [28]:

AQatent = (m - Ah) (2)
where, m is the mass of storage material (kg), ¢, is specific
heat capacity at solid and liquid phase (kJ-kg™!-°C™"), AT is the
temperature difference for each sensible stage (°C) and Ah is
the melting enthalpy (kJ-kg™).

The specific heat capacity for paraffin (isotherms) at solid
and liquid phase were obtained at 2.18 kJ-kg'-°C! and 1.85
kJ-kg!-°C, respectively. The thermal properties of paraffin



wax (commercial grade) were assessed using differential
scanning calorimetry and thermogravimetric analysis
(DSC/TGA, MT +1). It was taken to evaluate the wax's
melting/freezing temperature and melting enthalpy.
Furthermore, thermal stability as part of thermal properties is
essential to understand the decomposition curve during the
heating process. After evaluating the thermal properties, an
active charging/discharging assessment was conducted for
each configuration of the coil heat exchanger. The test was
taken by using active latent heat storage apparatus where the
charging process is defined as the material absorbing thermal
energy from the working fluid and discharging process is
defined as the heat releasement process from the material to
the working fluid.

Charging Cycle Discharging Cycle

out Electric Chiller

ot Electric Heater
Figure 2. Schematic model for charging and discharging test

The ALHS concept were taken as the configuration for the
experimental test. The active model employs the heat
interaction between the thermal source and load by the help of
working fluid [29]. The phase change of the storage material
deliberates a higher energy content which maximized by the
solid and liquid sensible stage. Therefore, the working fluid
temperature was kept constant at 160°C (charging) and 20°C
(discharging). The changes in temperature of the working fluid
can be used for determining the energy balance to evaluate the
effective power and energy from the storage material. Using a
higher temperature range provides a combined solid sensible-
phase transition-liquid sensible stage which highly desirable
for the cascade latent heat system [30]. The operation of
cascade system offers a higher energy density which make it
possible to be used in various application [31]. Thus, the
experiment was performed by using the high temperature
range to meet the criteria of actual application.

Figure 2 displays the measurement location during the
active thermal charging/discharging test. Each coil
arrangement was tested under the same working boundary
which make the power comparison is taken as the ideal
quantitative index to determine the performance of each model
[32]. The power index is obtained by dividing the total energy
that stored/released by the paraffin with the total duration to
achieve the targeted temperature. Therefore, three locations of
the temperature measurement (using thermocouple type—K)
were taken for the paraffin within the storage tank: T (upper
zone), T> (middle zone) dan T3 (lower zone). Locating the
temperature measurement at a different location was aimed at
monitoring the temperature profile of the storage material
during the charging and discharging test. The temperature of
the working fluid was measured at the inlet (Ti,) and outlet
port (Touw). The storage tank used a well-insulated aluminum
tank with a 9 kg paraffin wax capacity. The flow rate of the
working fluid (thermal oil) was set at 2.5 g/s and maintained
during the test.
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3. RESULTS AND DISCUSSION

Figure 3 presents the paraffin's heating and cooling curve
from differential scanning calorimetry (DSC). The heating
curve (Figure 3a) indicates two distinguished peaks at
different temperatures. The first peak, which relatively occurs
earlier at a temperature of 39.7°C is defined as a solid-solid
transition resulting from a heating process that alters the
movement of the crystalline structure from the wax. As the
heating process continues, the phase change is occurred from
solid to liquid which is indicated by a larger second peak. The
changes in heat flux under the second peak is the total energy
required for melting process. The highest peak indicates the
melting temperature. Thus, two critical properties area
obtained: the melting temperature and enthalpy. The second
peak is observed at a temperature of 60.9°C with the heat of
fusion of 189.6 J.g*!. After passing the phase transition, the
wax is in the liquid phase without indicating a new peak,
which means the sensible liquid heating stage takes place.
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Figure 3. DSC curve for paraffin wax

The essential aspect of the thermal properties of the paraffin
wax can be observed from the cooling curve (Figure 3b),
which shows the freezing temperature occurs at 75.1°C. It
implies a high deviation between the melting and freezing
temperatures which can be considered a supercooling
phenomenon. Supercooling takes place when rapid
solidification occurs at a higher temperature than the wax's
melting temperature [33]. The supercooling degree is
relatively high by a value of 14.2°C, which is undesirable for
the actual application of an active latent heat storage system.
Furthermore, the decomposition curve of paraffin runs as a
single-go pattern (Figure 4). The wax starts to decompose at
184°C up to 404°C, with a mass loss of more than 98%. It
implies that paraffin wax has low thermal stability.
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Figure 4. Thermal decomposition for paraffin wax
(thermogravimetric curve)

The charging process runs by supplying heat to the paraffin
wax with the help of the working fluid. The profile
temperature during the charging process is presented in Figure
5. All profiles show that the temperature keeps increasing after
passing the melting temperature of the paraffin wax. It
demonstrates that paraffin wax has a non-isothermal phase
transition, which makes the solid-liquid transition followed
directly by a temperature increment. Implements paraffin as a
storage material for an active system is troublesome since the
system cannot be set at a specific temperature for the operation,
particularly for a system that requires a sensitive-temperature
operation such as a thermal management system [34].
However, using different coil configuration indicate a
substantial change in the charging profile of the paraffin.

