A Advance Sustainable Science, Engineering and Technology (ASSET)
OVO Vol. 8, No.1, January 2026, pp. 02601032-01 ~ 02601032-010

v ISSN: 2715-4211 DOI: https://doi.org/10.26877/asset.v8i1.2031

Stratification and Charging Efficiency in Compact Thermal
Storage Under Variable Flow Conditions: An Al-Assisted
Simulation Study

Janter P. Simanjuntak™5, Eka Daryanto!, Bisrul Hapis Tambunan', Robert
Silaban', Denny Haryanto Sinaga®5, Mohd Zamri Zainon’>, Muhammad Ibrahim*

'Mechanical Engineering Department, Universitas Negeri Medan, JI. Willem Iskandar,
Pasar V Medan Estate 20221, North Sumatra, Indonesia

’Electrical Engineering Department, Universitas Negeri Medan, JI. Willem Iskandar,
Pasar V Medan Estate 20221, North Sumatra, Indonesia

3Department of Mechanical Engineering, Faculty of Engineering, Universiti of Malaya,
50603 Kuala Lumpur, Malaysia

“Department of Mechanical Engineering, Federal Polytechnic Bida, Niger State, Nigeria

SPUI-PT Innerwise, Universitas Negeri Medan, North Sumatra, Indonesia

*1anterps@unimed.ac.id

Abstract. Thermal Energy Storage (TES) systems are essential for managing low-grade heat in
renewable energy applications. This study evaluates the impact of flow rate and heating power
on thermal stratification and efficiency within a 30-liter TES unit. Using an Al-assisted
simulation framework, the system's performance was analyzed across varying flow rates (0.3—
0.9 LPM) and heater capacities (1.5-2.0 kW). Results indicate that lower flow rates (0.3-1.2
LPM) effectively preserve stratification, whereas higher rates induce thermal mixing. While
charging efficiency generally decreases as target temperatures rise, it improves significantly with
higher heater power. Notably, the configuration using a 0.7 LPM flow rate and 2.0 kW heater
achieved a peak efficiency of 78% while maintaining stable thermal layering. This research
demonstrates how Al-driven modeling can optimize charging behavior, providing critical
insights for the design and thermal management of compact TES systems in low-grade heat
applications.
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1. Introduction

Recent developments in small-scale thermal-to-electric conversion systems have demonstrated the
importance of Thermal Energy Storage (TES) in utilizing low-grade heat sources, including biomass
combustion, carbonization, and biogas derived from livestock manure as local energy resources [1-2].
This relevance is particularly significant in Indonesia, where electricity demand continues to rise and
energy supply is increasingly affected by seasonal variability [3]. Consequently, TES development has
become a key research focus aimed at enhancing the reliability and flexibility of electricity generation
systems. Existing TES research, however, remains predominantly centered on solar-based applications,
with ongoing efforts to improve efficiency and performance [4-7].

Renewable energy technologies based on biomass continue to evolve rapidly. Thermodynamic
modeling has been applied to small-scale electricity plants integrated with biomass carbonization,
demonstrating the need for optimized thermal management in decentralized systems [8-9].
Thermoelectric generators have also been investigated as a means of recovering waste heat from biomass
stoves, reinforcing the importance of efficient heat utilization [10-11]. In parallel, simulation-based
process design using Aspen HYSYS has supported the development of low-grade heat recovery and
energy conversion models [12-15]. Recent studies on pyrolytic oil derived from plastic waste through
thermal cracking in Indonesia further expand the scope of low-grade thermal energy utilization, where
TES and controlled stratification play a crucial role in stabilizing energy conversion processes [16].

Thermal Energy Storage is a fundamental component in low-grade thermal applications, including
renewable energy integration and Organic Rankine Cycle (ORC) power generation. Its performance is
strongly influenced by the preservation of thermal stratification during charging and discharging
processes. Although the TES may remain idle after charging and experience gradual temperature
evolution due to conduction, diffusion, and heat loss, the stratification formed during the charging stage
remains a key determinant of subsequent energy utilization.

Optimizing stratification during charging enables the upper TES layers to reach higher temperatures,
thereby enhancing energy extraction efficiency during discharge. Well-stratified systems allow selective
withdrawal of high-temperature fluid, ensuring effective thermal utilization even after extended standby
periods, whereas poorly stratified tanks exhibit reduced temperature gradients and lower exergy
availability.

Thermal stratification has been extensively investigated as a means to improve heat retention in TES
tanks. Medrano et al. [17] demonstrated how flow distribution affects stratification degradation, while
Huang et al. [18] proposed design strategies to enhance layer stability in solar storage systems. Similar
conclusions were reported by Anderson et al. [19] and Haller et al. [20], who observed higher thermal
output during discharge in well-stratified systems. In addition, Cristofari et al. [21] highlighted the
importance of stratification in maintaining performance for seasonal thermal storage.

