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Fast-charging mode thermal energy storage (TES) can be obtained by improving the
average heat transfer rate of the system. However, it leads to the risk of performance
deterioration for the long-term operation. The impact of charging rate for paraffin and FS-
Paraffin (form-stable paraffin) is evaluated in the present work. The heating/cooling
process is repeated for 10,000 cycles with different charging rate (1°C/min, 5°C/min and
10°C/min). The performance is focused on the discharging rate and thermal decomposition.
It shows that the fast-mode treatment causes a severe deceleration in the discharging speed.
The lowest discharging rate of paraffin is obtained at 0.64°C/min. The FS-Paraffin is
generally better to withstand from thermal deterioration. It has a suitable discharging rate
(0.82°C/min) with the lowest state of health (SoH) percentage of 97.3%. It implies that the
presence of polymer additive (20 wt% high-density polyethylene) for FS-Paraffin reduces
the impact of fast-charging operation. Further evaluations are discussed in the article,
including the impact on SoH, thermal conductivity and storing performance. The overall
condition indicates that thermal deterioration likely occurred during the fast-mode
operation and requires extensive protection to maintain the long-term operation of the TES

material.

1. INTRODUCTION

The energy demand is increased exponentially as a side
effect of growth in the global population and economy. It
makes the exploration and deployment of new energy sources
necessary to ensure the energy supply to society. The
exploration and reactivation of oil and gas wells can be taken
as an alternative approach to ensure the fuel reserve in the
short term [1]. On the other hand, the utilization of renewable
energy sources based on hydropower, solar and wind energy
are escalated and taken as a promising method to sustain the
clean energy system. It can specifically address the success
story of wind power for electricity production, which
contributes to a substantial portion of the global energy mix
[2]. Solar energy plays in broader aspects besides electric
production since it can be used as suitable thermal power
generation for industrial and residential sectors [3]. The role
of thermal energy storage (TES) in solar thermal systems is
indispensable and has a significant impact on dispatchability
and cost per unit of energy.

TES operates similarly to an electrical battery which
employs energy storage material. It uses a material with a high
specific heat capacity for sensible TES and melting fusion for
latent TES [4]. The combination of specific heat capacity and
melting fusion can be found in the phase change material
(PCM), which promotes a higher energy density compared to
the sole operation system (whether sensible or latent). It
becomes the main advantage of PCM from latent TES since it
works based on phase transition and a higher temperature
range for operation in sensible mode [5]. Petroleum wax
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(paraffin) is an excellent example of PCM in low temperature
TES system due to its high thermal capacity and economically
feasible as it is considered the waste of crude oil.

Improvement on the latent TES, which uses paraffin as the
storage material is done to overcome the poor heat releasement
process due to low thermal conductivity and unstable
transition during melting/solidification process [6]. The heat
transfer rate can be improved effectively by embedding
paraffin with high thermal conductivity materials as well as
using a modified storage tank for active latent TES [7].
Thermal conductivity enrichment is mainly employed graphite
powder [8], iron oxide (Fe3;04) [9] and sustainable material
such as volcanic ash [10]. Improvement on the storage
container is done by promoting high overall heat transfer
coefficient by using finned storage container [11] and
spiderweb arrangement to increase the thermal distribution
within the tank [12]. The efforts are contributed positively in
term of faster heat transfer process and more responsive
thermal system.

The thermal stability is crucial for paraffin as PCM in latent
TES which can be improved by using polymer as shape-
stabilizer. The method contributes to promote a positive
impact by reducing the leakage rate of the PCM during the
phase transition [13]. Moreover, the form-stable paraffin (FS-
Paraffin) shows a more stable heat transfer process during
phase transition which can be achieved by using high-density
polyethylene (HDPE) as the supporting matrix for paraffin
[14]. The HDPE based FS-Paraffin is preferable since it has a
good compatibility with paraffin and cost-effective method
[15-17]. It leads to a significant achievement where the
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proposing method has a higher technology level and suitable
for mass production [18].

Thermal conductivity enrichment and heat transfer
improvement promote a better TES system and reducing the
operational cost during the charging process. Unfortunately, it
has a higher risk for long-term durability due to fast energy
operation from the storage material. For instance, the risk of
melting enthalpy decrement occurs after 200 thermal cycles as
a result of repeating melting and solidification process [19].
The side effect is also observed which alter the phase transition
behavior after 100 thermal cycles [20]. It affects the FS-
Paraffin in similar manner where the FS-Paraffin experiences
the decrement on melting enthalpy and charging/discharging
rate after 5,000 cycles due to thermal disruption [21].
Furthermore, the thermal treatment through accelerated aging
thermal cycles scenario provides the reasonable limitation for
the decrement of performance and storage capacity of paraffin
as PCM in latent TES [22].

