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Increasing the operational aspect of heat storage system (HSS) contributes to significant
positive influence on thermal system. As one fast-developing storage technology,
modification of the material HSS (MHSS) has become crucial, specifically for organic-
based MHSS. The drawbacks of poor phase transformation during energy intake and
release (charging/discharging) of MHSS make undesirable performance for heat exchange
and effective operation. To solve the problem, this work proposes modification of pure
octadecanoic acid (POA) as MHSS by forming polymeric-embedded OA (PEOA).
Evaluation is taken for the heating/cooling cycle operation of the HSS, showing positive
contribution of the proposed method. The PEOA reduces the preheating duration by 14.8%,
meaning the charging ratio can be improved effectively for the HSS. The effective energy
ratio for PEOA is obtained with maximum value of 83.9%, which is higher than the POA
with 74.8%. It is accounted for the application of PEOA since it allows a suitable
solidification process on the heat release, making the maximum total heat loss drop to
17.9%. The profile observation using microscope electron demonstrates the stable
formation of PEOA as a direct result of the presence of polymer structure of the composite.
The result demonstrates the improvement in the operation of HSS unit, which is linked to
the stabilized material, achieving a favorable energy ratio that potentially promotes better
operation and control of HSS unit. Moreover, a consecutive discharge cycle for the heat
storage tank (HST) using PEOA also brings positive outcomes and improves the heat
discharge stage.

1. INTRODUCTION

Many stakeholders performed numerous approaches to
maximizing effective energy consumption as a scenario for
mitigating the possibility of energy crisis. It becomes a serious
task for global civilization since population growth requires
tremendous consumption of energy [1]. High outcomes are
achieved from renewable energy through continuous research
and development involving many stakeholders. Wind energy
technology is a good example for the efforts, making this
sector has commercialized as a result of the massive research
and technology modification [2-4]. The same process is
currently being considered for solar-based energy since this
source can be accessed evenly across the world and has a
predictable cycle. Moreover, solar energy was developed
massively to provide clean electricity and thermal sources,
making it more favorable to harvest clean energy [5-7]. It
contributes to widespread technology and high deployment
rate for harvesting solar energy, accompanied by different
storage methods, such as electricity and thermal.

Renewable heat is one interesting research sector,
considering its high annual energy consumption in many
different sectors. It can be supplied from solar power and
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combined with heat storage system (HSS) to ensure the
operational level of the system and ensure continuous supply
to overcome intermittent and weather interventions. Thus,
HSS is an essential technology in the renewable heat sector,
making this unit important to achieve the desired operational
level. Research and development for HSS indicates that the
current focus is on utilizing latent heat of material HSS
(MHSS) [8], particularly for the organic MHSS. It has become
a reliable option due to its low cost, high storage capacity, and
technical suitability [9]. Despite that, several technical
challenges still appear related to the MHSS, such as
insufficient conductivity, poor energy transfer rate, and partial
melting/solidification [10]. It brings negative outcome on the
operation of HSS and is unable to reach the desired target for
the given renewable heat system.

On the basis, modification to overcome the insufficient
conductivity nature of MHSS is done using solid material. For
example, employing volcanic ash (10 wt%) as solid material
for paraffin-MHSS increases the conductivity to 1.9 W/m-K
for the composite [11]. Different MHSS was also explored
using the same approach. Li et al. [I12] combined
microcrystalline graphite (MG) with octadecanoic acid (OA),
demonstrating that MG-OA has higher conductivity (90.9%)
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than OA. The eutectic mixture between OA-dodecanoic acid
(DA) has an average conductivity of 0.22 W/m-K, which then
modified using carbon-decorated diatomite to increase the
value to 0.38 W/m-K [13]. The OA as MHSS is favorable for
actual system since it can be produced from bio sources while
the problem with conductivity can be solved using carbon
foam as reported here [14]. The reported study shows that the
approach is reliable in ensuring effective heat exchange for the
operation of HSS.