As seen in Figure 5, the temperature at the upper zone is
generally higher than in the middle and lower zone. It is
affected by a direct heat transfer from a high-temperature
working fluid at the upper zone that promotes a higher heat
transfer and increases the paraffin's temperature significantly.
The temperature profile of straight-fin (Figure 5a)
demonstrates a distinguished temperature pattern for each
zone. It can be observed by a slow temperature increment at
the middle and lower zone. A high-temperature difference
between each zone indicates a slow melting process of paraffin.
The upper zone melts first, followed by the middle and lower
zones. Thus, the thermal diffusion and buoyancy effect are
localized at the upper zone, reducing the heat transfer rate of
the storage material at the middle and lower zones.

The branched fin (Figure 5b) indicates an appropriate
temperature increment with a slight temperature variation at
the end of the charging stage for all zones (108°C — 116.5°C).
It implies that the paraffin wax obtains a better temperature
distribution since the coil utilizes an extra fin extension,
increasing the surface area for the heat transfer process. The
buoyancy effect can be minimized since the lower and upper
zone melts relatively at the moment, promoting a better
temperature distribution for the middle area of the storage tank.
It can be observed from Figure 5b that the intercept line of the
temperature at the upper and lower zone takes place after 70 —
80 minutes. After that, the temperature at the center part of the
storage tank increases rapidly. Therefore, the final temperature
for the upper, middle and lower zone is generally close since
the heat is distributed properly.

The height-fin configuration shows a contrasting
temperature distribution compared to the branched and
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straight-fin configurations. As observed in Figure 5c, the final
temperature of the storage tank is less than 100°C.
Furthermore, the temperature variation between the upper,
middle and lower zone is relatively large. Even though the
height-fin temperature profile is relatively similar to the
straight-fin (Figure 5a) in terms of inadequate temperature
distribution, the charging rate of the height-fin is slow. It
indicates a poor thermal distribution since the system cannot
absorb sufficient heat under a specified time. The height-fin
and straight-fin show unequal temperature distribution.
However, the straight-fin maintains a sufficient charging rate
since it achieves a higher final temperature than the height-fin.
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Figure 6 presents the temperature decrement during the
discharging process, indicating various temperature profiles
for each coil configuration. The unstable heat releasement
process is observed for the straight find configuration (Figure
6a). It can be observed by unstable temperature decrement at
the upper, middle and lower zone. Again, the lowest final
temperature of the storage tank is obtained at the upper zone
as it releases heat effectively to the low-temperature working
fluid. As the temperature of the working fluid increases, the
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heat releasement at the middle and lower zone becomes slower.
As aresult, the final temperature at the middle and lower zone
remains high by 54.5°C and 51.8°C, respectively. It is caused
by the supercooling phenomenon of the paraffin (Figure 3b),
which promotes a rapid solidification process and disturbs the
heat transfer process during the phase transition. Since the
upper zone freezes earlier, the static pressure from the upper
part deteriorates the heat releasement process at the middle and
lower zone, which is still in the liquid phase.

The height-fin configuration shows a better thermal
distribution during the discharging process (Figure 6¢). Even
though the model demonstrates a poor charging rate, the heat
release process during the discharging stage is relatively stable
due to locating the extra fin in the center part of the coil. The
fin reduces the effect of void formation, which promotes better
heat transfer and delivers a stable temperature decrement of
the paraffin. The void formation occurs as the impact of the
mushy region creates a crater in the middle area of the storage
tank [35]. Thus, adding a fin in the center part of the coil
promotes better heat distribution and reduces the effect of
mushy region formation. Consequently, the final temperature
during the discharging stage ranges from 50.3°C to 59.5°C.
Despite that, the same model still indicates a low discharging
rate as the final temperature of the storage material remains
high.

The branched-fin configuration boosts the temperature
decrement of the storage material, which indicates an optimal
temperature distribution (Figure 6b). It is indicated by the
profile of temperature decrement from the storage material,
which is reasonably close to all zones. Furthermore, the final
temperature of the paraffin wax is relatively low which
ranging from 47.0°C — 58.3°C. The temperature of the paraffin
wax drops to more than 60°C, which makes the stored energy
can be released effectively during the discharging process. The
effect of supercooling can be minimized by promoting a better
temperature distribution which makes the temperature of the
upper and lower zone remains close (47.0°C and 47.5°C,
respectively). However, the final temperature of the middle
zone is still relatively high as the impact of fast temperature
decrement at the upper and lower zone makes the heat
concentrated at the storage tank's center part.