Designing a higher energy transfer rate for latent TES using
high thermal conductivity material and proper storage tank
should be taken into account for the long-term operation and
potential deterioration on its performance. Lesson learned
from electrical battery where system with high energy transfer
rate (also known as fast-charging battery) tend to have a higher
performance degradation after certain cycle operation [23-25].
The study addresses the gap of the charging pattern after

certain cycle on the long-term performance of paraffin as PCM.

Particularly, the performance is specifically aimed for the
characteristic of heat releasement process and the percentage
of state of health (SoH). Compositing HDPE and paraffin (FS-
Paraffin) is expected to maintain the long-term operation of
paraffin [26] which make it suitable as performance
comparison on the thermal treatment process.

The study considers the thermal treatment based on the
common operation of paraffin in latent TES system. It is
measured as the temperature change per unit time (°C/min).
Thus, the current works takes the heating rate of 1°C/min as
slow mode operation (SM), heating rate of 5°C/min as normal
mode operation (NM) and high heat transfer rate of 10°C/min
which defined as fast mode operation (FM). The heat
releasement process is evaluated through discharging plot
according to the active model which employs the heat transfer
fluid. Moreover, the pattern of thermal decomposition and
storing test (static and dynamic) are also evaluated to provide
more in detail analysis on the impact if thermal treatment and
charging pattern. Thus, the present work is expected to provide
important reference on the consideration of long-term
operation of paraffin as PCM in latent TES and understand the
impact of charging rate on the system.

2. MATERIALS AND METHOD

The present works use commercial grade of paraffin wax
and HDPE as the reference material for thermal treatment and
evaluation. The basic thermophysical properties are presented
in Table 1. The HDPE works as shape-stabilizer to promote a
better thermal stability and stable operation during phase
change. Nevertheless, the addition of HDPE decreases the
latent heat capacity of paraffin at the given melting
temperature of paraffin. Thus, the ratio of HDPE should be
limited to ensure the ideal capacity of paraffin reminds
effective. The present study uses the 20 wt% mass ratio for the
HDPE in FS-paraffin by considering the effective latent heat
capacity and designation for active operation [27-29].
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Table 1. Detailed thermophysical properties of paraffin and

HDPE
Properties Paraffin HDPE
Density (g/cm?) 0.89 0.92
Melting point (°C) 60 110
Melting enthalpy (J/g) 188.2 125.4
Heat capacity (J/g <C) 2.18 1.59
Thermal conductivity 0214 0415

(@30°C, W m K1)

The composite FS-Paraffin were mixed at liquid phase. The
HDPE was melt using electric heater at temperature 160°C.
The molten paraffin was poured gradually into the molten
HDPE. The mixture was stirred by using mechanical stirrer for
half an hour. Then, the mixture was set at room temperature
for solidification. After that, the mixture was reheated and
restirred to ensure the proper dispersion between paraffin and
HDPE. The mass of sample for thermal treatment and
evaluation was 100 grams.

The thermal treatment was done using the temperature-
based state of charge (SoC) as specific operation reference.
Figure 1 presents the detailed schematic of the treatment
process. The lowest temperature was taken at 25°C which
defines the storage capacity of 0% (SoC 0%). Then, the
maximum temperature was taken at 140°C where the system
has fully charged (SoC 100%). The maximum temperature
was defined above 100°C by considering the probability of the
application using cascade system [30]. Also, the average
melting temperature of HDPE is around 110°C which make
the system need to operate higher than its melting temperature.
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Figure 1. Schematic design for thermal treatment process

The thermal treatment was taken during the heat uptake
process (charging). The heater controller was used to manage
the heating rate within the container based on the charging
scenario (SM, NM and FM). Two types electric heater were
used within the container (coil and band heater) to ensure
uniform heating process. Three thermometers (thermocouple
type—K) were installed at different height to monitor the
temperature of the sample. The heating process was done once
the average temperature of the sample reached 140°C. The
process continued to cooling cycle where the container moved
to the cooling bath. The process kept repeated up 10,000 times.
The process allows the sample to experience the actual
heating/cooling cycle which similar to the actual application
in the latent TES system.