The stratification profile established during charging also provides critical input for system design,
including flow rate selection, heating control strategies, and pump operation. Moreover, stratification
quality serves as an indicator of thermal hold time, which is essential for systems operating under load
shifting or intermittent energy input, such as solar or waste heat recovery. Previous studies have shown
that the thermal gradient formed during charging significantly affects exergy efficiency and operational
flexibility [22—23]. Despite extensive research on discharging behavior and long-term thermal losses,
limited attention has been given to how charging parameters, particularly flow rate and heater power
govern the initial formation and stability of thermal layers. This gap forms the basis of the present study.

This study presents a novel investigation combining thermal efficiency analysis, dynamic heat loss
evaluation, and temperature contour visualization to examine how flow rate and heater power influence
thermal stratification and charging efficiency in a compact TES system. By focusing on the charging
stage rather than discharge behavior, the study provides new insights into stratification formation in
small-volume TES units and its implications for energy extraction performance and thermal storage
reliability in low-grade heat applications.

02601032-02



2. Methods

The thermal energy storage (TES) system was modeled as a vertical cylindrical tank with a capacity of
30 liters, featuring a top inlet and bottom outlet equipped with orifices to promote thermal stratification.
The TES operates in a closed-loop configuration with a 5-liter boiler powered by an electric heater (1.5
or 2.0 kW), supplying hot water at a constant temperature of 90 °C. During charging, cold water from
the bottom of the TES is recirculated to the boiler using a circulation pump. Charging simulations were
performed for flow rates between 0.3 and 1.2 LPM. Heat loss to the ambient environment was modeled
using a constant heat loss coefficient of 10 W/K at an ambient temperature of 30 °C, consistent with
reported values for compact cylindrical TES units with moderate insulation [24-27]. The simulation
setup, measurement locations, flow direction, and venting configuration are summarized in Figure 1.
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Figure 1. System schematic and _flow'diagram of the 30-liter TES unit

| Cold water pump |

All simulations and efficiency calculations were conducted using a physics-based, deterministic
modeling framework based on conventional energy balance and heat transfer formulations. Artificial
intelligence was used solely to automate parametric evaluations and generate temperature contour
visualizations; no machine learning or data-driven prediction models were employed. The modeling
approach is conceptually aligned with the experimental stratification studies reported by Lin et al. [19].
The simulation framework enabled rapid parametric evaluation of multiple charging scenarios based on
physics-based energy balance equations. The model used prescribed input parameters, including inlet
water temperature (90 °C), initial TES temperature (45 °C), charging flow rates (0.3-1.2 LPM), and
heater power (1.5-2.0 kW), to generate time-dependent temperature profiles along the TES height.
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The thermal charging efficiency of the TES (7:4rge) Was Used as a key performance parameter in

this study. It is defined as the ratio between the useful thermal energy stored within the TES volume and
the net electrical energy supplied during the charging process. The useful stored thermal energy (Qrgs)
is calculated based on the sensible heat increase of the TES water volume, expressed as

Qtes = Mrgs Cp (Thinal — Tinitial) (1)

where mrgg is the mass of water inside the TES, c,is the specific heat capacity of water, and Tg,, and

Tinitar @re the final and initial TES temperatures, respectively. Accordingly, the thermal charging
efficiency is given by:

Q 2
Ncharge = S X 100% @)
Einput
where Ej,,, represents the total electrical energy supplied to the heater during charging.
Einput = Pheater X Lcharging 3)

Thermal stratification was quantified using a stratification index (SI) based on the normalized
temperature difference between the top and bottom of the TES. The stratification index is defined as:

Sl = Ttop - Tbottam (4)
Ti - Tinit[al

where T, and Ty,qom represent temperatures measured at the top and bottom of the TES, respectively.

A value of SI approaching unity indicates strong stratification, while lower values indicate increasing

thermal mixing.

The novelty of this study lies in the integration of Al-assisted modeling to automate the iterative
process of thermal analysis. Unlike traditional manual parametric studies, the Al framework utilized
Automated computational scripts generated via Large Language Models (LLM) to simultaneously
evaluate the impact of flow rates and heater power on stratification. This approach allows for a high-
resolution mapping of the thermocline layer development, which would be computationally intensive
using standard numerical methods.

Unlike conventional CFD approaches, which are often computationally expensive and time-
consuming for multi-parametric studies, the proposed Al-assisted method offers a more streamlined and
efficient computational framework. While traditional analytical models frequently rely on
oversimplified assumptions, our approach integrates deterministic physics-based equations with Al-
driven automation. This allows for rapid iteration across various flow rates and heating capacities while
maintaining high spatial resolution in temperature contour visualizations.