The basic operation for HSS technology is extremely simple,
based on heat exchange process. It transfers heat from and to
the heat storage tank (HST), making suitable surface area and
overall rating becomes essential parameter, similar to
conventional heat exchanger unit [15]. Thus, increasing the
contact area within the unit HST with the MHSS and working
fluid is fundamental for optimizing the system. For example,
the optimization here focused on adding extended surface (fin)
within the HST unit, showing ideal configurations such as
spacing and tilt angle are crucial to achieve a higher
performance [16]. A different report, Jancik et al. [17] use a
cylindrical HST unit, which allows the system to have a higher
energy density (9%), indicating suitable configuration affects
the effective capacity of the HST. The review article confirms
that the mentioned aspect, including the modification of the
storage material, can be focused on achieving stable phase
transformation for the MHSS within the HST [18].

The typical MHSS utilizes latent heat, which experiences
phase transformation in the operation. The transformation is
generally unfavorable, which disturbs the effective heat
exchange rate as a direct result of the shrinkage formation [19],
partial solidification [20], and supercooling [21]. Those factors
are also affected by the nature of the material, which depends
on the temperature, making the critical aspect of the material
alter simultaneously as the temperature changes in the
operation of HST [22]. Thus, material modification is
demanded by stabilizing the phase transformation of the
MHSS, which can be done using additional supporting
structures. For instance, the study [23] employs aerogel as the
additional structure and graphene for conductivity enrichment.
The outcome shows that the produced material has a higher
rating heat absorption and temperature distribution than pure
MHSS. Another work used carbon foam for the supporting
matrix, resulting in an excellent energy conversion (67.4%)
accompanied by suitable thermal stability for the produced
MHSS [24].

Determining the suitable supporting structure is important
for modifying MHSS material, mainly to ensure the
applicability of the proposed method. It also merged with
sustainability considerations for utilizing waste material such
as thermoplastic polymer (TP). The review article indicated
the suitability of TP as a supporting structure for organic
MHSS, considering TP's high thermal stability and vast
availability [25]. This work employed TP as phase stabilizer
for MHSS, focusing on the heat transfer improvement,
confirming a positive trend for the increment about 60% [26].
Another work applied a similar concept, showing that the
leakage rate of polymeric-embedded MHSS decreased by
3.09%, indicating the positive role of the employed TP for the
organic MHSS [27]. Li et al. [28] further developed the
concept using low-density TP as a stabilizer and aluminum as
conductivity enhancer, revealing that the combined approach
reduces the leakage and simultaneously provides a higher
thermal response for the composite MHSS. The summarized
work indicated the positive contribution of using TP for MHSS.
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However, it brings another drawback due to decrement in the
effective volumetric storage. Moreover, most of the previous
work focused on material improvement with minimum
discussion on the applicability of the proposed method to the
actual operation of HST.

Further study is required by taking the positive result for
using TP, primarily for providing a stabilized effect for the
organic MHSS. It is also motivated for sustainable
consideration since TP can be obtained from recycled waste
[29]. To accommodate the technical consideration on the
operation of modified MHSS for the HST, this work is
performed by assessing the composite MHSS for active
operation of HST without using additional solid additives.
Thus, the objective of this work is specifically designed to
observe the operational pattern for the modified MHSS with
TP polymer on the HST. This work analyzes two different
composites which compared with the pure MHSS. The critical
aspect of the operation behavior related to the heating/cooling
stage is compared to understand the key value for compositing
with polymer. The result from this work is expected to provide
essential consideration as a basis for determining suitable
material for the HSS unit and the relation to the overall
performance to develop a reliable HSS further.