The aged sample then taken for thermogravimetric test to
observe the characteristic of thermal decomposition of the
sample under different treatment scenarios. The performance
test was taken according to the model of active test where the
temperature can be used precisely to estimate the energy
content of the sample. Also, heat releasement profile and



percentage of state of health (SoH) can be obtained based on
the test. Moreover, the proposed test was taken according to
the recommendation of IEA ECES Annex 30 [31] which is
essential as technical parameter for thermal storage system.
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Figure 2. Model test rig for storing test

The risk of heat loss during storing mode is likely occurred
on the unit thermal storage [32-34]. Thus, it can be taken as
one critical parameter to determine the performance of TES
material. Therefore, the present study also evaluates the
storing performance of the sample after thermal treatment at
specific charging mode. First, the sample was heated up to
140°C within a container. Then, the container was placed at
the insulator (polyoxymethylene). Three thermocouples were
located at different heights inside the container to monitor the
temperature change during the test. For the static storing test
(Figure 2a), the sample was located inside a small wind tunnel
at a wind speed of 1 m/s with an average air temperature of
25°C. The dynamic test was used water as the cooling media
(Figure 2b). The water flow was kept constant at a mass flow
rate of 0.1 kg.s! with a temperature of 25°C. The baffle inside
the chamber was designed to enhance the heat transfer process.
From the measurement, two storing scenarios can be compared
to evaluate the effect of storing environment on the storage
period.

3. RESULTS AND DISCUSSION

Thermogravimetric curve can be used to evaluate the
thermal stability of the paraffin and FS-paraffin after thermal
treatment. Figure 3a shows different profile of the
decomposition curve of paraffin after 10,000 cycles. It
indicates the typical decomposition with a single-go mass loss
during the heating process which starts around 185°C to 380°C.
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The change is clearly observed on the initial and the end of the
decomposition process where it leads to an early decompose
of the paraffin after 10,000 cycles. The impact of charging
mode, particularly for fast mode, is observed notably where
the end of decomposition occurs at relatively low temperature
(around 352°C) with mass loss more than 95%. It implies the
decrement on thermal stability of paraffin as the direct impact
of repeating fast heat transfer rate during the process.
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Figure 3. Thermal decomposition curve after different
thermal treatment

FS-Paraffin demonstrates a different pattern compared to
paraffin. As seen in Figure 3b, it has two stage decomposition
curve which indicates different decomposition temperature
between paraffin and HDPE. The HDPE has a higher thermal
stability by mean of a higher thermal decomposition which
make the changes in the curve of FS-Paraffin. The impact of
thermal treatment still occurs for the FS-paraffin at slightly
decrement on the decomposition curve. The slight changes
make the FS-Paraffin able to maintain sufficient heat energy
which implies a higher thermal stability, even after 10,000
fast-mode thermal cycles. It emphasizes the role of HDPE
which act as shape stabilizer and improve the thermal stability
of paraffin.

The slow exothermic process during solidification process
occurs slowly due to poor thermal diffusion of hydrocarbon
compound. It can be observed in Figure 4 where both samples
(paraffin and FS-Paraffin) indicate a slower discharging
process. For instance, Figure 4a demonstrates the discharge of
the stored heat for paraffin takes more than 100 minutes to
achieve the lowest SoC (0%). The impact of thermal treatment
worsened it which make the duration gets even longer. The
discharging rate reduces substantially after 10,000 thermal
treatments. Moreover, the fast-mode treatment reduces the
thermal deliverability which has the lowest discharging rate.
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thermal treatment

The average of the discharged heat after slow mode
treatment is obtained around 0.94 °C/min — 0.88 °C/min. Then,
it becomes lower as the charging mode increased. The normal
mode treatment leads to a slower discharging rate around
0.95 °C/min — 0.82 °C/min. It makes the average discharging
rate decreases by 0.13 °C/min. The most significant decrement
is observed for the sample after fast-mode treatment. The
average discharging rate ranges between 0.95°C/min —
0.64°C/min. Considering the slowing mode as the basic
measurement, then the discharging rate is decreased around
116% and 417% after normal and fast mode treatment
respectively. The impact should be taken into account during
the design process since the discharging rate becomes slower
which reduces the effective power of the storage system.