The Al-assisted system was utilized to track simulated charging durations until specified thermal
thresholds were reached and to calculate spatial thermal distributions at steady-state conditions. The
authors programmed and guided these computational tools using standard thermodynamic principles,
fluid mechanics assumptions, and heat transfer models. This approach allowed for a precise simulation
of the effects of varying flow rates and heater capacities on the temperature distribution within the TES
unit.

While the current simulations provide valuable insights, future work should include experimental
validation to compare predicted stratification profiles with physical measurements. Incorporating
temperature sensors at multiple heights within the TES, along with measuring inlet/outlet temperatures
and flow rates over time, would enable a direct comparison with the simulated data. Such experimental
integration will be crucial to refine model accuracy and assess its real-world applicability.
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3. Results and Discussion

3.1. Temperature Stratification Profiles

To illustrate the stratification dynamics, Figure 2 presents temperature contour plots of the TES system
at various flow rates (0.3, 0.5, 0.7, 0.9 LPM) during active charging. Each diagram uses a vertical color
gradient to depict temperature distribution from the bottom (cooler layers) to the top (hotter layers).
Figure 2 (a) shows the temperature stratification profile within the TES tank during charging at a flow
rate of 0.3 LPM. The vertical axis represents the tank height (0 to 1 m), while the color gradient indicates
temperature levels, from 60 °C (blue) at the bottom to nearly 90 °C (red) at the top. This visualization
confirms strong thermal layering, with minimal mixing between hot and cold regions. The low flow rate
allows hot water entering from the top to remain stratified, maintaining a high-energy layer at the top
while colder water stays undisturbed below. This condition maximizes energy storage efficiency and

preserves the quality of usable thermal energy during subsequent discharge.
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Figure 2 (b) shows the stratification profile at 0.5 LPM, where temperature layering remains visible,
though slightly less sharp than at 0.3 LPM. The contour shows red concentration in the upper region and
light blue in the middle, suggesting limited downward heat migration and retention of stratified energy.
Figure 2 (c) illustrates the temperature profile at 0.7 LPM. While stratification is still present, the
temperature gradient begins to soften vertically. The mid-height zone shows mild blending, but the high-
temperature region at the top is still distinguishable, indicating this is near the upper limit of acceptable
flow for stratification preservation. Figure 2 (d) presents the profile at 0.9 LPM, where significant
thermal blending is observed. While a hot zone remains at the top, the gradient becomes increasingly
homogeneous, and the risk of destratification emerges. This reinforces that optimal stratification for this
system is best maintained below 0.7-0.8 LPM. This comparative analysis shows that maintaining flow
rates between 0.3-0.7 LPM is critical to achieving a compromise between stratification quality and
operational efficiency. Higher flow rates, while improving charging speed, significantly degrade the
ability of TES to preserve thermal layers.

3.2. Charging Time Analysis

To assess the time required for thermal charging, simulations were performed for temperature
increases from 45 °C to target values ranging between 50 °C and 90 °C. Two heater power scenarios
(1.5 KW and 2.0 kW) were evaluated, both under ideal (no heat loss) and realistic (including 10 W/K
heat loss to a 30 °C ambient) conditions. Figure 3 displays the charging duration required to raise the
TES temperature from an initial value of 45 °C to various target temperatures between 50 °C and 90 °C,
under two heating capacities: 1.5 kW and 2.0 kW. Both ideal and realistic scenarios are compared, with
the latter incorporating a 10 W/K heat loss coefficient to a 30 °C ambient environment.
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Figure 3. The charging duration as a function of target temperature

Figure 3 shows the charging duration as a function of temperature. It is observed, raising the TES
temperature from 45 °C to 90 °C requires approximately 225 minutes ideally and 302 minutes with heat
loss when using a 1.5 kW heater. The 2.0 kW heater shortens these durations to 169 and 226 minutes,
respectively. Charging time increases with higher target temperatures. For instance, raising the TES
temperature from 45 to 90 °C with a 1.5 kW heater requires about 225 minutes ideally, and about 302
minutes when accounting for heat loss. With a 2.0 kW heater, the required time reduces to about 69
minutes (ideal) and about 226 minutes (realistic).
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The results reveal a nonlinear growth in charging time under realistic conditions due to increasing
heat loss as the temperature differential widens. For example, at 90 °C, charging takes approximately
302 minutes with a 1.5 kW heater and 226 minutes with a 2.0 kW heater, compared to 225 and 169
minutes, respectively, in the ideal scenario. This demonstrates that while increasing heater power
shortens charging time, ambient heat losses remain significant and must be accounted for during system
design. These findings align with Gadd and Werner [17], who emphasized the cumulative impact of
heat losses at higher operational temperatures in stratified tanks, and with Suarez et al. [18], who noted
similar divergence between ideal and real-world energy delivery in compact TES configurations.