2. MATERIALS AND METHOD

This study employed pure octadecanoic acid (POA) as the
base of MHSS. Phase stabilizer utilized polymer from plastic
grade LDPE (Pl;) and LLDPE (Pl,). The processed material
was taken as market grade obtained from a local supplier. The
production method for modified MHSS was performed using
direct blending process [30]. This approach was simple and
highly relevant for the actual production method for large-
scale operations. The process started by melting the base
MHSS at 80 °C using electric oven, then at separated container
the both TP were melted at 160°C. The molten material was
mixed by pouring TP into the base MHSS and continuously
stirred at the liquid phase by maintaining the mixture's
temperature at 160°C. Once the mixture was dispersed
properly, it was slowly cooled at room temperature to ensure
the distribution of the TP within the base MHSS. In addition,
the TP ratio was limited to 15% based on this reference [31].
The produced polymeric-embedded OA (PEOA) were
identified as PEOA; (Pl;) and PEOA; (Pl,). The material was
observed for its surface profile to understand the formation of
the composite using electron microscope, while the thermal
value of each sample was observed using calorimetry.

The operation characteristic of the produced material was
observed using combined operation of the HST unit (Figure 1).
The operation mode for this HST is in good relevance with the
current trend of utilizing electricity as the heat source for
charging MHSS [32-34]. The heating process was conducted
using an integrated thermal charger, which consists of power
regulator, monitor and temperature sensor. The upper
temperature for the heating process was 95°C. It was obtained
from the average temperature from nine measurement points
at the MHSS side (Figure 1(a)). This work focused on the
actual operation. Thus, the total mass of the MHSS was set at
6 kg to provide a reliable observation of the operation curve of
the system using POA and PEOA. In addition, the MHSS was
charged to the HST at the liquid phase to ensure the proper
distribution of the material within the tank.

To accommodate the poor conductivity nature from the



MHSS, this work employed consecutive discharge stages. The
first stage discharge was conducted from the outer surface of
the MHSS tank. The water flowed in the region where the fluid
director (baffle) controlled the flow direction to improve the
circulation at the outer surface and maximize heat uptake.

TIntegrated Output
Thermal Charger heated fluid
. B
' =
,L MHSS
3 <
Se;ond " | ' gMeasurement
stage discharger |- J f « Dboint
. :
- |
- Flow
" . director
First stage i
discharger -~ - Input
.- Cold fluid
N

(a) Schematic assessment heating/cooling

DDEn2:1:
Ballle Thaenes = 2 e

wy  OPINPORT

LLiv2e:1

P
N
..
[T R ;
sy’

Temperaure Serors —
= eaprh M e

Ballle
Alaminun G061

SIS 304 g

STCTION
JUGTH VieW
— Suamerschle Pum

sem =W Loak

SECTION Stznding Tahle
FRONT ¥IFW

(b) The 3D components of the system
Figure 1. The scheme for assessment process

The preheated water from outer tank flowed back to the
inside of HST as the second discharge stage. It harvested the
stored heat from the MHSS. The process (discharge) was
started once the MHSS reached the upper temperature and the
heating function was switched off. The application of
integrated thermal charger also contributed to a better
observation scheme, allowing the read of the supplied energy
and temperature of the MHSS simultaneously [35]. It makes a
detailed effective energy ratio can be analyzed to assess the
operation characteristic of each MHSS. The discharged energy
from the MHSS was analyzed according to the deviation of the
water temperature at the discharge stage. In addition, the lower
temperature of discharge cycle was 40°C and taken as the
cutoff value for starting the next cycle to reduce the potential
heating loss. The detailed component was plotted in Figure
1(b).
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3. RESULTS AND DISCUSSION