The FS-Paraffin experiences the effect of thermal treatment
which makes the heat transfer becomes slower after 10,000
cycles (Figure 4b). However, it can be observed distinctively
that the discharging rate of FS-Paraffin is relatively higher
than paraffin. It has the average of temperature decrement
around 1.04 °C/min — 0.95 °C/min after slow mode treatment
and maintain sufficient discharging rate after normal mode
treatment (at average of 1.04 °C/min). The benefit of HDPE as
thermal stabilizer can be observed on the characteristic of
discharging curve where FS-Paraffin has a shorter duration to
achieve SoC 0%. Also, it protects the paraffin from thermal
stress and severe hysteresis losses after 10,000 fast-mode
thermal treatment. For instance, the average heat decrement
after 10,000 fast-mode treatment is obtained around
0.96 °C/min — 0.87 °C/min. Therefore, it can be said that there
is no substantial change on the discharging rate for FS-Paraffin
after 10,000 fast-mode thermal treatment. Unfortunately, it
shows no plateau line during phase transition which make the
heat releasement process occur non-isothermally.
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The value of state of health (SoH) from material storage is
set at 100% after the commissioning since it has the maximum
capacity before the actual operation. Repeating the cycle along
with the usage of the system causes the decrement of SoH
percentage as the impact of charging/discharging process [35].
As it can be seen in Figure 5, the SoH for paraffin and FS-
Paraffin reduces after the cycling treatment. Figure 5a shows
the impact of repeating cycle and charging mode is observed
clearly after 10,000 cycles for paraffin. It maintains sufficient
SoH after 5,000 cycles with an average decrement around 5%.
The fast-mode treatment leads to substantial SoH decrement
about 7.1%. It makes the effective storage capacity for paraffin
as storage material drops significantly after 10,000 fast-mode
operation.

The suitable thermal stability for FS-Paraffin (Figure 3b)
contributes positively to maintain the percentage of SoH. As
seen in Figure 5b, the SoH of FS-Paraffin for the all-treatment
mode decreases less than 3%. The SoH percentage falls once
the storage material cannot maintain its actual thermal
capacity based the setting time of the operation (charging and
discharging duration). For FS-Paraffin, the satisfactory
thermal capacity is maintained as the present of HDPE which
protects the paraffin from the impact of repeating
heating/cooling process. It can be observed for the discharging
profile of FS-Paraffin (Figure 4b) where the average heat
releasement rate is considerably higher than paraffin and
maintain its value after fast-mode operation.
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The examination of functionality from of the storing mode
for thermal storage tank were conducted by using identic
storage tank without thermal insulator which makes the heat
losses solely depend on the storage material [36]. It can be seen
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on the peculiar pattern of storing test for paraffin and FS-
Paraffin related to the total storing duration. The trend
indicates a certain decrement of storing duration for paraffin
after thermal cycles (Figure 6a). Oppositely, the FS-Paraffin
shows an increment of the storing duration for the aged sample
(after thermal treatment). The main reason for this
phenomenon is the nature of heat transfer for both samples.
The static storage test uses air as heat transfer media and the
heat diffusion occurs around the outside wall of the storage
tank. The disruption along with freezing process for paraffin
is caused by supercooling phenomenon [37] which contributes
to the change on the duration of static storing test. FS-Paraffin
contains HDPE that minimizes the impact of supercooling
phenomenon. Even though there is a trend on the increment of
supercooling degree for the aged storage material, the
deceleration of heat releasement due to slow thermal diffusion
during static storge test reduces the crystal growth rate of the
FS-Paraffin (Figure 6b). As a result, the FS-Paraffin tends to
has a longer storing duration after 10,000 fast-mode cycle.
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A more in detail comparison can be made from Figure 7
where the dynamic storage test indicates the opposite result of
static storage test. It demonstrates that paraffin has a longer
duration after 10,000 cycles and gets longer after fast-mode
operation (Figure 7a). In contrast, FS-Paraffin experiences an
acceleration of heat losses after 10,000 thermal cycles (Figure
7b). The pattern implies that the heat losses vary based on the
thermal diffusion at the outside of the tank wall [38]. For
instance, the slow convection rate from air (static test) causes
the rapid solidification for paraffin and perhaps promote a
higher void formation due to fast-mode operation. Oppositely,
it can be minimized by improving the heat transfer rate at the



outer wall of the tank during the to promote a better thermal
distribution within the storage tank.