3.3. Efficiency Evaluation

Figure 4 illustrates the thermal efficiency of the TES system as a function of target temperature,
comparing both ideal and realistic heating conditions at 1.5 kW and 2.0 kW input power. Thermal
efficiency is defined as the ratio of useful thermal energy stored to the total electrical energy input during
the charging process. As shown in Figure 4, efficiency declines as the target TES temperature increases.
This is primarily due to greater temperature differentials with the environment, which result in higher
cumulative heat loss. Thermal efficiency decreases as the target temperature increases due to rising heat
losses. At 90 °C, the 1.5 kW system achieves approximately 72% efficiency, while the 2.0 kW setup
reaches approximately 78%. The higher power input shortens the heating duration, reducing cumulative
heat loss.
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Figure 4. The thermal efficiency of the TES system as a function of target temperature

As expected, efficiency declines with increasing target temperature due to enhanced heat loss to the
environment. For instance, the 1.5 kW configuration achieves approximately 90% efficiency at 50 °C,
dropping to approximately 72% at 90 °C. The 2.0 kW setup, on the other hand, maintains a higher
efficiency range (ending at approximately 78% at 90 °C), thanks to its shorter charging duration which
reduces exposure time to heat losses. These findings are consistent with previous literature. Han et al.,
2009 [11] emphasized that higher operational temperatures amplify thermal loss impact, and Lutz et al.
[12] confirmed the inverse relationship between storage efficiency and temperature differentials in
compact thermal tanks. The results affirm that optimal TES design must balance heater power and
charging duration against realistic loss conditions to maintain high system efficiency. The 1.5 kW heater
exhibits a drop in efficiency from around 90% at 50 °C to approximately 72% at 90 °C. Meanwhile, the
2.0 kW heater maintains a higher efficiency across all temperature levels, ending at approximately 78%
for 90 °C. The improved performance stems from reduced heating durations, which limit exposure to
ambient losses.
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3.4. Quantitative Analysis of Thermal Distribution

The temperature contour of Figure 2(c) that illustrates the vertical thermal distribution within the
tank is used to provide a more rigorous analysis of the key performance metrics, specifically the thermal
gradient and stratification index. The thermal gradient (TG) was calculated by evaluating the
temperature difference across the vertical height of the tank. Based on the extracted data, the temperature
increases linearly from 60 °C at the bottom to 89.70 °C at the top, resulting in a calculated thermal
gradient of 29.7 °C/m. This high gradient value confirms a distinct separation between the hot and cold
fluid layers, indicating minimal mixing. The thermal stratification performance was further quantified
using the Stratification Index (SI) is 88.21 °C2 The high value of SI confirms the existence of a well-
defined thermocline layer and minimal thermal mixing within the tank, which is essential for
maximizing energy storage efficiency.

4. Conclusion

This study provides a comprehensive analysis of the relationship between charging parameters and
thermal stratification performance in a compact 30-liter TES system. Through Al-assisted modeling and
parametric simulations, the effects of varying flow rates and heater powers on temperature profiles,
charging time, and thermal efficiency were examined. Key findings include:

1. Flow rate significantly affects stratification integrity. Flow rates between 0.3—0.7 LPM were
shown to maintain strong vertical thermal layering, while rates above 0.9 LPM resulted in near-
complete mixing and loss of stratification.

2. Charging time increases with target temperature, and is further extended under realistic heat
loss conditions. A 2.0 kW heater consistently reduced charging durations compared to 1.5 kW.

3. Thermal efficiency decreases at higher target temperatures, primarily due to greater ambient
heat losses. Nonetheless, higher heater power mitigates this effect by reducing total charging
time.

The study confirms that lower flow rates (0.3-0.7 LPM) and higher heater capacities (2.0 kW) are
optimal for maintaining stratification and improving charging efficiency. Flow rates exceeding 0.7 LPM
significantly disrupt thermal layers and reduce the effectiveness of energy storage. This novel integration
of stratification visualization and dynamic heat loss modeling provides valuable insights for small-
volume TES optimization in practical low-grade heat applications.

The study confirms that optimal TES charging strategies require a trade-off between flow rate,
energy efficiency, and the preservation of thermal stratification. Maintaining stratification during
charging enhances energy utilization during the discharging phase and prolongs thermal hold time. By
emphasizing the charging phase, an aspect that remains relatively underexplored in TES research, this
work provides novel insights into the design and operational control of small-scale thermal energy
storage systems for low-grade heat applications. Future work should include experimental validation
and long-term stratification monitoring to further improve predictive accuracy and system robustness.
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