The operation behavior of POA is shown in Figure 2. The
curve behavior is divided into different sections which
represent the actual model of unit HST. The heating stage
consists of preheating and effective charge zone while the
cooling stage is followed by effective discharge zone and cut
off temperature. The slow operation of POA makes the initial
heating stage longer, approximately 7 minutes, to reach
temperature 61°C before entering the effective charge region
(63.5°C). The effective charge region shows a small fluctuates
profile which relates to the solid-liquid transformation. It
proves the heating stage is accompanied by direct phase
transformation. The total duration for the given zone is 24
minutes, which accumulates the charge rating of 2.1%/minutes.
The relative similar behavior is found for the cooling stage,
while the phase transformation is likely appeared at higher
temperature. The symptom is shown as a longer plateau line
compared to the same temperature at heating stage. Thus, it
indicates the operation behavior has unstable heat exchange
for the POA.
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The direct outcome for using polymer is observed according
to the operation curve. As observed in Figure 3, the
heating/cooling stage for PEOA: demonstrate several plateau
lines which correspond to the phase transformation of the
material. It appears notably for the heating stage which starts



64.9°C, confirming the benefit for embedding POA with
plastic to improve the phase transformation behavior during
heating stage. The started point for phase transformation is
higher, which is advantageous for the unit HST. It also causes
a higher effective charge rate for about 2.45%/minutes.

The benefit for PEOA; signifies the urgency to synthesize
composite for a better operation curve of unit HST. The benefit
is also obtained for the cooling stage, which demonstrates a
longer plateau line that correspond to the solidification zone.
It makes the freezing rate for the composite becomes sufficient
and practically ideal for the operation of HST. It results on the
optimum heat releasement on the cooling stage which

becomes more effective compared to POA.
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Figure 4. The operation curve for composite POA/PI,
(PEOA.) under heating and cooling stage

The impact for employs different plastic confirms the
variation on the performance characteristic. The curve as
shown in Figure 4 has a better transitional profile without
indicating any fluctuation. The divided three temperature
region becomes clearer for PEOA,, which principally related
to the thermoplastic behavior of Pl,. The phase transition point
for charging (61.5°C) is relatively identic with the discharge
cycle (60.4°C). It proves obviously the phase stabilization is
achieved for the synthesized PEOA. In specific, it makes the
operational curve for the HSS becomes favorable since the
intake and releasing energy in the effective region (phase
change) occurs with minimum temperature variation. It also
demonstrates the two-solidification step under cooling stage,
confirming the direct effect of the polymer is observed as a
same manner for improving the freezing behavior of POA. It
makes the formation of PEOA using the polymers affect
notably for ensuring steady operation of the unit HSS. It is
extremely crucial for the typical system which demands steady
operation.

The initial assessment for the operational curve shows a
favorable behavior for PEAO than POA. Further observation
is performed to analyze the surface characteristic of the two
composites. The mixing treatment of POA with plastic was
directly performed under liquid state. It results as a significant
variation on the profile of the mixture since each component
has different phase change temperature. The phenomenon is
observed distinctively as appear in Figure 5. As observed in
Figure 5(a), there is boundary layer between the POA and Pl;.
It appears as a large lump which surrounded by small crack at
the edge of the flat profile. The crack indicates small void
profile which exhibits the different melting rate. It probably
affects the variation of initial solid liquid transition (Figure 3).
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Different profile is observed for using Pl; (Figure 5(b)). It
seems the plastic penetrate effectively to the POA structure,
resulting in a flattened surface with sufficient distribution. The
flattened surface for PEOA; illustrates an adequate melting
characteristic [36], since the POA can be embedded effectively
on the structure of Pl,, making the initial phase change
becomes smother with minimum temperature deviation
(Figure 4). In general, the produced composite shows a typical
profile for the embedded material with polymer which
confirms the suitable formation between POA and the
polymers.

(b) PEOA,

Figure 5. Observation using electron microscope for the
produced composite

Embedding the POA with the plastic contributes to a
significant change on the curve behavior under
heating/cooling stage. The main factor which causes this
phenomenon is the change on the thermal properties of the
composite.

The values are shown in Figure 6, showing the initial
storage capacity which relates to the heat of fusion for POA is
considerably high. It is one crucial factor which makes POA
as the ideal material for HSS. The formation of PEOA causes
the value to decrease, which correspond to the ratio of the
polymer within the composite. However, the value varies
between Pl and Pl,. The PEOA; has a higher drop for the
capacity for about 24.6%, while PEOA; only decreases around
16.4%. As a result, the operational aspect for PEOA; (Figure
4) becomes desirable which also followed by a suitable storage
capacity.