The heat interaction between the working fluid and storage
material can be observed using the temperature differences
between the inlet and outlet ports during the charging and
discharging process. Figure 7a presents the temperature
differences during the charging process for each coil
configuration. It can be seen that the highest temperature
difference is obtained by straight-fin configuration with the
optimum value of 59.8°C. However, it seems the initial
charging process is rather slow, making insufficient heat
transfer to the storage material. The height-fin configuration
demonstrates an extreme temperature variation during the
process. It emphasizes the charging profile (Figure 5c), which
tends to be slow and unstable during the process. The branched
fin achieves the ideal model with a stable temperature
increment variation. Even though the highest temperature
difference is only 39.8°C, the temperature variation during the
process is relatively small, indicating a suitable temperature
distribution and sufficient heat release from the working fluid
to the storage material. It is also supported by the charging
profile for the branched fin (Figure 6b), which shows an
adequate temperature distribution for the storage tank's upper,
middle and lower zone.
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The opposite result is shown for the height-fin, which
implies a stable heat releasement process during the
discharging process (Figure 7b). It indicates by a slight
temperature fluctuation during the process. However, a stable
heat releasement process is also accompanied by a slow
discharging rate which makes the highest temperature
difference less than 12°C. As a result, the slow temperature
decrement during the discharging process (Figure 6¢) makes
only a small portion of the energy can be released from the
storage material. The identic pattern is observed for the
straight fin configuration with a peak temperature of 13.8°C
for a short period during the process. The unstable phase
transition also disturbs the heat releasement process for the
branched fin, which also shows temperature fluctuation. It
demonstrates the nature of paraffin wax during the heat
releasement process, which is unstable and reduces the
effective heat transfer rate.

The effective power during the charging and discharging
stage can be obtained by evaluating the heat interaction
between the working fluid and storage material based on
temperature differences. Effective power is a critical
performance indicator for the active latent heat storage system
[36]. Figure 8 shows an identic plot for each coil configuration
where the effective power during charging stage is higher than
the discharging process. Paraffin's melting process occurs
adequately by a higher effective power during the charging
process. However, the unstable charging process reduces the
effective power, as can be observed for straight-fin and height-
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fin configurations. The branched-fin configuration
demonstrates a sufficient temperature distribution, promoting
sufficient effective power. It also implies that the
configuration has a better optimal charging rate than the
straight-fin and height fin.

Power (Watts)

Branched fin
Coil Configuration

Straight fin

Height-fin

® Charging ™ Discharging
Figure 8. Effective power during charging and discharging

The unstable discharging process affects the effective
power of the system. A significant decrement is seen for the
effective power during the discharging stage. The decrement
occurs for each configuration. It can be concluded that the
nature of the problem comes from the storage material. It is the
main reason that promoting stable phase transition is critical
for active latent heat storage [37]. The freezing mechanism of
paraffin is a complex exothermic process involving slow
nucleation that reduces the crystal growth rate. Thus, the
supercooling disturbs the heat release process [38]. The lowest
effective power during discharging stage is obtained by
height-fin configuration with a value of 196 Watts. A low
effective power proves a poor discharging rate, reducing the
system's performance. The straight and branched fin
configuration provides a better temperature distribution,
which maintains effective power during the discharging stage.

The  highest power effective ratio  between
charging/discharging is achieved by straight fin configuration
with a value of 93.2%. Unfortunately, the same model
expresses unequal temperature distribution within the storage
tank, reducing the total capacity of stored heat during the
charging stage. Contrary to that, the branched fin
configuration demonstrates a lower effective power ratio of
86.9%. Despite that, the same configuration has a higher
capacity compared to a straight fin. The configuration can be
used as a basis model for further development by using various
phase change materials, including the form stabilized phase
change material that can provide a stable phase transition
during the charging and discharging stages.

4. CONCLUSION

The present study demonstrates in detail that different coil
configurations affect the paraffin wax's charging and
discharging performance in an active latent heat storage tank.
The branched fin configuration shows the highest charging
rate of 0.53°C/min, providing significant temperature
increments up to 80.3°C. As a result, the charging profile is
relatively stable and fairly distributed for the entire zone of the



storage tank. The single-go decomposition and supercooling
phenomenon affect the discharging process significantly. For
example, each configuration shows a substantial decrement in
the discharging rate where the highest drop is obtained by
height-fin configuration. However, the same configuration
demonstrated a fair temperature distribution during the
discharging stage compared to the straight fin. It is caused by
installing a fin located at the center of the coil and storage tank,
which minimizes void formation during solidification.

It implies that adding an extra fin and the coil turns
positively contribute to a better charging/discharging rate.
Thus, it can be taken as a basic model for developing a fast
charging/discharging active latent heat storage tank. Further
study is encouraged by addressing the effect of working
boundaries based on different working fluids and convective
heat transfer to understand the overall performance of the
storage tank during the charging/discharging cycle. Thus, the
ideal model of an active latent heat storage tank can be applied
for thermal energy storage, reducing carbon emission and
improving thermal renewable energy system reliability.
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