The pattern of heat releasement both during discharging and
storing process indicate a change in the heat transfer rate along
with thermal treatment, particularly for fast-mode treatment. It
can be seen that the fast-mode thermal treatment leads to
significant performance deterioration after 10,000 cycles. In
order to evaluate its impact, thermal conductivity
measurement was conducted for the aged sample after 10,000
fast-mode thermal treatment. The measurement was taken
according to the transient plane sources method (TPS-3500).
Since paraffin has temperature-dependent for the
thermophysical properties [39], then the measurement was
conducted at three different temperatures: 40°C, 60°C and
110°C. The temperature was determined by considering the
initial crystalline change for paraffin at temperature of 40°C.
Also, the temperature of 60°C and 110°C were chosen since it
relates to the area melting temperature for paraffin and HDPE,
respectively.
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Figure 8. The average thermal conductivity after 10,000 fast-
mode thermal treatment

The effect of fast-mode thermal treatment alters the average
thermal conductivity for each temperature region (Figure 8).
The decrement on the thermal conductivity for paraffin at
temperature of 40°C is around 5%. It seems the wax has a
better stability in solid phase which maintains sufficient the
average thermal conductivity (Figure 8a). However, on the
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area of phase transition (60°C) and liquid phase (110°C) the
thermal conductivity reduces substantially. The phase
transition area experiences the highest decrement by value of
23% and followed by the liquid phase which decreased by
7.8%. It implies the phase transition region as vulnerable area
which severely affected by the thermal treatment and fast-
mode operation. It seems the repeating heating/cooling
process deteriorate the molecular bonding within the wax. As
aresult, it leads to the decrement of energy transfer rate (heat).
It also promotes the disorientation at the molecular level which
decelerated the phase transition rate and extend the duration of
mushy region formation which significantly reduces the heat
transfer performance.

The HDPE generally has a higher thermal conductivity than
paraffin but still considered low for thermal storge system (less
than 1 W-m'-K). However, it helps the FS-Paraffin to
maintain sufficient thermal conductivity (Figure 8b). For
example, the phase transition area of FS-Paraffin (which occur
relatively close temperature to paraffin wax) only experiences
decrement of thermal conductivity by value of 4.6%, which
much lower than paraffin. The high thermal stability of HDPE
which accompanied by a slightly higher thermal conductivity
promotes protect the FS-Paraffin from severe thermal
degradation and maintain the molecular bonding. It can be
observed at temperature of 110°C which is the phase transition
region of HDPE which only decreases by 0.22%. At this point,
the HDPE plays critical role to maintain the performance of
paraffin and increase the thermal stability to minimize the
impact of fast-mode and long-term operation in latent TES
system.

4. CONCLUSIONS

The present work demonstrates the impact of charging
mode for paraffin as PCM in latent TES. The change in
decomposition curve and significant decrement in discharging
rate deteriorate severely the actual operation of TES system
after 10,000 cycles. The FS-Paraffin which made of HDPE and
paraffin is advantageous to maintain the discharging and
decomposition rate after 10,000 cycles. It indicates the
performance of the latent TES system can be maintained
sufficiently. For instance, the fast-mode thermal treatment
causes the discharging rate of paraffin decreases to 0.64°C/min
while FS-Paraffin able to keep the discharging rate up to
0.87°C/min. The static and dynamic storage test imply the
importance of using proper insulator to maintain the storage
capacity effectively during the storing period. Thermal
treatment also influences the thermal conductivity of paraffin
and FS-Paraffin. It corresponds to the decrement of the
discharging performance and need to address as crucial factor
for long-term operation of paraffin and FS-Paraffin in latent
TES system.

The impact can be minimized by setting periodical
maintenance and model for changing the storage material in
order to maintain the performance of the storage system. The
fast-charging mode is highly importance for any storage
system since it reduces the charging duration and improve the
system reliability and effectiveness during the operation.
Compositing paraffin with HDPE may be considered as
important reference to maintain the long-term performance of
paraffin in latent TES system. Thermal conductivity
improvement optimizes the overall thermal performance of
TES system. Thus, adding suitable thermal conductivity



material and compositing paraffin with HDPE can be taken as
the ideal approach to produce a high-performance latent TES
system. Further study can be conducted by focusing the overall
economy impact as well as defining the periodical
maintenance and energy balance for the latent TES system to
provide more in detail impact on the long-term operation of
TES system.
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