The rating comparison is shown to highlight the
achievement for the synthesized MHSS according to the
heating/cooling rate (Figure 7). It obtained according to the
average temperature along with energy exchange within the
system. The rating charge has a higher value for PEOA, with



the maximum value is achieved with PEOA; (2.09 °C/min). It
signifies the phase stabilization as one crucial method to alter
the intake energy rate for the MHSS without adding any solid
enhancer. It is achieved since stable phase change allows the
MHSS to be heated effectively without causing any delay
between the conduction stage (solid) to the natural convection
(melting). Interestingly, the opposite result occurs for the
releasing energy stage, making the cooling rate for PEOA
becomes slower. In addition, the cooling rate for PEOA;
confirms the direct impact of flattened surface (Figure 5(b))
and higher liquid-solid (phase change) temperature (Figure 6).
Therefore, the presence of solid enhancer is not a mandatory
for large scale, since the outcome can be achieved by
introducing phase stabilizer and modify the operation behavior
of MHSS to be more favorable.
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Phase transformation occurs simultaneously on the
operation of unit HSS. Thus, the temperature for the transition
becomes crucial to ensure the effective energy exchange with
the source and load. The POA has a higher liquid transition
which becomes lower as the polymer added to the system. The
opposite result is shown for the solid transformation,
indicating the impact of polymer causes the solidification
becomes favorable. It confirms the formation of two-stage
solidification for PEOA which preceded by the freezing
process for the polymer within the composite. It proves a
stable freezing process is desirable for the heat releasing on the
HSS unit.
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The comparison for energy ratio is plotted in Figure 8. The
drawback of a longer preheating causes the effective energy
ratio for POA becomes unfavorable. Also, the heat losses due
to slow heat releasing (Figure 2) increases notably which
makes some of the stored heat cannot be discharged. It makes
the effective discharge ratio for PEO extremely low. The
composite PEOA has a sufficient operation behavior (Figure
7), indicating a positive trend for the overall operation,
especially for the effective discharge. It makes the maximum
heat losses can be lowered to 17.9%, making more energy can
be extracted from the material. It is advisable to ensure a
higher discharge ratio to maintain the energy balance of the
HSS unit, making the system more effective to store and
release energy. Therefore, the synthesized composite material
for HSS makes the operation of the system becomes effective
and improving the net energy balance.

4. CONCLUSION

Improvement on the operation behavior of MHSS based on
OA is done by embedding the material into the polymer
structure. The method is specifically designed to achieve a
better  phase  transformation  characteristic  during
heating/cooling stage. The objective is achieved according to
the effective energy ratio on the charge zone for PEOA can be
elevated until 85.7%. It influences by significant decrement on
the preheating stage for the composite which has the lowest
value about 14.3%. Moreover, the cooling stage becomes more
effective since the heat loss can be made lower which only
17.9%. The overall effective energy ratio indicates the
composite has the highest value for the discharge stage,
resulting on the effective energy up to 71.4%.

The general outcomes demonstrate the urgency for phase
stabilization of MHSS. The higher effective energy ratio
potentially improves the operation of HSS, making the
economy-energy more advantageous, and lead to a reliable
system. This work also indicates the benefit for implementing
consecutive discharge HST and can be further developed for
actual system such water and air heater. The combined result
from MHSS and HST is expected to promote a higher
technology level of HSS. Thus, future research is applicable
on the techno-economic assessment of the combined model,
including more detailed cycling assessment of PEOA for long-
term operation, and integrating the model with renewable heat



source. The numerical and simulation approach is advisable
related to the improvement on the working fluid for the system.
Eventually, the approach will contribute to improve readiness
level and achieve commercialization of HSS technology.
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